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Abstract

This thesis will regard two differing mechanisms for the enhancement of temperature stable
dielectrics in NaNbQ related compositions, with the aim ofsynthesising dielectricsmeeting X7R
and X8R ratedTemperature Coefficient of Capacitance (TC@hpd/or dielectrics with prospective
use for energy storage applicationsThe first of these mechanisms will be the formation dilaBau-
«Nb,Ti1xO3 (XNNBT) basedceramic-ceramic compositeswith 3-0 dimensionalinterconnectivities
between its BaTiOs; (BT) matrix phase and homogeneously distributedelaxor NNBT secondary
phases. The formation ofthis composite is based on the ability to retain compositional
heterogeneity post sintering due to the thermodynamic stability of relaxor omponents of the
NNBT solid solution.X7R ratedTCCis achievedfor a BT-60NNBT composite with a 80:20wt.%
phase fraction, with aroom temperature permittivity magnitude over 2000 and tan Fm8mu
acrossa-150 to 400 °C temperature range. This TCC specification can be extendeX8R rating
with the doping of 7 mol% Caonto the A site of theBT matrix pre sintering. These B(@)T-
60NNBT ceramieceramic biphasic composites exhibit a linear electric field dependence of
polarisation, with moderateenergy storage efficiencies ~ 7 % and W ~ 0.56 Jcnm3when 2 wt.%
glass sintering additive is usedThe formation of the composite is reproducible from hananixing
of its component phasesto ball milling of larger batches whilst X8R TCC rating can be replicated

with a ball milling of a stoichiometric mix of NN, BT and BCTcommercial hano-powders.

The second mechanism foenhancing temperature stability of NaNb@dielectrics is the increase
in A site vacang concentration through aliovalent L&+ A site doping,along the NaNb@ z
LaisNbG; solid solution, LaNa-sxNbO; (XLNN). X-ray Diffraction and Analytical Scanning
Electron Microscopyanalyses verify Asite vacanges to form ascharge compensating defects,
accommodatel through a series of compositionally driven phase transitions induced byhe
competing influence and variationin the cooperative tilt network of the [NbGQs] octahedra,
cationic displacementsand ordering of A-site species A range of dielectric behaviours is observed
across the solid solutionFor 7.5LNN and above, an ordedisorder transition in Nb displacements
induces a suppression in TCC from that associatedith NaNbQ, with dielectric behaviour
retained. TCC ishowever, unsatisfactory for X7R or X8R ratingllixed Na*/n -type conductivity is
induced for 15LNN and above, which is optimised in 25LNN, with@nductivity 8.0 x 105 Scm?
at 400 °C The LaisNbO; end member shows comparable mixed ionieelectronic conduction,
where the ionic species is undeterminedLinearisation of polarisation electric field dependence
occurs above the orderdisorder transition at~ 7.5LNN, for which an energy storage efficiency
72 % and recoverable energy density- 0.4 JcnBis achievedfor 10LNN. The solid solution offers

a range of properties suitable for diverse dielectric and nowlielectric applications.
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1 Introduction

1.1 Introductory Remarks

Multilayer ceramic capacitors (MLCCs)represented a market value of ~ 15billion USD in
2023[1,2], with most forecasts unsurprisingly projecting annual growth with an increase in
circuitry integration demanded by the automotive, aerospace and domestic sectofso hame a
few). The growth of the hybrid electric vehicle (HEV)Electric vehicles(EV) market in particular

is a major influence on this increasing demandiich vehiclesregularly contain more than 10,000
MLCCs each used within circuitry tocontrol the various electrical subsystems contained within
Theserange from AGDCand DGDCconversion systems, as well as battery monitoring systems
and power management systemsA schematic overview of some of these electrical subsystems

within EVs is shown in figure 1.1[3].

Standard Charging Coennector
(100 V/200 V) m

Auxiliar Battery On-Board

Engine e Al Converter ““"?JT_:'““' Charger
I

CAN

EPS = CAN
Battery Battery
Monitor Monitor Drive
Unit Unit Battery

Motor Accelerator Battir]r Batt-ry

Huduln Mnduln

Air-
Conditioner
ECU

= Brak
Hydraulic .‘L..
Brake
Hi Selector Fast Charger
P Lever Connector

Air-C nndltmner Heater
Compressor

Figure 1.1: The electrical subsystems common within EVs, where MLCC integration is freque
Reformatted from [3].

Mon-Contact Charging
{Contact Charging)

MLCCs are inherently volumetricefficient, particularly with respect to conventional parallel plate
capacitors, a consequence of theparallel lamination of @8parallel plate capacitors with thin

dielectric layers. This allows for the provision of a specific capacitance with smaller dielectric



surface areas, reducing associated capacitor case sizes &nllitating increasingly miniaturised
circuitry .  Such miniaturisation allows weight reductions in EVs, important for range
maximisation, oralternatively facilitates more complexcircuits containing an increasing number

of MLCCs (or alternate components) per unit size, wititmproved circuitry performance.

However, the variable ambient conditions EVs and integrated circuitry arexposed tq combined
with operational heating effectssuch as joule heatinginduce a range of operatingemperatures
the capacitors are exposed to. It is fundamental that theapacitance variation is known with
temperature to ensure the electrical subsystems contained within the vehicle operate optimally
and safely Furthermore, it is preferential that the capacitance variation with temperature is
minimal. This would maintain circuitry output over a range of operating conditions, whilst
negating the need for additional capacitor integrations and increasingly complicated designs to
offer an auxiliary output whenthe operating temperature changesCapacitors do exist with very
small capacitance variationpuilt with @lass &dielectrics where variability is so low it is quoted

in the parts per million per degree [4]. These class | dielectrics, by virtue of their crystal
structures, offer an inherently low polarisability and the capacitors they constitute have dow
capacitance. Although this suffices for some applications, such as filteeshigher capacitance is
often necessary,and more temperature dependent®lass |Bdielectrics are necessaryMaterials
engineering is necessary to enhance the thermal stability of these class Il dielectrics without
compromising the higher capacitance magnitudeslesired.

Appropriate materials selection and compositional engineering should be utilised to facilitate the
continued MLCC minaturisation and performance enhancement A dielectric compositionthat
offers high intrinsic relative permittivity, typically above 1000 or close to 2000that is stable over
a wide operating temperature rangeand with sufficiently high dielectric breakdown strength to
facilitate thin dielectric layers, ~ 1 um or lessijs the ideal component for a class Il dielectric
Appropriate doping strategies on preexisting dielectric materials and compositional
modulations could provide novel solutions to the provision of temperature stable dielectrics for

MLCC applications.

1.2 Aims & Objectives

This thesisaims to produce a dielectric composition suitable for class Il dielectric MLCCs. This
composition should yield a high room temperature permittivity, in excess of 1000, thataries no

greater than + 15 % between at least 55 and 125 °C This temperature dependence of
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section 22.5. Alpha numeric coding systems describe the maximum permittivity (capacitance)
variation across a defined temperature range, with this aforementioned stability desired

this permittivity stability to 150 °C, meeting X8R rated TCC specificatioifhe dielectric losses

need to be lowcombinedwith a reasonéble dielectric breakdown strength.

This thesis will utilise a biphasic ceramieceramic composite architecture, with associated -8
physical connectivity, to achievethis dielectric thermal stability specification. This composite
system will utilise materials considered independenly unsatisfactory for X7R or X8R rated TCC
dielectrics, from the NaNbQ-BaTiQ; (NNBT) solid solution, that offer otherwise interesting and
useful dielectric responsesthat could be useful when electrically connected in a composite
arrangement. Alterative bilayer architecture had previously achieved X7R raing with the same
materials, showing potential dielectric use if arranged appropriately. There were, however,
considerable drawbacks through the need forconfiguration of physical interfacial diffusion
barriers, imparting undesirable manufacturing complexities. A bi-phasic ceramicceramic
composite systeminstead identifies aroute to utilise the good dielectric properties of the NNBT
solid solution whilst remaining non-disruptive to and compatible with current manufacturing

tape casting procedures

The thesis will alsoexaminethe responsethat A-site vacancies ntroduced into the perovskite
crystal structure can impart upon the dielectric response of a material, specifically relatgto TCC
stabilisation and linearisation of the polarisation response uponan applied electric field. The
former would make a composition suitable for temperature stable capacitors, such as X7R or X8R
rated class |l dielectrics considered for the ceramic composite system discussed in results
chapters 1through 3. The latter is considered for capacitors for high recoverable engy density
applications, where often a multitude of dopant ions are introducethto NaNbQ-based materials
to achieve linearisation ofthe polarisation responsein an applied electric field A-site vacancies

are introduced into NaNbQ through aliovalent Laé* A-site doping and forms results chapter 4.

1.3 Thesis Structure

The thesisx EI 1T AACET A&£0iI 1 AEADPOAO ¢ A Gontdins OBadicOEA #1 |
description of the fundamental theory utilised within the rest of the thesis, including basic
crystallography and the structurally imparted properties of a crystalline material,including the

polarisation response which are so fundamental to dielectrics for capacitors. Chaptercdntains
theOW@DAOET AT OAT - AOET AT 1 1 petdids ofthe@tuttd dhdectriost A OE AT

characterisation techniques usedo analyse the materials.



Results Chapters 1 through 3 wilexplore the NNBT based ceramiceramic composite systems
for dielectric use. Chapter Jutlines the ability to form an NNBT based ceramic composite system
that satisfiesX7R rated TCC. Results Chaptef@&useson extending this TCC specification to X8R

rating, whilst Results Chapter 3lescribesthe industrial scalability of the composite systems.

Results Chapter dutlines the role of Asite vacanciesin the Lays NbO;z NaNbQ perovskite solid
solution on the dielectric response and TCC, whilst also comparingsite vacancieson enhancing
the linearisation ofthe polarisation response for energy density capacitor applications. These will
be followed by chapters based on aroverall discussion of the results, conclusions and further

work.



2 Basic Concepts

2.1 Basic Crystallography

A crystalline substances one thatexhibits a long range, periodic ordering of its component atoms
acrossthree dimensionalspace This array of atomsis by definition a lattice,a regularand finite
array of pointsin space where each lattice point shares an identicahvironment [5z7]. That is,
each lattice point shares arequivalent spatial distribution and orientation of surrounding lattice
points [5]. Crystal lattices, due to their regularity and periodicity, exhibit translational symmetry.
This means a select repeating unit of the lattice, such as the unit cefhich is considered the
smallestrepeating unit that encapsulates the total threelimensional symmetry of the lattice, can
be translated by a specific vector across the lattice and situate itself into an environment identical

to the one it left. A primitive unit cell is shown in figure 21, owing to the fact i is composed of a
single lattice point.

v

Figure 2.1: The unit cell for a primitive lattice, showing cartesian coordinates, associated a, b, c lat

parametersAT A h hr AT Cl A08 ) &£ Ail 1 AOOEAA DPAOAI AOD

cell is primitive cubic. Other primitive unit cells are a distortion of this cell where lattice parameter:
and associated interplanar angles are able to vary.

The unit cell can be defined by the lengths of therthogonal axes/vectors that connect its lattice
points z unit cell lengthsa, b and c- as well as the angles between these axeg h | Thé A

relationship between these cell lengths and angles are shown in figure 2.The unit cells

5
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representing the lattice fall into one ofsevencrystal systems depending uporthe relationship

between these unit cell lengths and anglesable 2.1

Table2.1: The seven crystal systems and their associated lattice parameter/angle relationships.

Triclinic A E A E Ah | E
Monoclinic A E A E Ah | E
Orthorhombic A E A E Ah Ej oH
Trigonal A E A E Ah | E
(Rhombohedral) A E A E HI° ql2¢
Tetragonal A EAA E E 1 E
Hexagonal A E A E Ah |

Cubic A E A E Ah |

These cells are not always primitive, such as the one shown in figurel2For nonprimitive unit
cells, different body types refer tathe arrangement of additional lattice points. Body cening (1)

is where an additional lattice point is located at the centre of the unit cell, face ceimtg exhibits
an extra half a lattice point at the face centred™), ard base centring (C) has an extra half a lattice
point at the cell base and its adjacent facé finite number of permissible spatial configurations
of the lattice points within the unit cell are found for crystalline materials being a combination of
these crystal systems and body centnig types.14 of these lattice types werederived by Bravais,

hence referred to as Bravaisattices. These 14 lattice types areahown in figure 2.2.

Crystal lattices are not always constituent of the same atom. It is important to distinguish that a
lattice point does not have to be an atom, but rather a defined point in space thatnifeststhe
periodicity of the lattice. A motif is a better description of the environment the lattice point
represents, and can be an atom, a cluster of atoms or a molecule for exanip|6]. The motif will
have an associated symmetry, and so will the unit cell as it is constructed from these motifs.
Symmetry is best defined as operations, induced by symmetry elements such as mirror planes,
rotational axes, glide planes or screw axes, that act upon the cell and render it unidentifiable from
the original spatial arrangement. A series of symmetry elements that act through a single point in
the unit cell collectively describe the point group of that cellThere are 32 point groups for a three
dimensional lattice, and combined with the 14Bravais lattice types permissible, result in 230

possible space groups that a real, three dimensional crystal structure can exhibit. These space



groups describe the overall three dimensional symmetry and spatial arrangement of theotifs

and thus describe the crystal structure in its entirety.

azh=c
o .y # 90°
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Figure 2.2: The 14 Bravais lattices, with lattice parameter and angular
relationships. Reformatted from[9]

Crystal latticesare bestdescribed by the symmetry that it exhibits for it is this symmetry that

yields many of the consequent properties inherent of the crystalThe 230 space groups that

describe this lattice symmetry are denoted using HermamMauguin nomenclature, an alpha

numeric code that describes the Bravais lattice type as the first digit, (P,l, F, C and R, for

rhombohedral) followed by a shortened form ofthe symmetry elements that are sufficient to

describe the total three dimensional symmetry of thestructure [8,9]. These are the generator

symmetry elements, named so for all other symmetry elements present within the cell can be

generated from these. For example, perpendicular mirror planes will generate a two-fold

rotational symmetry axes.These are ordered according to viewing directions unique to a crystal

system. Other space group notations are used, includigghoenflies notation, however Hermann

Mauguin notation is often preferred due to the ease at which translational symmetry elements

7



can be included when transitioning from point group symmetry (2 dimensions) to space group

symmetry (3 dimensions).

2.1.1 Miller Indices

Lattice planes and directions can be specified by meanshiiler indices. These three digit indices
are given as (hkl) values for planes anghkl] values for directions, andare commonly used in
structural analysis techniquessuch as diffraction where reference to specific lattice planes

becomes important for their unique and varied responses when perturbed by an inpuignal.
(hKl) references a planethat intercepts thex,y andz axisat —h-h , where a, b and ¢ are thenit

cell lengths along these cartesian axeBigure 23 shows the (100), (210) and (111) planesand

ANAA)

7 BEE% pTIT

4

cpm

all o8
'O?éaq
e,

Figure 2.3: Visualisation of (100) and (210) planes and a [111] direction, and how thKliller
indices (hkl) originate from the axial intercepts between the planes/vectors and the unit cell.

the corresponding coordinates of interception along the unit cell lengths. (100)intercepts the x
axis at one unit cell length@8whilst remaining parallel to both the y and z axes. It never intercepts

these axis and so its k andMiller indices are zero. For (210), the coordinates of x, y and z axes



intercept are —h-h— and so itsMiller indices become (210). The same process can be repeated

for the [111] vector.

2.2 Symmetry Dependent Behaviour

2.2.1 Piezoelectrics, Pyroelectrics and Ferroelectrics

As described, the symmetry of a three dimensional crystal structure falls into one of 32 different
point groups or crystal classesOf these 32 crystal classes, 11 are centrosymmetric, i.e. having a
centre of symmetry. Stress application imparts an equal and opposite displacement of the ions
constituting the crystal structure, with no net dipole moment formed. For the remaining 21 no
centrosymmetric crystal classes, 20 exhibit polarity when stress is applied as the displacement of
charge is no longer equaand opposite [5,6,10,11]. The cubic class 432 is the only nen
centrosymmetric crystal class to not exhibit this responsgaspolarisation along its <111> axes
are symmetrically related andcancelout. The effect of a net dipole moment being imparted upon
stress application is termed the piezoelectric effect. This dipole moment induced is lineand
reversible with stress [10]. The converse effect can be observed where strain is imparted upon

these 20 norcentrosymmetric crystal classes by the application of an electric field.

32 Point Groups
11 centro- 21 non-centro-symmetric
symmetric
20 piezoelectric 1 exception
(P. Gr. 432)
10 polar
(pyroelectric) 10 non-polar
reversible .
polarization non-reversible
(ferroelectric) polarization

Figure 2.4: Therelationship between the symmetry dependent piezoelectric, pyroelectric and
ferroelectric properties of the 32 point groups. Reformatted from [1]



Of these 20 crystal classes, 10 exhibit a unique polar axis, a temperature dependent spontaneous
dipole moment, and are considered pyroelectric classes. A material that has two or more stable
orientations of this spontaneous dipole moment at null electridield, where the vector of polarity

can be reoriented upon application of an electric field, are termed ferroelectric material3he

relationship between each of these symmetry dependent behaviours are shown in figuret211].

2.2.2 Ferroelectric Domains

If a ferroelectric crystal structure was to polarise along one of itavailable polarisation vectors,
the energy associated with theconsequentdepolarising field would be relatively large. In order
to minimise the associated éectrostatic (and elastig energy constraining the material, different
areas of the structure polariseuniformly along one of the available polarisation vectors forming
a ferroelectric domain [10,12714]. Multiple domains, each of differing but reorientable
polarisation vectors, nucleate throughout the crystal structure, separated by domain walls of
unique properties, such asthicknesses and energies according to the transition between
neighbouring polarisation vectors A single domain state is unfavourable since the energy
associated with the crystal surfaces would be greater than the energy associated with

ferroelectric ordering, so much so that ferroelectric ordering wouldcease toexist [10,12].

domain
I I +Ps  wall 7

| | region

domain wall region

Figure 2.5: The formation of 180 and 90 ° domain wallsseperatingadjacentdomains with spontaneous
polarisation vectors Ps. Thesedomain walls form to minimise the electrostatic and elastic energy of a
ferroelectric crystal. Reformatted from [12].
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In tetragonal BaTiQ, where the6 polarisation vectors exist along the<001> axes,90 ° and 180 °
domains are able to form within the crystal structurereferring to the 90 and 180 ° relative
orientation of polarisation vectors between neighbouring domains.A schematic showing 90 and
180 ° domain walls is shown in figure 2.912]. These different domain wall formations offer
different energetically minimising properties. 180 ° domains seek to minimise thelepolarisation
field due to the antiparallel arrangement of neighbouring polar axes, whilst 90 ° domains
minimise the elastic energy imposed by thestraining associated to the<001> dipole moments
formed within a domain[12]. The orientation of domains changes according to crystal symmetry
and for the low temperature rhombohedral polymorph of BaTi@, due to the polar vector

occurring along the <111> axes, 71, 109 and 180 ° domain walls are found to exist inst¢h2] .

Ferroelectric domainswalls are typically a few unit cells wide, however the width and associated
energies are dependent on their type (the angle subtended between neighbouring polarisation
vectors). 90 ° walls are typically thicker but lower in associated energy with respect to 180
domain walls, for example. This wall energy typically originates from depolarisation fields
associated with the divergence of th@olarisation vector across the wall, misorientation between
neighbouring dipole moments/polar vectors either side of the wall and the straining/elastic
contributions [10].

2.2.3 Electric Field Dependence of Polarisation

The principle of electrostriction is applicable to all crystal structures and indicates dipole moment
formation and consequent polarisation under the application of an electric field, as positive and
negative ions of thecrystal structures are displaced converselyj10]. The behaviour and rate of
polarisation change under electric field application is however sensitive to the crystal symmetry
and the dynamics of polarisation incurred, including the correlation lengths of polar ordering.
This results in variable hysteress effects and consequent polarisatiorlectric field (PE) loops.
The exact shape and dimensions of these loops are of course material dependent, but fall into
similar profiles according to the whether the dielectric material is paraelectric witha linear
polarisation response, ferroelectric, relaxofferroelectric or antiferroelectric. These produce the

characteristic responses shown in figure 3. a) through d), respectively.

The hysteresis induced uporelectric field application is greatest for a ferroelectric material, and
is incurred by the energy lostdue to the polarisation dynamics associatedwith domain
reorientation (domain wall mobility) , including those of irreversible nature. In ferroelectric
(tetragonal) BaTiG;, loss is typically incurred from the mass reversal of 180domains[15] near

the coercive field,with energy transferred as heat throughout the crystal structure[13]. 90 °
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domain walls are typically moved at higher fields towards the polarisation saturation, and are the
first to relax upon subsequent field reduction for electrostictive purposes.Smaller losses are
incurred at lower fields from domain wall vibration (with energy transferred as acoustic plane
waves that propagate throughout the structure) and low scale domain wall translations, however
these impart little macroscopic effects on thesurrounding domain structure [13], with the

minor/Rayleigh loop this would form not visible on figure 2.6 B.

(a) (b)

P/uCcem?
P/uCem?

E/kVem! E/kVem!'

(C) Pmn Di (d)

Charging

PF}ICsz
N
P/uCcm?

E/kVcm! E/kVem!

Figure 2.6: The RE hysteresis typical of four different dielectric materials with different intrinsic
polarisation behaviours: a) linear b) ferroelectric c) a relaxofferroelectric d) anti-ferroelectric.
Reformatted from [19].

Upon field reversal, afinite negative electric field, the coercive field, is required to achieve a
complete net polarity reversal as some of the domain walls become pinned. The recoverable
energy density stored within the dielectric as a result of its polarisation is calculate as the

integral of equation 21 [16718].

- 2.1
W 0Qu @1

Where Bnads the maximum polarisation observed and®.ds the remnant polarisation, observed

when the electric field is reduced to 0 kVcm. It is equivalent to the area shadedh red in figure
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2.6. Theirrecoverable energy density is shaded greein figure 2.6 and given by the integral of

equation 22.

@ 0QU (2.2)
The result of long range polar domains forming induces higher maximum polarisation
magnitudes, but also induces the higher losses and polarisation saturations that are deleterious
to the magnitude of recoverable energy density achievable. Reducing the scalf polar order
reduces the maximum polarisation achievable for the dielectric, but linearises the electric field
dependency. The energy storage efficiency, the ratio between the recoverable to irrecoverable
energy density stored within the capacitor uporpolarisation, consequently improves. Should the
dielectric resist electric field induced dielectric breakdown, such as through smaller volumes and
an associated statistical reduction in breakdown nucleating flaws (pores or cracks for example)
or higher densities, the lack of polarisation saturation incurred provides a route to high
recoverable energy density with high associated storage efficiencyncreasing amounts of
literature are dedicated to the linearisation of materials with nominally high intrinsic
polarisation, to maximise the efficiency and recoverable energy density achievable in a
miniaturised MLCC chip. The overall intention of this research is then to shift MLCCs from typical
power electronics (to which they are useful for their short chargedischarge times) to

applications that canutilise both storage and power, such as pulspower applications[19].

2.2.4 Polarisation & Dielectric Permittivity

When a crystal is subjected to an electric field, dipole moments are formed across a range of

length scales A dipole moment(p) is the separation of chargdq) over a finite length(d) [13]:

A A (2.3)

The polarisation of a dielectric(P), an electronically insulating material s then described as the

total dipole moment formed per unit volume(V) [13]:

5 A (2.4)
7 W

Since this thesis is focused on dielectric materialshould they be located between two oppositg
charged plates separated by a distance dhey are capable oteparatingcharge in the formation

of a parallel plate capacitor just like a vacuum canThe electric field across a parallel plate
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capacitor separated by a vacuum isased on thevoltage (V) driven charge that is built up on these
adjacent electrode surfacesof area Ax EOE AEAOCA AAT OEOU Ah OAI AGEOA
space R =8.85 x 1014 Fcm?) [13]:

(2.5)

I
- Q
Whenamedium is placed between the parallel plateghe polarisation of the medium induced by
the electric fieldinfluences the effective charge density seen by the plateEhe total charge of the
plates then becomes a function of the intrinsic polarisability of the material, a function of its
crystal structure and component ions This is described by itelectric susceptibility, ... , and so
the charge storaggQ/A) can be represented a§l3]:

0 W (2.6)
= P ... - o

Thefunction p ...- EO OEA DPAOI EOOEOEOL .1 &EeqdttAthd rdlaliie Ol h R h

0- - (2.8)

Polarisation of a dielectric medium can be described by four general mechanisms, each providing
a dipole moment and polarisation contribution over different length scalesAtomic polarisation
occurs at the smallestength scale ands the response ofan iond &ectron cloud displadng relative

to the nucleus. loniadisplacementof the cation and anion sublattices also occuout over a slightly
larger length scale. Dipole moments that are present within the structure will also reorientate,
particularly so for ferroelectric materials that exhibit a spontaneous and unique dipole moment.
Finally, on the largestlength scale are space charge effects, the accumulation of charge at a
potential barrier. These polarisation processes and their associaddength scales are visualised

in figure 2.7 [13]. The length scales that thesgolarisation processes act over impart the

frequency dependence of polarisation bserved under an applied ac electric field.
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Figure 2.7: Four fundamental polarisation mechanisms of a materialnder the application
of an electric field. The length scale of the dipole moments formed increase moving from
atomic to space charge mechanisms. Reformatted from3JJL

071 ACEOAOGETT DOI AAOOGAOG OEAO T AAQO IcAbaativelE A
lower electric field frequencies compared to mechanisms of polarisation over the smaller length
scales. Relaxation of the polarisation simply refers to the inability for that polarisation

mechanism to respond to increasing frequencies and produce the assated charge separation

for dipole moment formation. When the polarisation mechanism is relaxed out, it no longer
contributes to the overall polarisation of the sample. The frequency dependence of the
aforementioned polarisation mechanismds shown in figure 2.8. The relaxation of space charge

and dipolar mechanismswith increasing frequency occursfirst and second respectively. lonic

15



and atomic polarisation mechanisms instead show a resonance effect rather than the relaxation

effect described.

Dielectric constant
# R

Dielectric loss

10° 10° 10" 10'¢
| Radio [ |Infrared| | UV light

Frequency, Hz

Figure 2.8: The relaxation and resonance effects of the four main polarisation mechanisms with increasi
frequency, in terms of permittivity and dielectric loss. Rt refers to interfacial (space charge) contributions
Pa dipolar contributions, Piis ionic polarisation and R is electronic (atomic). Reformatted from[222]

2.2.5 Temperature Coefficient of Capacitance

Since permittivity is a property inherent to the crystal structure of a material, a temperature
dependence of permittivity results. The temperature coefficient of capacitance, TCC, is a measure
of how much the permittivity (capacitance) varies with respect to the room temperature

equivalent (25 °C), equation 29.
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- Y -qub (2.9)

For class Il dielectrics used within MLCCs, permittivity variation with temperature can be quite
considerable unlike class | dielectrics. It is necessary to know how this permittivity varies with
temperature to ensure the capacitance output of the devics sufficient to fulfil its intended role.
The Electronic Industries Alliance (EIA) has standardised the permittivity variation of a dielectric
(capacitance variation of a capacitor) with temperature, based on the calculated TG€¢ording

to the following alpha-numeric coding system:

Table2.2: The alphanumeric coding system used to specific TCC associated with a capacitor across a

defined operating temperature range

First Character Second Character Third Character
Letter Lower Digit Upper Letter Maximum
Temperature Temperature TCC
Bound (°C) Bound (°C) Tolerance
(%)
X -55 2 +45 D °©33
-30 4 + 65 E ° 4.7
Z +10 5 + 85 F °7.5
6 +105 P °10
7 + 125 R °15
S ° 22
T +22/-33
U +22/-56
\% +22/-82

For X7R rated dielectrics, a maximum TCC variation of + 15 % is observed betweBh and 125
°C. For X8R rated dielectrics, a maximum TCC variation of = 15 % is observed betwdédhand

150 °C

2.3 Perovskites
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The ideal aristotype perovskitestructures exhibited by compoundssuch as SrTi@are related to
the mineral perovskite CaTiQ, existing with a unit cell formula ABX(where X is typically an G
anion, but metathalide perovskite families exist where a halide anion replaces the oxygdi)20z
25]. This ideal structure is cubiavith an associatedPm3mspace group. Bradoxically, the mineral
perovskite CaTiQ exhibits orthorhombic symmetry (space groupPbnm) distorted away from
this ideal high symmetryaristotype phase.The peovskite structure is composed ofarger A-site
cations located in a 12 fold cubectahedral anion coordination at the cell entres whilst the
comparatively smaller Bsite cations are 6fold anion coordinated at thecell corners within

corner sharing BQ octahedra. An example of this structure is shown ifigure 2.9.

Figure 2.9: The idealised cubic unit cell of the AB{perovskite. The blue sphere represents the body
centred A cation. The grey spheres represent the corner occupying B cations, whilst the purple spheres
represent the corner sharing oxygen or halide anions. Reformatted from[2

The ideal perovskite can also be considered as a cubic clgsgcked structure, wherethe oxygen
and A siteions are stacked in cubic closgacked layers along theubic [111] direction, and B site
ions occupyone quarter ofthe octahedral sites that areconsequently formed[23]. In the ideal
structure, the B-O distance is equal to a/2 (with a being the cubic unit cell parameter), whilst the
A-O bond distance is equal to &2 [24]. A relationship between the atomic radii of the A, B and O
ions is also heldg ra+ ro=C2(rs + ro) [24] (Where raroand rgare the atomic radii of the A, O and

B ions, respectively).

In reality few perovskite oxides exist with this cubic structure at room temperature, although

most of them tend towards this at elevated temperatures ¢r in the paraelectric statefor a
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ferroelectric material). Goldschmidt introduced a tolerance factor (t) as a measure of distortion
away from the idealised cubic structure (and thus it can be used to quardtively predict the
crystal structure of the perovskite compound based on the ionic radij26] :

o O/ (2.10)
i 61 0

Materials with a tolerance factor of 0.91.0 generally exhibit the ideal cubic structure (however
strictly speaking cubic symmetry isattained with t=1), whilst a tolerance factor of 0.710.9 results
in a distorted perovskite structure with tilted BOs octahedra A tolerance factor greater than unity

(1) or below 0.71 may result in the formation of noRperovskite structures[26,27].

2.4 Multi-Layer Ceramic Capacitors

A Multilayer Ceramic Capacitor (MLCC) is effectively garallel 1 AT ET AOEIT 1T 1 &£ 018 b/
AAPDAAEOI OOh xEAOA O1 8 EO nddAEMIAADOEBEA AUAIDDHA ®AE
overlapping internal electrodes.Each of these dielectric layers acts as a conventional parallel
plate capacitor and so the total capacitance of the MLCC becomgsagallel summation of these
018 ET AAPAT AAT O AAPAAEOI 00q,
€E- -0 (2.11)

Q

where Cisthe devicA ADAAEOAT AAh 1T EO OEA,idtie peititylofieeAE AT AAC
O b A A Klihe relative permittivity of the dielectric, A is the crosssectional overlap area of

adjacent internal electrodes and d is the thickness of the dielectric layerA. schematicof this

serial connectivity of internal dielectric layers is shown in figure 2.0. MLCCs have an inherent

advantage on miniaturisaton with respect to monolithic parallel plate capacitors hence finding

integration in vast numbers within common electrical circuitry.

The capacitance of the MLCC can be maximised through the use of a dielectric layer with as high
of a relative permittivity as possible, with its layersas thin and cross sectionally large as possible,
and with layers as frequent as possible. In reality, not all are achievable and the demand for
miniaturisation sets constrains on the size of these layers and how numerous they are. The need
for optimisation of material properties, specifically dielectric response, then supersedes device

design. Maximisingpermittivity without compromising the temperature stability is a frequent
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Figure2.109, ! OAEAI AOEA OADPOAOAT OET ¢ OE
capacitors in an MLCC. Reformatted frofi3]

challenge, one that shall be covered within this thesis. BaTi@ prototypical ferroelectric below
its Curie temperature (Tc ~ 130 °C) and a material that is commonly utilised within MLCCs,
exhibits a large permittivity often in excess of 10,000 aT.. Either side of thisCurie temperature
comes a sharp and large drop in permittivitylt is unrealistic to expect circuitry to be operated
consistently around 130 °Cto take advantage of this high permittivity.When its temperature
stability is improved, often through chemicaldoping, the permittivity is consequently lowered. A
fine balance is necessary to find materials that exist wita compromise of the two qualities. Of
course, high capacitance is not always essential where thermal stability is crucially important,
often for filter networks, timing circuitry or resonant applications, in which case class | dielectrics
such asCazrQand TiO;in. 0 mé O wilikdd x EEAE EAOA ET EAOAT OI U
far superior thermal stabilities.
Although permittivity variation is expected across differingcapacitor types, the dielectric should
always exhibit low dielectric lossesj.e.minimal leakagecurrent upon application of anelectric
field. The device build should also exhibit low losses, manifesting as a high insulation resistance.
The dielectric should also be thermally and chemically compatible with thnternal electrode
materials, with base metal electrodegBMESs) such as nickelor copper preferable for their low
manufacturing costs This isincreasingly important as miniaturisation drives thinner dielectric
layers and increasing electrode layer fractions within the capacitors The dielectric will
consequently need to be nosreducible for use of the BMEs, or rexidisable at lower

temperatures post sintering.
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While the exact details and formulations oMLCC manufacture typically varies according to the
manufacturer, a similar tapecasting routeto that shown in figure 211 is frequently used This
involves the miling of the dielectric formulation with necessary binders flocculants and
plasticisersto attain a green body strength andn associated tapdlexibility for subsequent chip

build. The slurry formedis cast as a wet filnwith adefined thickness After drying, the electrodes

Ball-mllllnq i
Ceramic @
powder

o

Sheet cutting

4.-&-11—

Ceramic Screen printing )
slurry Connecting inner electrode (Ni)
terminal
e Stacking
Termination firing
Ceramic layers (dielectric)
Termination dipping Multilayer ceramic capacitor ol [P T

(Cu outer electrode)

Tumhlmg for g
rounding edges

Sintering

Dicing / Cutting

Binder burnout

Figure 2.11: The typical tape casting process utilised for commercial MLCC manufacture. Reformatte
from [28]

are screen printed onto thelayers, with the layers thenorientated and laminated, cut and fired to
densify and remove the organic constituents introducedn previous stages. The chips are then
terminated and coated for environmental protection[28].
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3 Literature Survey

3.1 BaTi&

S&EOOO AEOAT OA @84,30], EaATiQ i© & protopypical iedra@lectric perovskite until ~
120-130 °C,whose (process dependeny dielectric behaviour promotes integration within most
commercial class || MLCC&aTiGsis characterised by an exceptionally largeslative permittivity,
often in excess of 10,000at its Curie temperature ~ 130 °¢31,32], manifesting alarge change of
order parameter as it undergoes a transition from its cubic paraelectricpolymorph to its

tetragonal ferroelectric analogue This relative permittivity response is shown in figure 3.1.
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Temperature (°C)
Figure 3.1: The relative permittivity response of BaTi®. Reformatted from[32]
This is one ofthree sequential phase transitions that occur between its cubic paraelectric
polymorph and three, lower symmetry distorted ferroelectric polymorphs uponcooling, each
driven by areorientation of the associated polar axethat arises asthe Ti displaces away from its
centralised coordination within the [TiO¢] octahedra[33]. The sequence of crystal systems, from
cubic to tetragonal, orthorhombic and rhombohedral [25,33], as well as their associated
transition temperatures, are shown in figure 32 (reformatted from [13]). The anomalies
recognisable in figure 3.1 correspond to the transition between each of its ferroelectric

polymorphs and the change in vector associated with the reorientable polar axes.
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Figure 3.2: A schematic showing the symmetry loss upon cooling as Bagittansitions
through 3 ferroelectric phase transitions. Reformatted fron{13]

The nature of these ferrodistortive transitions in BaTi@ have long been considered displacive in
type, driven by the condé OAOE T 1 -i Il & Afiis i€ @dnsdse opticphonon mode whose
frequency reduces to zero upon cooling to the Curie temperaturemparting dynamical instability
within the lattice and freezing out with associated intraoctahedral Ti displacementsThese Ti
displacements are described as the eigenvectors of this high temperature soft modg34,35].
Some early neutronspectrometry and infrared reflectivity studies [34,36]that supported this
theory in other ferroelectric titanates, namely SrTiQ, were, however, not so supportive for
BaTiQs. This system was instead viewed asomewhat more complicated, and newer Xay fine
structure analysis haseven suggested a more ordewdisorder type ferroelectric transition in

BaTiQ instead [37].

BaTiQ; is an electrical insulator when processedin air, useful for dielectrics, although ntype
semi-conductivity can be induced when sintered under low p@atmospheres & 1200 °C)[38].
Consequentlywhen heating semiconducting BaTiQwithin a finite temperature rangeexceeding
the Curie temperature,an increase in resistivity by several orders of magnitudein a positive
temperature coefficient of resistancg PTCR)responseis observed, shown in figure 3.3Adouble
Schottky barrier is formed between an insulating grain boundary/interfacial layer with high

acceptordensity (segregated acceptor ionand/ or adsorbed oxygen) anch-type semiconducting
grains [39z41]. The resulting space charge layer promoteBand bendingtowards the interface,
with an additional energy requirement necessaryfor the excitation of valence electronsnto the
conduction band, thereby inducing the observed sharp PTCR effectTowards elevated

temperatures, the Fermi energy level shifts closer to the conduction band with a smaller
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Figure 3.3: The positive temperature coefficient osemiconducting ntype
BaTiG with insulating, reoxidised grain boundaries. Reformatted fron{41].

associated band gagsufficiently close enough fora statistically appreciable number oflectrons
to be promoted into the conduction band inducing a consequental reduction in the associated
barrier height andretaining negative temperature coefficient of resistancéehaviour once more
It is only after the Curie temperature is exceeded within thespolycrystalline BaTiQ; specimens
that the PTCR effect is observed, sinée the ferroelectric statethe spontaneous polarisation of
the bulk compensates the charge build up & the interfaces [42,43]. This PTCR effectis
understandably processing dependentControlling the microstructure, sintering atmosphere and
cooling rates have a significant impact on the resistivity variations observedReoxidation of the
grain boundaries in particular is of significant importance in optimising this effecf44], with the
formation heterogeneous oxygen concentrationsinterpretable as forming a heterogeneous
electrical microstructure from impedance spectra whenair or argon cooledatmospheres are

utilised during sintering, limiting complete grain reoxidation[45].

For PTCR samples,ahor doping of BaTiQ s often utilised to enhance then-type semiconducting
behaviour of the graincores and increase the Schottky barrier height for a largeresistivity
increase L&+ dopes preferentially onto the A site of BaTi® [46Z49]as a consequence of its
relatively large ionic radius, too large for B siteoordination, and results in an enhancemenf n-
type conductivity for small doping concentrations < 1 at% Anoptimal conductivity is achieved
between 0.3z 0.5 at% doping used for commercial PTCR formulationsg[50], as shown in figure
34.
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Figure 3.4: The change in resistivity of polycrystalline A site L% doped BaTiQ. The
minimum resistivity is utilised for commercial PTCR ceramics, at 0:8.5 mol% doping
concentrations. Reformatted from[50].

Above this, the resistivitybegins to increase once more, previously considered to be the transition
between doping mechanisms from electronic to ionic compensatiof51z53]. It has since been
shown that ionic compensation,specifically the formation of 0 0i® the most energetically
favourable compensation mechanisnf50] until the ~ 25 mol % solution limit. It is the loss of the
resulting under-bonded oxygen from V6 8 6 8 A1 OO OA O Otyp® gehiGondudiivity A O
forming BauxLaxTi1-w4 Os,4 [50]. The change in (re)oxidation rates/kinetics with increasing Led+
content influences the increase in resistivity towards higher L& concentrations as opposed t@
change in doping mechanisni45,54]. The doping concentration is also dependent upon the
temperature range the PTCR effect is intended for, given the24 °C/mol% T, reduction induced

by the L&+ A site doping[47].

RegardingBaTiG; integration into MLCCs as dielectricsthe need to lower manufacturing costs
with the use of base metal electrodes (BMEguchas Ni or Cuthat are lower in cost compared
comparatively more inert Pt or AgPd electrodes comeswith a necessity to sinter under a
reducing (low pQ) atmosphere to inhibit oxidation of these electrode materials [28,55]. As
previously discussed such low pQ atmosphereswill readily reduce Ti and inducen-type semi-

conductivity undesirable for dielectrics[38,56], as inequation 3.1 and 3.2:

6 025 @ <o (3-1)
C
CYQ QO YO (3.2)
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Often, acceptor dopingis usedto form non-reduceable dielectricsto inhibit this Ti reduction
under such low oxygen partial pressuresnvironments, forming oxygen vacanciesn the process
These oxygervacancies dohowever, prove deleterious to themean time to failureand ageing of
the dielectric under progressivevoltageloading conditions.lIt is oxygen vacancy migration to the
cathode which has long been considered to encourage premature dielectric breakdown in MLCCs

[57260], shown schematically in figure &, accumulating and decreasing the energy barrier for

Al AAOOIT OETEAAOEIT6 OEA AAOET AAh A 3AET OOEU Al |

conduction is Jbule heating, which can accelerate the breakdown proced$1]. The defect
chemistry of undoped BaTiQis often driven by the presence of impurity ions within the material,
which act often as acceptor type dopants based on the abundance of lower valence ja@ngng

BaTiQ its inherent pO; dependence (Rtype at lower pQ and p-type at higher pQ) [62]. Table
3.1 reveals an example of impurity elements found within undoped BaTi®ia spark-source mass
spectrographic analysis.

Table 3.1: Impurity ions and their associated concentrations (by weight), found within polycrystalline
undoped BaTiQ[62].

Impurity Concentration, ppm (by weight)
Carbon 0.5
Nitrogen 0.4
Magnesium 1.1
Aluminium 2.2
Phosphorus 2.3
Calcium 7.4
Iron 7.9
Arsenic 2.2

In polycrystalline BaTiGs, Schottky barriers form at the grain boundary ~ 200nm in length[63],
often with segregated acceptor solutes at the interfacgs4], shown in figure 35, and impede
mobility of the VgR.9lt is this mechanism that enhances the electric field induced breakdown
resistance andfacilitates the improvement in time to failure of the dielectric [57,63,65]. Rare
earths (REs) such as Dy or Ho that are intermediate in sibempared toother cations of the series
are able to dopeonto both the A and B site, and are termed as amphoteric dopants for this ability
to act as a donor olacceptor dopant in BaTi@depending uponits coordination [66]. It is for this
reason, and its intrinsic capability of reducing oxygen vacancy formation during processing, that
time to failure and ageing is minimisedupon such RE doping, especiallyompared to rare earths

of differing radii. Increasing the grain boundary density via reduced grain sizesas also been
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Figure 3.5: left) A schematic of the electromigration of oxygen vacancies through Bagifayers within Ni-
MLCCs towards the cathode. Right) a) shows symmetric band bending and DSB formation in-non
degraded MLCCs. Reformatted frofis7].

found to assist breakdownresistance with studies of acceptor doping of Al for Ti in BaTi©
finding a significant change in the characteristic time to breakdown depending upon grain size,
with it being 500 times larger for fine grained samples with respect to the coarse grained
equivalent [65] for the same doping concentration of 0.1 mol %There is, however, a well

characterised relationship betweenthe permittivity response of BaTi®;and grain size shown in

figure 3.6.
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Figure 3.6: The grain size dependence of maximum relative permittivity
for BaTiGs. Reformatted from[68].

The permittivity maxim um increases with decreasing grain size, optimising at ~ 1 pui67z72],

below which further reductions impart adecreasen the magnitude of thepermittivity ma ximum.
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This needs to be considered wherdielectric layers are designed, forgrain boundaries are
necessary for breakdown resistance yet too small of a grain sizetroduces a decreasein the
permittivity . The increase inpermittivity at fine grain sizes towards ~ 1 um was attributed to a
reduction in the 90 ° domain width and an increase in the density of the corresponding domain
walls, visually observed from SEM and TEN68,69]. These more numerous 90 ° domain walls
offered a higher mobility and greater extrinsic, vibrational contribution to reorientation under
applied electric fields [68,70,73], supported by more recent insitu XRD analysig70] (where
intensity variations between (200)/(002) split peaks reveals the changing domain texture of the
ceramic, based on the changing volume fraction of domains during polii@g4]). There is also a
consideration that the straining associated around the domain wall could influence local
symmetries, as XRD patterns previously revealed a more pseudabic peak splitting upon
reducing grain size as a result of the orthorhombic consistency within the tetragonal bullé8] .
This would make sense with the associated tetragonarthorhombic transition temperature
having been observed to shift to higher temperatures with reducing grain size. This strain is then
suggested to be capable of enhancing the intrinsic lattice dispkment contribution to

polarisation [69].

The permittivity is alsodependent on the Ba/Ti ratios utilised during synthesis, with secondary
phase BaTiOs forming when the ratio is below or above 1. However, the mechanism by which
this secondary phase forms is significant with respect to the dielectric response observed. For Ti
excess, a liquid eutectic forms, with liquid phase sintering encouraging abnorringrain growth
with this secondary phase forming predominantly around the grain boundaries. This essentially
creates a serial connection betweenwo polarising phases, decreasing the overall maximum
permittivity observed for the phase mixture (with respect to nominal BaTi@) in proportion to
secondary phase thickness. For Ba excess,;B&®, forms during sintering within grain centres.
The resulting interfacial strain is compensated by the increase in 90 ° domain wall density,
offering an enhanced extrinsic contribution to permittivity and increasing the maximum

observed relative permittivity [75].

Although the insulating behaviour observedin BaTiG; is fundamental for dielectric utilisation in
capacitors, when looking at figure 3.lit becomes clear that the temperature variance of
permittivity is significant and unsuitable for temperature stable dielectrics. Many of the dopant
ions [76Z79], including the aforementioned REs [80782], segregatewithin the grain in the
formation of a compositionally heterogeneous coreshell microstructure. This isoften via liquid
phase mechanisms \were dissolution and reprecipitation occurd78,79,83], or via
thermodynamic inhibition of dopant diffusion kinetics [81,84], or both [85]. Mg, for example, is

frequently used for its lack of homogenisation and couples to REs to form shell configurations
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[80z82]. Coreshell formations are often necessary for X7R or X8R BaTi(dielectric use
(although this thesis will show alternative composite structures utilising BaTiQ related
materials), relying on the limitation of long-range ferroelectric ordering amongst the BaTiQ

cores by the shells This lowers the permittivity magnitude associated to the coreBaTiQ6 O
ferroelectric-paraelectric transition, becoming similar in magnitude to the shell-related
permittivity contribution that is observedat atemperature. The overall effect is aflattened
permittivity response, shown in figure 3.32 section3.84 EEO OAT | b1 OEOAS OUDPA
reviewed subsequently in section 38, showing how these macrostructures are desirable for TCC

stabilisation in commercial MLCCs.

3.1.1 Cadoped BaTiQ

Although much of the aforementioned doping of BaTi§¥egards aliovalent donor or acceptor
doping, isovalent doping of BaTi®has considerable effects on the dielectric properties of BaTiO
SrA-site doping of BaTi@Qwas one of the earliesexamples of such isovalent doping systems, with
a monotonic reduction in T; with increasing Sr content associated t@ size effect of the smalle
Srxin2t§ p 8 1 substitu@on for larger Baxiy2t p 8 ¢ [86].Vits is analogous to the effect of
hydrostatic pressure, which has previously been shown to result in a progressive decrease in the
T. of BaTiO; (a consequence of decreasing potential wells for Ti displacement$37,88]. Ca
inducesacomparable reduction in tolerance factor upon A site doping, with an ionic radii df.34
vi AT T PAOAA o8& [B& inghis 12 fold coordination environment, yet exhibitsa

different dielectric response to the Sr dopednalogue.
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Figure 3.7: The effect of isovalent A site substitution of Ca onto the A site @
BaTiG (red) and the aliovalent acceptor doping of Ca onto the B site of Ba'ki
(black) on Curie temperature. Reformatted fron94].
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For this Ca doped systema 20-25 mol% Ca solubility limit has been proposedased on the
OAOEAT AA T &£ 1 AOOEAA DPAOAI AGAOO £&OI iabove thisET AAO
concentration [89792]. Preliminary reports noted a relative invariance of Twith increasing Ca

content, as opposed to a decreasef T, despite observing a monotonic reduction in the
tetragonal-orthorhombic transition temperature [91,93]. Mitsui and Westphal92] were the first

to report on a now commonly observedincreasein T, with Ca A-site doping. This increase in I

was small,extendedto a maximum of 136 °C at 8 mol% substitution, hereafter a progressive
decrease in Tfollowed until the solid solution limit was exceeded92,94]. This effect is shownin

figure 3.7. The report was also the first in observing a monotonic decrease in the orthorhombic
rhombohedral transition temperature with Ca substitution, equivalent to the knowrreduction in

the tetragonatorthorhombic transition temperature [92].

The proposed mechanism behind the variability in alkaline earth metal effects on the df BaTiOs
wasattributed to a competing effect between the size effeandbond strain inducedat the Asite
between itself and the surrounding coordination environment [95]. In the case of Ca, the size
effect of the smaller Ca ion and a compressive strain it introduces upon the cells (that would cause
cell contraction and thus inhibit the B site catiod f@rrodistortive behaviour) is dominated by the
strain which mediates off centring of the Ca catiorshown in figure 3.8 This Cadisplacementcan
couple to (and favour) the intraoctahedral [TiOs] distortions that attain the ferroelectric
behaviour of BaTiO; based materialg88,96,97]. More recent simulationg98] are complimentary

to this straining theory, with results implying the structural relaxations are a product of Ca

preferentially attaining a lower coordination due to its insufficiently small size relaive to the
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cubo-octahedral A site of Ba. This under-bonding of Cacannot be compensated through

distortions of the rigid [TiOs] octahedra, and salisplacementis necessarySome although not all,

sites displace preferentially along the [001] direction essentially becoming-@&nion coordinate

[98].As discussed,his ferroelectric relaxation of within the [CaQ:] units is combinatorial or even

influential to that within the [TiO¢] octahedra8 & OT I #T EAT 60 AAOAQE8BPOET T 1
in ATiO; perovskites, TO hybridisation reduces local repulsion forces within the octahedra and

drives these Ti displacements. The-Aite cation can influence bond strains and thus bond lengths

by its hybridisation with surrounding oxygen, which can also in turn change thelectronic ground

Figure 3.8: The ferroelectric relaxations of Ca (central large sphere) predicted for-gite doping of BaTiQ, with Ce
displaced along the [001] direction ( indicated by the arrow, comparable to Ti) to reduce its coordination and
alleviate bond strain. Reformatted from[98].

state and TiO interactions/displacement. Levin et al attributed a similar effect in BaCaTiOs,
with a degree of covalency between the equatorial oxygen and Ca influencing the hybridisation
between the TiO and driving correlated displacementsof Ca and Ti96]. In this way, these Ca
displacementscouple to that of Ti,enhancing theintrinsic dipole formation and increasing T.
The percentage of Ca ions undergoing this structural relaxation increases with Ca content, and
thus so too does the Jof BCT materials to a maximum of 8 mol% substitution. The rate of increase
in Ca relaxations does begin to decrease, and consequently above this maximum the cell
contraction will begin to dominate the strain effect henceinducing the loss in T towards higher

doping concentrations[98].

The effect of Ca on Jis simultaneously influenced by the ability for Ca to be octahedrally
coordinated in the B-site sublattice in an acceptor doping mechanism of&i0s, BaTi«Ca0s.x.

This is understood to have a solution limit of around 4 mol%[94,99]. Clear from figure 37, T.
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reduces monotonically with Ca doping onto the Ti site of BaTiZhuang et a[99] proposedthis
octahedral coordination of Ca reduced Jon account of the compressive stress it imparted into
its neighbouring cells, deleterious to their polarisabilities (with reducing c/a latticeparameter
ratios) and associated macroscopic correlationdVith the formation of Vo2 given the importance
of hybridisation between the Ti and O, théong-range correlation of B site cationdisplacements
is likely to be interrupted and contribute to the reduction in T.. The effect was more pronounced
with a combined occupation of A and B sites. 1 mol% Ca B site @gation into a Ba.ssCa.05T103
sample was able to reduce Jdby ~35 °C[99]. B site occupation hashowever, beersuggested to
be useful for improving the compatibility of BTbased dielectrics in the low p@ sintering
conditions necessary for processing of BME MLC{190]. However,alargertany j AOOT AEAOQAA
oxygen ion mobility) [94] above an evefreducing Tcmakes B site coordination unfavourable for
X7R or X8R temperature stable dielectricAlthough use of acceptodopants such as these for
low pO:; sintering is not relatively novel, it was alsoproposed that the A-site occupation of Ca
would evenalso be useful for low p@processing as it was experimentally considered to increase
the enthalpy for reduction whilst inhibiting the formation of charge compensating Vethat are

deleterious to the voltage stability of the ceramic dielectri¢101].

3.2 NaNbQ

Structural studies on alkaliniobates, specifically NaNbgX(as well as KNb®) began with Vousden
[102], following reports of observed @erroelectricity Scomparable to that exhibited bythe then
recently characterised BaTi@[14,103]. However, the Curie temperature corresponding to the
permittivity maxima in NaNbQ exists at considerably higher temperaturewith respect to BaTiQ,
~ 360 °C compared to ~ 130 °Cl'he dielectric response of NaNbgs shown in figure 39. It was
initially considered that these niobates must be OB O ABDAIT | T O b BATIDDES a @dult of
similarities in the high permittivity dielectric response with multiple structurally related
anomalies manifestedVousderd [202] early analysis of xray diffraction imagery coupled with
optical studies, specifically comparing the extinction of the incident polarised light with that of
orthorhombic BaTiO;s, associatal not only an orthorhombic room temperature symmetry, but a
sequence of phase transitionst -173 °Cand 300 °C. Here,NaNbQ was proposed totransition
from the orthorhombic to the tetragonal state, and to the cubic perovskite prototype structure at
higher temperatures ~600 °C. Such a series of transitions was clearly coparable to that of

BaTi®;, but was missing the low temperaturehombohedral phase
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Figure 3.9: The relative permittivity (solid) and dielectric loss (dashed) of NaNb®
with Antiferroelectric Pbcm symmetry at room temperature. Reformatted from[108]

This was premature, however, and was perhaps a result in the relative boom in the (re
)characterisation of materials observed withferroelectric (or antiferroelectric) behaviour that
occurred at the time A non-polar room temperature space group wasinstead subsequently
proposed by Vousden after revisiting the diffracted data [104], and dter finding a lack of
tetragonality due to the inequivalence in the intensity of what should have been symmetry related
planes, intensity variations in the diffracted data were associated to the (relatively) heavily
scattering Nb ion displacing offits ideal sites, moving along one of its orthorhombic axes. Nen
polarity was proposed to be achieved through tw@ossible mechanisms; randomsation of the
Nb displacements along its orthorhombic aaxis, or antiparallel displacements of Nb ions amongst
neighbouring pseudo-cubic cells such that the net polasA OET T T OAO A 11 OA
would become null[104]. This is the description Kittel gave for an antiferroelectric material
[105]. This would extend the cell size introducing additionalsuperlattice peaks into the
diffraction pattern, which were considered too small in intensity to be discernible amongst the
background dataat that time. Here we see the first accurate description ahe antiferroelectric
room temperature orthorhombic polymorph of NaNbQ we consider to date although the exact
symmetry describedby a P2232 space group was not entirely correctinstead, itwas Megaw and
Wells [106] who proposed the now routinely accepted orthorhombic Pbma (Pbcm)

antiferroelectric space group as NaNbgd O  Créo@ @Eperature structure .
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(b)

Figure 3.10: A comparison of the unit cells of the two room temperature
polymorphs of NaNb@. a) antiferroelectric P phase and b) ferroelectric
phaseReformatted from [116]

This OT T i OAIi PAOAOOOA AT OGEZAO0OT A1 AAOOEA PDPEKOAR 10
visualised in figure 310. This polymorph can be describedwith a unit cell that consists of 8

NaNbQ formula units, with the orthorhombicity driven by a complex combinatorial effect of

cation displacements, includinghe antiparallel intraoctahedral displacement of the Nb iongrom

their special positions, andsequential layering ofin phase and antiphaseoctahedral tilting

sequences (both dependant and independent basexh the rotational axis considered) of these

corner linked [NbQs] octahedrg107z109]. The resulting unit cell for the P phaseelates to the

ideal cubic perovskite unit cell(with lattice parameter a* o 3by AE NGO M EMc AL T OA
[110].

It has been shownby Cross and Nicholsorj111] that this antiferroelectric symmetry can be

irreversibly transformed into a ferroelectric analoguethrough reorientation of the antiparallel

Nb displacementsvia the application of asufficiently high electric field[112]8 4 AOi AA OEA O&
AROOT Al ABRDODOGE AER OAERAT AA Alaoind 20 k@t [, Avhildt OOOAT
electric fields aslow as ~ 12kVcm-t were found capable of- 50 % phasetransformation [114].In

this way, since the Nb displacements are now parallé€biving the polar ferroelectric symmetry),

the unit cell halves in length, shown in figure 3.0. Field applicatonE OT 6 0 OEA 111 U xAU

the Q phase formation in NaNb@ Reduced grain sizes have been suggested to promote Q phase
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formation [115,116], with a critical grain size ~ 0.27 um promoting the antiferroelectrie
ferroelectric transition. This is on account of the increasing internal stressdbat occur with

reduced grain size

In reality, multiple studies have described the coexistence of both the P and Q phase at room
temperature [117,118], with the proportion of each phase sensitive to the sampie thermal
history [119]. Johrston et al [107] reported all solid state samples synthesisedn their
investigation (using various annealing rates, sintering temperatures and dwells/ielded mixed P
and Q phaseolymorphism at room temperature. The same studyshowed the Q phasefraction
could be variedby up to 40 % however,the P phase remained dominant with a minimum fraction

~ 50 %. The Q phase could only be isolated via sol-gel synthesis routelt was alsoreported in
this same study[107] that phase fractions were not reproducible for solid state synthesisThe
choice of reagentalso influences the polymorph stabilised, with P phase preferred when
orthorhombic Nb,Os was used for solid state synthesis as opposed taonoclinic or a mixed
polymorph Nb,Gs [120]. It is logical that both polymorphs should coexist and are highly
processing dependentbased on the small energy difference that separates the stability of each

phase ~ 2.3 meV/formula unit [121].

The octahedral tilts present in NaNbQ (and many perovskites symmetries in general) that
facilitate symmetry reduction from its high temperature cubic aristotype phaseanbe described
using notation introduced by Glazef{122]. This notation consists of three letters, each withan
associated superscript. Each of thedetters comparethe magnitudesof tilt along one of the three
pseudocubictetrad axes ([100], [010] and [001]) of this pre-distorted, high temperature cubic
aristotype symmetry. The superscript associated to the lettereferences therelative senseof
octahedral tilts about the axesfor successive/neighbouring octahedra projected along the axes.
If neighbouring octahedra tilt about the axesn phase with the same sense, the tilt i-lenoted

x E O E superséiptdlf the neighbouring octahedra tiltin opposing senses this isdenoted with

A -GfDperscript. Notilting about aparticular axisisAAT | OAA xEOE .KisiopodantOODPAOOA
that the distinction of phase is madédor rotations along the axes, sinceoctahedrain plane are
geometrically constrained to tilt in the opposite sensalue to the corner sharing nature of these

octahedra The influence of thisgeometric cordition is that unit cell lengths become doubled
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alongthe axesperpendicular to the one for which the tilting occurs along. Thigitling relationship

and the doubling of thelattice periodicity is visualised in figure 311

4EA 1T ACTEOOAA 1T &£ OEI O EO AAOA Gfchnphrabiitpwth gt AT OAS
magnitudes about the other two tetrad axes. If all tilt magnitudes are equal aboeéch of the axes,

they each shall be denoted with an,aas in aaalf tilts around [100] and [010] are ecuivalent but

First laver Second layer

b)

2ap

b =

Figure 3.11: a) The relative octahedral tiltsenses about each of the [100], [010] and [001] axes

between successive ab planes. This reveals how neighbouring octahedra in plane are constrai

to tilt in opposing senses. Reformatted from122]. b) The effect these opposing tilt senses havi
on doubling the repeat unit length. Reformatted from22].

different to tilts about the [001] axes, the term aads used. If tilts about eachof the axes are
different, abc is used. In total, Glazer described a total of 23 possible tilt systemwithin a
perovskite structure [22], which has since been reduced to 15 possible systems based on a group
theoretical analysis [123]. Based on the cell doubling introduced tilting with different
magnitudes and phases results in particular reflection conditions for diffraction techniquesyith
additional reflections occurring at the half integralreciprocal lattice planes[22]. Theseadditional
reflections can be indexed according to the tilt system that induced themas tabulated in table
3.2. Antiphase tilts produce reflections that can be indexedwith odd-odd-odd miller indices,
whilst in phase tilts produce additional reflections of the even-odd-odd type[22]. Indexing
superlattice reflections this waypermits for the total tilt systems present ina distorted perovskite

structure to be deduced
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Table3.2: Themiller indices that correspond to additional reflections introduced by in phase and
antiphase octahedral tilts of varied magnitudes. Reformatted frorf22]

Tilt Reflectionproduced

ar even-odd-odd (E B {e.g.013)

b+ odd-evenodd (hE | &€g.1p3)

c* odd-odd-even (hEk) (e.g.130)

a odd-odd-oddj E Hd.g13)
odd-odd-oddj E Hd.g@B11)

c odd-odd-oddj E E(E@1131)

The tilting and cationic displacements that occur within the room temperature P and Q
polymorphs are illustrated in figure 3.12. SakowskiCowley et al[110] reported the Nb ions to
displace ~0.13v from the idealised centre of the octahedron within the O(3) and O(4) square
plane, almost orthogonal to the [010] tetrad axis of the idealised symmetric octahedral unit. The
resulting discrepancies between the equatorial NMO bonds due to this Nb displaceent was
surprisingly found to have little effect on the regularity of the octahedron, with edge lengths
remaining fairly constant{110]. The Na(1) atoms displace T 8away from the centre of the
[NaQy_] interstice [124], whilst the Na(2) cation remains relatively undisturbed.Tilting of the
octahedra exist with at least two competing #@+a-, ab-a tilt sequences in alternating layer pairs,
subtended at angles of ~8 and 9.5 to the x and y cell axegespectively [110,125]. Figure 3.12

shows how thesetilt sequences act over sequential [001] layers, witlantiphase tilting about the

Pb P ph P2 h
(@) cm (P phase) (b) sma (Q phase) o
@
@o
a—a’b*
aab-
= o L . [001]pc
[110]pc
[110]ec

Figure 3.12: The cationic relativedisplacement directions and octahedral tilt sequencing of the two roor
temperature polymorphs of NaNbQa) P phase Pbcm b) Q phase f2a. Reformatted from[108].

[001] axes confined to layers 2 and 3, whildh phase tilting about the same axes occurs for layers

1 and 4. For the ferroelectric Q phaséhe Na(1) alsodisplaces parallel to the nextNa(1), causing
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the halving of the unit cell length. In the Q phase, only a singlexa* tilting sequence is evident
[126].

Thetemperature driven polymorphism in NaNbQ is comparatively more complicated than that
exhibited in the previously discussed BaTi®@ The Cambridge crystallography laboratory
[110,1267130]were the first to publish on thetemperature induced polymorphism in NaNbQ,
finding symmetry reductions towards higher temperatures are mediatedby tilt variations, whilst
lower temperature phase transitions are instead driven by cationic distortionsSevenstable
polymorphs exist between the range of ~100 to 640 °C[108,109], with their symmetries,
associated transition temperatures and number of cationic distortions and tilt systemshown

schematically in figure 313 below [108].

~100 360 480 520 575 640 IT’ G
N > P >R ) >T(1) »T(2) —C
Rhom. Orth. Orth. Orth. Orth. Tetra. Cub.
F3c Pbcm Pnmm Pnmm Cemm F4/mmb Pm3m
FE AFE AFE PE PE PE PE
T: 3 3 3 3 2 1 0
D: 3 2 1 0 0 0 0

Figure 3.13: The phase transition sequence of NaNbO3 with temperature, showing thember of tilt
systems present (T) and cationic displacements (D) associated with the lowering of symmetry.
Reformatted from [108].

The dielectric response of NaNbgis shown in figure 39. The large peak ~ 360 °C corresponds to

the orthorhnombic 0 © 2 O Othdreig & didlettric anomaly manifested in the relative

permittivity response of NaNbQ that is not characterised by one of the seven polymorprshown

in figure 3.13. This has been attributed t@a second order transition[119,131] and the formation

of an incommensurate structureinvolving the modulation of tilts about the [010] direction
[132,133]. The TCC is noticeably large at 360 °C, hence why many studigsnte of which will be

discussed in the subsequent literature surveyltilise A or B site doping to reduce the thermal
dependence of what is clearly dielectric material, based onthetap OAODPT T OMd(aftelE AECOO

the relaxation of space charge)

3.3 BaTi®-NaNbQ Solid Solutions
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Glaister [134] appears to have been the first to investigate the solubility foBaTiQ in NaNbQ,
NaBa.xNb«Ti1xOs (XNNBT) (amongst a series of other BaTi©@ABQ; systems) Compositions
close to NaNbQ were synthesised via asolid-state reaction, finding an enhancement to the
diffusivity of the dielectric responseas the binary transitioned away from NaNb@ For the two
compositions synthesised,75SNNBT and 80NNBT, both were comparatively more diffuse than
NaNbQ. For 75NNBT the relative permittivity peaked at ~2500 and varied by a maximum of ~-

40 % across the X8R operating windowshown in figure 314.

:

Permittivity

%0 o 50 00 150 200
Temp {°C))

Figure 3.14: The first apparent report of relative permittivity for NNBT compositions. The
open triangles are for SONNBT, whilst the opewircles are for 7ONNBT. The solid circles are
for BONNBT with 1 mol% addition of Mgk. Reformatted from[134].

This is of course insufficient for X8R class Il dielectric rating, but represents a significant
enhancement of the TCC away from an end member thaelds TCC variations of the order of 10
Only a small domain of the solid solution wasanalysedyet TCC suppression of this order of
magnitude was observed whilst retaining a high relative permittivity magnitude only afifth of
the way across the NaNb&BaTiQG; binary. Such diffusivity in an equilibrated system is often
associated with ferroelectric relaxor materials and the confinement of correlatedpolarity to

reduced (often nano) length scales.

A similar enhancement inthe diffusivity of dielectric response is observedvia small NaNbQ
doping into BaTi®;, m S @ | [ [[13%¢1B9],Sshowrmin figure 315 (a) and (b1). TCC
stabilisation was initially ascribedto nano-size crystallite formation and uncompensated strain
from the lack of 90 ° domain wall formation. Reports suggest NaNb@additions as low as4-6

[137,138]or even 2 mol%[136] are sufficient to induce a rehxor responsewith in compositions
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of this range, based on associated frequency dependence anubn-Curie Weiss type
depolarisation above T.. Thepermittivity responses of figure 315 a) and b1l)are better defined
ascore shell typecomposite microstructures as opposed to intrinsic ferroelectric relaxorsbased
on the presence of multipletemperature separated phase dependenpermittivity anomalies A
comparatively NaNbQ rich shell may produce a low temperature permittivity contribution and

a BaTiQ core mayinduce a permittivity response close t0120 °C

1000

30 I T T T T | —
B <BD =40 =20 0, 20 G40 B0 B0 -150 -100 -50 0 50 100 150 200
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Temperature (°C)

Figure 3.15: (a) The suppression of TCC variation for NNBT compositions closethe BaTiQ end
member. Reformatted from[136] (b) The relaxor nature of NNBT compositions close to BaTi(1)
and as high as 70NNBT(3), reformatted fromiLl 37]c) the RE hysteresis of NNBT compositions near
the NaNbQ end member, showing ferroelectric hysteresis. Reformatted frorfiL 38].

It is proposed that such coreshell formations occur as a result of the lower meltingemperature
of NaNbQ (~1410°C) with respect to BaTiQ - 1620 °C). Consequently, liquid phase sintering
occurs and a NaNb®coating of BaTiQ can occur, which can be quenched forming a shell
surrounding the BaTiQ grain core [140,141]. More recent reports of a diffuse corehell type
response in NNBT compositions close to the BaTi®nd member havehowever, beensintered at
comparatively higher temperatures (1400 °C) for longer dwells (8 hourg)L36]. This suggests this
compositionally heterogeneous structure is not kinetically but thermodynamically stabilised
Perhapsthe stabilisation comes from @ entropic as opposed to ethalpic stabilisation, since an
increase in configurational entropy would surely arisein the formation of a relaxor shell with

greater macroscopic disorder than dightly doped homogeneousferr oelectric ordered BaTiQ;
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rich grain. An enhancement in electric field induced dielectric breakdown strengtivas proposed
to occur for the antiferroelectric NaNbQ coating of the BaTiQgrains[140]; however, breakdown

has onlybeenshown to improve by ~ 5 kVcm® compared tothat of undoped BaTiQ[142].

The entire solid solution was probed by Raevskii et §143], with the first derivation of a phase

diagram along this binary, figure 316. A xNNBT solid solution is able to form between these two
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Figure 3.16: a) An experimentally derived phase diagram, showing the distributic
of Tm with NNBT. b) relative permittivity spanning the width of the NNBT solid
solution. Reformatted from[143]

end members validated by XR[}138], as a result of the electroneutrality preserved by the equal
and opposite 1+ oxidation state difference that exists between the Ba/Na and Ti/Nb host/dopant
species at the A and B sites. The solid solution is seimpensating in this sense, with no necessit
for electronic or ionic compensation should stoichiometry be preserved during synthesisA
compositionally driven OAOOACT T Al ©o© D OA QAT phaddBtiamsition setuérdeid OET | Al
observed as NNBT transitions from BaTi€xo NaNbQ[1367138]. Compositions > 10NNBT induce
the pseudo-cubic symmetry, whilstcompositions of 8ONNBT and above show the orthorhombic
symmetry [138]. The symmetry of this orthorhombic phase is not well defined within literature,
particularly relating to if P or Q phase stabilisation occursAn increasein tolerance factor is
expected withBaTiCG; doping into NaNbQ, due to the largerexpansionof the [AOy2] cuboctahedra
expected relative to thecontraction of the [BOs] octahedra(since the change in radii at the A site
=0.2 ,the change in the radii at the B site = 0.035) [86]. In other NaNbQ systems, & increase
in tolerance factor upon doping favous stabilisation of the ferroelectric Q orthomhombic room

temperature polymorph. Zeng et al[138]studied the diffraction patterns in this NaNbQ rich
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region of the solid solution however, they A E A fliffie@ntiate between the exact symmetry
stabilised, nor were the tilt and cation driven superlattice reflections between~ 35 z 45 ° (Cu
+ | <fudied. Based on thderroelectric type loops in figure 315 c), it appears Q phase symmetry
is favoured, although a degree of pinching in the 95NNBT sample miayply the retention of some
antiferroelectricity that is subsequently converted to ferroelectric upon higher field applications.
The relaxor state showsthe loss oflong-range structural order as pseuda-cubic macroscopic
symmetry is observed When probed via Raman spectroscopy, hsitu synchrotron XRD and
EXAFS datalocal tetragonality is found whose correlation scales can be forced intolarger

microdomains underan electricfield [144].

Across the solid solution, the distinct ferroelectric - relaxor-ferroelectric transitions are
somewhat conflicting but consistent in the observation of relaxor behaviour towards the solid
solution centre, and the induction of such behaviour at lower doping concentrations at the Ba&iO
end of the solid solution with respect to the NaNb®end of the solid solution Examples of this
relaxor behaviour are shown in figure 315 b) and 3.16 (right), with frequency dependence, low
Tmandbroad permittivity responses. As previously discussed,dw NaNbQ additions into BaTiG;,
< 10 mol%, are capable of inducing theelaxor transition. Abdelkefi et al claimed compositions
retained this ferroelectric-relaxor until a transition to a ferroelectric phaseoccurred ~ 55NNBT
[139,145]. However,work by Zampiere et al and Cwikiel et alstill showed relaxor behaviour for
70NNBT[146,147], whilst Zuo et alshowed a transition from this relaxor-ferroelectric state to
the polar state at ~77NNBT[148]. Despitethis, reports across the NNBT solicdolution describe
good dielectric properties with low associated tam (after space charge relaxatiohacross the
X7R or X8Remperature bounds[136,149].

Through P-E hysteresis analysisZuo et al[148] revealed the relaxor compositions in the 75-
85NNBTcompositional rangeyield large hysteresis free electrostrictive strains optimised with a
electrostrictive strain coefficient (Qs3) ~0.046 m4/C2 for 75NNBT. This type of hysteresis free
straining gives NNBT prospectsas lead freenigh precision ceramic actuators where the frequency
dependence of strain in the piezoelectric materials is unsuitabj@48]. The slim polarisation
hysteresis response also implies good energy storage efficiencies for these relaxor NNBT
compositions, with high polatisability achieved suggesting good recoverable energy densities. It
is consequentlyunsurprising that reports have since focused on NNBbased compositions for

energy density dielectric applications. Fan et 4lL50] revealed in an acceptor (1 mol%) Mg doped
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10NNBT, a recoverable energy density of 3.4 J&with an associated energy storage efficiency ~

82.6% could be achievedshown in figure 317.
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Figure 3.17: a) The slim hysteresis loops and) high recoverable energy densities of Mg doped 10NNB’
with a maximum of 2 mol% acceptor doped Mg. 1 mol% Mg doping is optimal for recoverable energy
density, as shownin b). Reformatted from[150].

This represents analternative to Pb- or Bi-containing systems often used due to the inherent
polarisability of these two cations, butundesirable for their toxicity and thermodynamic
incompatibility with BMEs (specifically Ni), respectively. 10NNBT has been used as the
foundation of other energy density dielectric studies, with even higher storage efficiencies
achieved - near 90 % [151]. It must be noted, however, thatmultiple A (La3*/Bi3*) and B
(Tas*/Mg?2+) site dopant specieswere incorporated, each for band gap and microstructural
engineering purposes (for enhanced breakdown resistance)Vith numerous dopantspresent, it
is inherently difficult to determine the significance of 10NNBT in the overalllinearised
polarisation response since a number of species each with competing bonding requirements will
inherently destabilise any long rangepolar ordering anyway, regardless of the NNBTomposition

utilised.

3.4 LaysNbGs

LaisNbG;, since its first report by lyer and Smitl52] in the 1960s, has been well characterised
as an A site deficient perovskiteWhere aides such asReQ or WGQ; can be related to the
perovskite structure asa distorted network of corner sharing [(Re,W)@] octahedra where the
close packed A cation layers are completely vacdh$3,154], Lass NbO; exists with 1/3 of the A
sites La* occupiedand 2/3 vacant Diffraction experiments have revealed an orthorhombic room

temperature structure equivalent to that shown in figure 318.
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Clear superlattice reflections along the [001] axes reveal a doubling of the pseudabic unit cell
along this axeq155]. This doubling of the lattice periodicity is attributed to the ordering of A site
vacancies and L& cations into alternating (001) planes alternating between?2/3 La3+ occupation
and complee A site vacang, respectively. This orthorhombic (space group Cmmm)room
temperature symmetry is evident from the relevant splitting of reflections and systematic
absences/extinction conditions associated t@ body centred lattice specifically h+k=2n, directly
observed from electron diffraction[155,156]. Previous studied157,158] had suggested a 1x1x2

tetragonal unit cell at room temperature, such as that exhibited within its analogous LaTaG;

d

La rich layer

Figure 3.18: The Orthorhombic Cmmm symmetry of Las NbQs, with alternating 2/3 La3*
occupied and vacant (001) planes, and antiphasebfc® octahedral tilting. Reformatted
from [156]

companion perovskite where anequivalent ionic radius between the two transition metal cations
within th e octahedralcoordination (0.64 v [86] )exists. Instead, this higher symmetrytetragonal
state is notattained until ~ 200 °C[159] for Lays NbG;, hereafter a second order transition to a
tetragonal P4/mmm symmetry is observed aghe octahedral tilts presentin the orthorhombic
room temperature polymorph are supressed and the lattice periodicity along the a and b axes is
consequently halved This polymorphism islike LaxsTiOs, another Labased A site deficient
perovskite [160]. This transition temperature is comparatively lower than the same
orthorhombic -tetragonal phase transition that occurs in isostructural Nes NbOs; and Pryz NbG;,

at ~ 650 °C[161]. This symmetry increase at 200 °C in L& NbGO; has been verified by group
theoretical analysis[162], with P4/mmm the only possible symmetry Cmmm can be derived from
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viatilt suppressionsas opposed to cationic mobility(since the latter was considered energetically

unlikely at thesecomparatively lower temperatures).

The tilt system of Layzs NbG; involves antiphase [NbQ] rotations about an axesperpendicular to

[001] and the direction of cation ordering, through an angle ~4.4 F159], comparable to the ~ 4.7
° that within the comparatively less Asite deficient L&z TiOs[160]. These tilt angles are much
lower than those of isostructural Ndz NbGs; and Pris NbO; at room temperature, with an aboco

tilt angle ~ 8.5 and 8 ¢ respectively [161], driving the higher orthorhombic-tetragonal phase
transition temperatures in these latter compositions. The antiphase octahedral tilt about the a
axes has been directly observed by STEM analysedpng with slight La occupancy of the Z=1/2
layer, shown in figure 318 and figure 3.19 previously considered nominally entirely L&+ vacant

[156,163].

La rich

Figure 3.19: High angle annular dark field (HAADF) imaging of LaNbGs along
the [1-10] zone axis. This shows slight occupation of the Z=1/2 plane by ¥a
Reformatted form [156].

The result of this ab°c® antiphase tilting is cell doubling along the a and b axes, which in
combination with the cationic ordering along [001] results in the orthorhombic structure
exhibiting a 2 x 2 x 2 unit cell multiplicity with respect to the aristotype pseudecubic perovskite
cell. Intraoctahedral Nb displacements are also commonly derived from XRD structure
refinements, with Nb(a cation already known to displace in octahedral environments consequent
of second order JahfTeller effects) displacing away from the A site vacant layers forming
alternating longj * ¢ 8 mndshotj 8 wm p Nb-Q bohdd Widete a bond length ~ 1.975

v EO OUPD E[ASA]l Thus,ABe strigtufie §hown in figure 318 becomes a comfex function

of Nb displacements, L&/V .5 ¢ationic ordering and antiphase [Nb@) octahedral tilting. More
recent DFT-Monte Carlo analyses conducted on larger supercells have suggested an additional

superstructure is associated to the modulation of vacancies and *avithin the A site occupied
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layers. Based onthe evidence ofsuperstructures within the La rich layers from diffuse SAED
satellite spots [164], Yang et al[165,166] suggested two energetically mininal La3*/V 053856
modulations are possible at room temperature.One such configuration is termeda ®losedd

arrangement, shown in figure 30, andinvolves a 4a,x 6§, repeat unit consisting of a square of

4 A site vacancies enclosed by Bacations. The otherisaDOOOEDAAG A CGadarsigAi AT O

proposed to coexist withthe closed arrangementwhere stripes of La columns run along the [110]
direction. This representsan incommensurate structurewith longer range ordering compared to
the closed systemsStriped clustering of these cations/vacancies appears to have been observed
directly via STEM[163,164], with such modulated structures in combination with the c axis
ordering favourable for thermoelectric properties z with good n-type stable thermoelectric
properties reported [164].
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Figure320q, O#1 1 OAA8 AT A OOOOEDPAAS 11 ADOI AOEBREND@®, as A
derived from DFT-MC calculations. Reformatted from [&5].

The dielectric response of LasNbG; is shown in figure 321, specifically in the sub ambient
regime[167]. A frequencydependentdiffuse peakwith a relative permittivity of ~ 140 at~ 80 K

is observed analogous to tle diffusivity observed within relaxor-ferroelectrics such asthe
aforementioned NNBT At the same temperatures, no symmetry reduction i®bserved in
diffraction patterns[167]. It was postulated that this diffuse peak is theresult of uncorrelated
antiparallel displacements of Nb as temperatures are reduced, such thato reflections are
observed in diffraction responsesThis is becausethe permittivity magnitude is too large for a
simple polar dielectric model but too small with respect to a typical relaxor PNR response, whilst
the lack of correlation and short range ordering induces the frequency dependence and diffuse

nature of the pemittivity peak observed[167]. This low temperature dispersion has been

46



characterised elsewhere with a similar origin from cationicdisplacement, since it occurs at

relatively low frequency rangeg168]. Although no TCC assessment can be made with respect to
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Figure 3.21: Sub ambient dielectric response of La NbGs, with a clear frequency
dependent diffuse peak occurring ~80 K. No macroscopic structural distortions are
associated, based on powder diffraction studies. Reformatted frofh67]
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the -55 °C low temperature boundary. Nevertheless, the permittivity is relatively low with respect
to class || MLCC integrationand rare earths like Lanthanumare expensive and unreliable based

on the potential sourcing issues imparted byinpredictable geopolitical landscapes.

George and Vikaf169] analysed the electrical properties of La;sNbG;, describingit as a mixed
ionic-electronic conductor. A low activation energy~ 0.19 eV, was attributed to the conduction
of Lad* through a liquid-like sublattice (given the number of vacancies present), whilst towards
higher temperatures, above 800 K (where ionic transport numbersiropped), the reduction of
Lais NbG; occurred inducing ntype conductivity, with a higher activation energy ~ 1.58 eVBoth
conductivity domains are clear on figure 22. This electronic contribution was inferred from the
loss of mass measured during a thermogravimetric analysisvhilst La3* migration was inferred
from the comparison of L&*EDX intensities from theelectrodesof an electrolysed sample finding
an intensity of L&+ five times greater at the cathode with respect to the anoddét must be noted,
however, that electrolysis was caducted at ~1000 K, and no analysis of ag electrode
segregation phase was mad&70]. No attempts were made to discredit ®or H* conduction, and
so the ionic species that is mobile cannot be defined with certaintyrivalent cation conduction

through an A site deficient lanthanide perovskite, specifically ){TasW1.3x)Os[171], has been
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reported elsewhere however, this alsosuffers from the same limitation of insufficient evidence
to discredit O*/H *diffusion[170]. Thethermoelectric analysis of La;s NbO; by Kepaptsoglou et al
[164]did, however,reveal comparablen-type electrical conductivity whose magnitude increased
and stabilised above 800 K.
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Figure 3.22: The variation in conductivity with temperature for Lays NbGs, with two
distinct conduction regimes: A low temperature ionic contribution and a high temperatur
n-type electronic contribution. Reformatted from [169].

3.5 LINDG; 7 Lawz NbGs
Based on the highly A site deficient nature of LaNbG;, reports often regard the doping of Li into

the A-site for the purpose ofimparting Li+ conductivity, giventhe extensive network of vacant
sites present for sucksmall, monovalent Lt ions to migrate between Li*ionic conductivity is then
particularly useful for integration within solid state lithium -ion batteries, as electrolytes or
electrodes depending upon the transport number associated tthe Li+ conductivity. This had
been reported experimentally for an analogously A site deficienti* doped Lay;s TiOs (LLTO)
perovskite with a room temperature Li+ conductivity of ~ 102 Scm! for a composition ~
Laos1Lio31TiOs.04 the highest solid stateli+ ion conductivity reported for an inorganiccrystalline
compound to date[172z174]. LLTO is inherently unstable in contact with elemental Li, with
intercalation inducing the reduction of Ti4+ to Ti3* and electronic conductivity, making LLTO

unsuitable as anelectrolyte [175]. Snce the niobate equivalent offers a greater number of
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intrinsic A-site vacancies it wasconsideredthat comparable or even superior Li conductivities

could be attained for these materialsThis, however, was nbrealised ard shall be discussed later.

Structurally, Li+ doping wascharacterisedto reducethe orthorhombicity of the Lays NbO; parent
material, inducing a tetragonal and subsequent pseudoubic symmetryincrease based on XRD
diffraction patterns andthe refined lattice parameterqd176]. A perovskite solid solution limit was
agreed by numerous authors, with ilmenite type LiNb@precipitating[1767178], however the
solid solution limit for perovskite stoichiometry was debated. Garcia Martin et gdl177] suggested
LiINbO; formation beyond LaixysLixNbO; x=0.18, whilst Kawakami et al [176] showed no
evidence of secondary phase formation until x=0.25S datawas consistent in revealingonic (Li+)
DCconductivity with an associated activation energy ~ 0.3®V, with a maximum conductivity at
room temperature of ~ 10-5Scm?for compositions ~ x=0.08-0.1[176,177]. In single crystal LLNO,
a more recent study has revealed a conductivity an order of magnitude higher, ~ 1.9 x-48cm!
at an equivalent compositiorj179]. These are all lower than that reported for the LLTO analogue,

despite a greater number of Asite vacancies.

Kawakami et al[176] reported that Sr doping for L&*, (Lio.2sLao.25)p M St.5xNbGs, increased the
ionic conductivity by half an order of magnitude at x=0.125, primarily attributed to the expansion
of the unit cell and migration bottlenecksbetween O oxygen anionsat the octahedral vertices

separating adjacent A site interstices, shown in figure 23. This expansion of thebottleneck
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Figure 3.23: The average structure of orthorhombic Cmmm symmetry used to describe thedLag-
»3 NbQs perovskite with alternating (001) plane occupancies of A site cations, forming distinct A1 and /
layers. The O4 bottleneck is shown for which Eications must migrate through (shown for the A2 layer).
Reformatted from[163].
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occurredon accountofthe larger Skiztj p 811 v q OO AR Ip 8 O[®df. VHgophEIalo
conductivity in this Sr doped systemwas observedn the tetragonal region of theperovskite solid
solution, and compositions greater than x=0.12¥ielded lesser conductivities on account of the
fewer vacanciesimparted due to the lower oxidation state of Sr with respect to La. Ca doping for
La instead of Sr yielded lower conductivities at the same composition, attributed to a lowanit
cell volume with respect to the parent Las NbO; material [180]. A similar observation in A site
cation size and ionic conductivity was observed forLixLnzsNbTi1xOs [181], with a larger
conductivity associated with the increase in lanthanide ionic radjfrom Nd to La The same effect
was reported for LLTO, where conductivity decreaseé monotonically with Lanthanide radius
from La to Sm[182], concurrent with an increase in the associatedctivation energy[183].Again,
these cell expansions were considered tmcrease the diameter of the bottleneck area between
adjacent A sites constructed from th®4 vertices oineighbouring [BGs] octahedra However,local
structure of these A sitedeficient perovskites is predicted to be highly influential to the diffusion
coefficients of these Lt ions as they migrate through the structur¢l66], in combination to the

bottleneck sizes.
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Figure 3.24: The La/Li long range ordering into alternating (001) planes, and microscale
modulation of differing La/Li densities along these occupied planes. This isdicated by the
differing portion of green shading representing columnar occupation. The tmigration in

LNNO is primarily along these Z=0 occupied planes, with some secondary migration
between these planes. Reformatted frofil63].

Local structure has been investigatedin these materials via microscopy and diffraction

techniques, with modulated structures confined to the micre or nano-sale,depending on the
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literature and differing interpretations, and combinatorial to a long range ordering of Li/La into
alternating (001) planeq163]. Select area electron diffraction (SAED)y Garcia Martin and
Alario-Francd184] revealed modulatedarrangements of A site speciesalong the (110) planes,
such as the striped modulations of Land vacancies in the undoped parent materifil65] . Similar
findings were observed via HRTEM andABFSTEM imaging by Gao et &163], revealing
comparable directionality to cation ordering in the Larich layers.Incommensurate modulations
of columnar A site ordering were suggested with periodicities varying between 3.5 and 3.7nit
cells wide, depending upon the Li contefit 63].Li contentwas noted by both authors to influence
the formation and scale ofmicrodomains. The ordering of A site occupation density through the
Z=0 planes was proposed to couple to the Nlisplacements producing asinusoidal displacement
distribution. GarciaMartin et al [184] also defined a twinning of incommensurately modulated
tilt sequences The periodicity and ste of the modulated structures within these microdomains
is Li dependent, with high Li contents inducing an additional superstructure associated witthe
changing of the doubled ¢ axes between the three principle crystallographic orthogonal
axes[184].

Gao et arevealed through the complimentary HAADF and ABETEMimaging that Li (and La)
occupancies are constrained to the La rich layexs previously suggested from refinement of Nb
O bond lengthson increasing Lt content [178]. This isunlike in LLTO where Li occupies both the
Z=0 andZ=1/2 layers, observed directly using STENIL85] and from 7Li NMR where the Z=1/2
layer was proposed to exhibit a higher quantity of Li comparewith greater associated mobility
with respect to the Z=0 plang175,181,186]. Consequently,Li* is considered to migratetwo-
dimensionally primarily through the A site occupied Z=0 layersn the niobate, rather than the
vacant Z=1/2 layers as in LLTQwhere there relatively close energy barriers formigration
between Z=0 and ¥z layers, and a combination of both likely occuf$87]). In this Z=0 layer of
LLNO,the contraction of the cell and bottleneck due to smaller Li doping for La, combined with
the extensivestructural modulations induced by the greater number of A site vacancies generated
compared to LLTO, impede Limigration and reduce the conductivity by the order of magnitude
described beforebetween LLTO and LLN{163].

3.6 NaNbQ-Lais NbGs (XLNN) solid solution

Since NaNb®and La/ NbG; exist as stable perovskite phases acrossbaoad temperature range,
each accommodatindpond strain via cationic and octahedral tilts, T is not unreasonable toexpect
a solid solutionto form between these two compositionswith A site vacancy formation mediating

the conservation of electroneutrality. Given the diffuse and thermally invariant relative
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permittivity response associated with the La;; NbQ; material, whose T, and maximum observed
relative permittivity can be increased with changing the transition metato Ti [167], iterating the

A-site vacancy concentration can clearly act as a&nd TCC moderator.

Comparatively less workhas been conducted on LaNbQ; with respect to NaNbQ, and so it is
perhaps unsurprising that very few publications regard tlke binary system between them It
xAOT 60 O1 OElI OEA O0O0GO1 1T 4&# OEA TEITATTEOI OEAO
by Pivovarova et al[188,189]. The latter report is more informative than the first with respect to
both structural and electrical/dielectric responses across the systenmin both reports, dielectric
data is only reported for above-ambient temperatures, missingany dielectric relaxations below
room temperature which are likely for compositions close to the LasNbO; end member,
considering its 80 K permittivity peak [167]. A sitevacancies introduced upon L& doping as
charge compensating defectsould disrupt local ordering of cation displacements and induce a
relaxor type response. This means that even compositions closer to the NaNB@d member may
exhibit a low temperature Ty, not observable on the dielectric studies by Pivovarova et H89].
These studies were also conducted at 1 kHz, and a progressively rising permittivity towards
higher temperatures is likely a product ofDCconductivity effects. For thesereasors and the little

information inferable, this relative permittivity data has not been included within this rgiew.
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Figure 3.25: The DC conductivity of compositions in the LNN series. a) NaNb@), 2 (2), 4 (3) & 6 (4) mo
% Las NbGs addition. b) 15 (1) & 20 (2) mol % addition of La;s NbGs addition. Reformatted from[189].

The temperature dependenceof DC conductivityfor compositions synthesised by Pivovarova et
al[189] are shown infigure 3.25. For low compositionsS6 mol% La;;s NbG; doping into NaNbQ
shown in figure 3.25 a)a single activation energyappears Comparativelyfigure 3.25 b)showsa
transition between two activation energystates with increasing temperature for 15 and 20 mol%
LaisNbG; doping. Thelow temperature DC conductivity has dow activation energy ~ 0.2 eV

whilst higher temperatures have a higher activation energy ~ 1.4 eVCollectively, figure 3.25

52



shows a transition from samples exhibitinga single conduction mechanismat low Lais NbG;
contentsto a conductivity regime that transitions between twomechanismsat higher Layzs NbO;
concentrations. This same temperature dependence of conductivity has beaharacterisedin
25LNN by Kong et a[190], with the low temperature low activation energy associated to Na
conductivity, and the high temperatureactivation energy associated to an intrinsic electronic
mechanism postulated to be ntype by Pivovarova et al[189] . This could potentially be the result
of reduction at elevated temperatures with the partial removal under-bonded oxygen(based on
the A site vacanies within the structure). There was, however, no evidence for Naeing the
migrating ionic speciesin the report by Kong et al[190].

Structurally, Pivovarova et al[188,189] suggested compositionally driven room temperature
DI 1 UIT OPEEOI h EOT I ;3 syinmedy) Ppdsdibly Eefedring .toAtheAAFE P room
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Figure 3.26: The compositionally driven room temperaturepolymorphism from NaNbQ (7)
to LawsNbGs (1), accommodated through a series of symmetry changes. Reformatted froi
[191].

La3+, an orthorhombic-tetragonal phase transition was suggested. A more detailed structural
analysis by Misichuk et al[191] showing diffraction patterns for the LNN series, shown in figure
3.26,suggests an entirely orthorhombic solid solution is achieved between the two NaNb@nd
LayzsNbO; end members This study is complementary to that of Pivovarova et al in suggesting

the P room temperature Pbcm symmetry is retained for low L% concentrations, below 8LNN,
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clear from the peak splitting highlighted in figure 326. There is alack of detectable intensity ~
40 ° (Cu+ ) f@r these low L&+ doped compositions, a peakvhich would be indicative of doubling
of the pseudo-cubic perovskite cellfor the ferroelectric Q NaNb@room temperature polymorph,
hence inferring P phase stabilisatiorin LNN. Despite claims of phase purity, there do appear to
be some low intensitypeaks below 8LNN inthe 170 mJ ¢ [ thaOafeln@ dharacterisedona

P phase Pbcnsymmetry.

This structural report [191] then suggests a transition to Pmmn orthorhombic symmetry above
8LNN, a similar transition point to Pivovarova et a[189], and another symmetry proposed for
the Rpolymorph of NaNbQ[192]. This is suggested to be retained until ~ 25 LNN, after which a
OOAT OEOEIT O1 1T OOEI OET I AEA oiii Ouiil AOOU EO 00cCC
figure 3.26 does, however, appear cubic in symmetry, with the progressive splitting of peaks
Ol x AOAO EE adedsed AQJ » refidetibrd, and the small peak that is retained 36 °
associated to thecubic (111) peak. The Pmmmsymmetry shown towards the LasNbO; end
i AT AAO 1 AOEAA x E O Hs nédw bétier&Eharadterisdea0mend|156, 558] @vhilst
there is a drasticallydifferent peak splitting occurring AAOx AAT OEA DAAEGSI £ O¢d
(LaizsNbGs) which could imply a tetragonal symmetry for the former, not ascribed within this
report [191].
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Figure 3.27: Unit cell expansion with increasing La content in NaNk@x=0.66) to Lai;sNbGs
(x=0). Expansion rates drop as the solid solution nears its LaNbGs; end member, possibly
influenced by progressive ordering of La/Na and Asite vacancies into alternating (002) planes
Reformatted from [191].

Figure 327 reveals an expansion of the unit cell with increasing 13a content, despite the
substitution of smaller L&+ p 8 ofgr the I&fgerNa+rj p 8 o[86]. Thiexpansionsubsequently
levels off towards the LasNbOsend member4 EA 1T OAAOET ¢ PAAEO 1T ROAA xEO

refer to the ordering of L&+ and A-site vacancies into alternating (0@) planes, doubling the unit
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cellalong the ¢ axisSince this reduction in cell expansion rate occurs for 25LNN onwards in figure

3.27, is it sensible to associate this reduced rate to the sudden ordering effect of A site vacancies.

Bian and Li [193] have sinceconducted a structural analysis on a pdion of this LNN solid

solution, from 20LNN to Las;;s NbG;, shown in figure 3.28The results are consistent with previous

suggestionsthat a tetragonalsymmetry is observed at 25LNN, as opposed to the cubic symmetry
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Figure 3.28: The diffraction patterns of components of the LNN solid solution, kaxys NaxNbCs.
The x=0 composition corresponds to Las NbQGs with orthorhombic Cmmm symmetry, whilst the
x=0.2 corresponds to the cubic Pm3m 20LNNReformatted from [193]

defined previously[191]. This pseudo-cubic symmetry is achieved with higherNa* contents,
i

transition sequence The relevant peak splitting is clear in figure 28, whilst the asterisk is

~20LNN, forming an | OOET OET | AEA

#10

(o}

OAOOAGT Tphdse OT X1 i i

revealing of (001) ordering reflections, againindicating the doubling of the ¢ axis and tetragonal

symmetry for the 25LNN sample.This increase in symmetry with increasing Nacontent is a

product of increasing macroscopic disordering of A site specif93]. Increasing disorder is

manifested in the increasing quantity of L&t that was refined to occupythe Z=1/2 layer (assumed

completely vacantin the LayzsNbQ; end member, with the exception of more recent HRTEM

studies that suggest some Z=1/2 layer 13& occupation [163]) with increasing Na content

(decreasing vacancy contenfll93]. Although temperature dependence ofelative permittivity

was not presented, anincrease in room temperature permittivity with Na* content was

observed193].

Overall, ittle work regarding the structural evolution of the entire LNN solid solution appears to

have been completedwhilst the investigations by Midichuk et al[191] towards NaNbQ require

amendmentsbased on theconflicting and more recentunderstanding of symmetry towards the
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A site deficient La;sNbO; end member. The temperaturedependentdielectric response ofthe
series is not well characterised, nor are its energy density characteristi@nd DC conductivity

behaviour.

3.7 Alternate aliovalent A-site deficient NaNbQ perovskites

Bismuth doped NaNb®, BiNa;-sxNbO; (XBNN), has been studiedby numerous authors[1947
196]. Asite vacancies are assumed to form as the charge compensating defects based on the lack
of secondary phase formation characterised via XRup to a concentration of ~ 20 mol%.
Hereafter, perovskite stability is lostand BiNbQ, phase formation occurs This isunsurprising
since the BisNbO; end member is only metastable, with crystals formed from incongruent
melting of Bi-excess stoichiometried197]. This metastability of Bii;zs NbG; is likely a function of

the significantly different vacancy ordering and octahedral tilting present between this end
member and the other rareearth niobate systemsBi3+/vacancies only partially order between
alternating (001) planes at Z=0 and %vith 28 and 42 % planar occupancyespectively,unlike in
(La/Nd) 13 NbG; for examplewhere 66.6 and 0 %occupancyis observed. There is no evidence of

long range cooperative tilting of the Nb® octahedra[197], and so it exists with a macroscopic
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Figure 3.29: The induction of an orderdisorder transition within Bi xNaw-3sxNbQGs, a@: x=0.1, B: x=0.15,
©): x=0.2) with an associated frequency dependent relaxor dielectric response resulting with a
reduction in TCC relative to the NaNb&end member. Reformatted fron{194].
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P4/mmm tetragonal symmetry as opposed toan orthorhombic Cmmm symmetry. The
stereochemical influence of the 65lone pair of electrons on the Bi* cation results in itdisplacing
away from high symmetry 4/mmm special sitesAU x mn8t1 v EIT OHmAvingimp p € AEO
8 split atomic general positions[197]. Thisdisorder in Bi positioning presumably limits the lack

of correlation of local tilts that act to control the Asite interstice volume.

At a composition>10BNN,diffuse frequency dependent dielectric responses are observed within
the perovskite domain of the BNNsolid solution, especially compared to that of NaNbO
[194,195]. Thisis showninfigure 3.2% A1 1 T COEAA Odldrge frequerieyEdamde®E T x O
space charge responsd O A1 7 isbBbsenv@dfoothe entire frequency range plotted (100 kHz
Z 1MHz) acrossthe X7R or X8R temperature range fatOLNNonly, figure3.29 . Levin et al[194]
attributed this diffusivity in the relative permittivity response to an order-disorder transition of
Bi and Nb displacementsas outof-phase octahedral tilts present in the P phase of NaNba@re
supressed Thesecationic displacements couple to nanoscale vacancy/cation clusteringwith
modulations occurring as the structure relaxesto reduce the effects of under bonded oxygen with
increasing vacancy content The product of the disordered and locally modulated cation
displacements areproposed to yielda short range polar ordering effect and the diffuse dielectric
response observefll94]. A comparable effect is presented by Zhang et[485], with equivalent
order-disorder type dielectric transitions occurring at 10BNN and in other Bi doped alkali
niobates, such as BAQi-3xNbQs[198] that also yields diffuse responses at comparable Bi

concentrations.

The averageand local structure for BNN have been probed by xay diffraction, electron
diffraction, total scattering,X-ray fine structure analysis andRaman[194,195]. The average and
local structuresare expectedlyconflicting given the disorder associated to aforementioned A site
deficient perovskite systemsThe NaNbQ P phasePbcm symmetry is lost aghe Bi concentration
increases. Levin et al[194]initially proposed 10BNN induceda Pbnm symmetry(suggested for
the high temperature R and Shases of NaNbQ [199]) based onrefinement results and the loss
of antiphase tilting superlattice reflections. However, electron diffraction lacked the necessary
glide symmetry conditions associated to such a symmetryand that actually Q phase symmetry
(or lower) was achieved Furtherdoping of BB*ET AOAAA A OAOAEAS | AAOT OAT P
refinements, but SAED suggested diffuse rods associated to thentinued existence of inphase
tilting was now limited to short range local correlationg194]. Zhang et a[195] argue that the P
phase symmetry is retained for low Bi+ additions, <10BNN, which subsequently changes to the
T2 NaNbQ phase with P4/mbm symmetry [200] at 10BNN (consistent with a lack of N glide

symmetry stated by Levin et a[194]) and (pseudo)cubic Pm3m at 20BNN.
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Sr-doped NaNbQ, SkNa1-xNbO; (XSNN) is another A site deficient NaNb@systeminvestigated
within literature , although it differs from the Bi system discussed befe since it generates only

one A site vacancy pemol% Srdoping as opposed to twofrom Bi/ Ln doping. SNNexhibits a

6f ' T —x=0.00 1
—x=0.05
. / \ —x=0.10
s | —x=0.15 |
ot / ~—x=0.20
@ =0.25
2 iy :
— ) _‘J\\_“‘ .
0= e o
" 100kHz 15 o
- - / o9
.-. . '-'- F', y J)," P_,c
L ﬁ-:-'r'd-"n — — — i dO %
-200 0 200 400 600 —

Temperature (°C)

Figure 3.30: The dielectric response of St doped NaNbQ@, showing anincrease

in the diffusivity of relative permittivity with increasing Sr2* content. Higher S#*

contents also appear to involve an additional structural relaxation closer to root
temperature. Reformatted from[201].

perovskite solid solution limit between 20 and 25 mol%doping [201,202], much like the BB+
system,andinducesadiffuse relaxor-ferroelectric type response at compositiondbetween 10 and
15 SNN[201,203], as shown in figure 3.30TCC is reduced with increasing &rcontent, whilst the
dielectric losses remain low for a larger temperature range compared with Bi compositions of
the samedoping content. There is, however, half the amount of-8ite vacancies intoduced with
Sr+ doping, and above 20SNRhere is an observedincrease in loss behaviour as shown in the

BNN system previously{194] .

Structural refinements via XRD andSAED reveal the preferentiastabilisation of the ferroelectric
Q room temperature polymorph of NaNb@with progressive Sr doping based onsuperlattice
reflections associated to theoctahedraltilting and a pseudo-cubic cell multiplicity of 2 along the
[001] axes consistent with the NaNbQ Q phasg201,204]. High resolution transmission electron
microscopy (HRTEM) hadirectly observed domains with lattice periodicities changing froma
four multiple (~ 166 nm, based on the ideal pseudaubic perovskite cell having a lattice length
~ 3.9v @ 2 fold (~ 80 nm) asthe Sr content increaseg204]. Cadoped NaNbQ (XCNN shows,
again, comparable suppression of the relative permittivity when Ca concentrations exceed ~ 10

mol% [205]. Here, the antiferroelectric P phase is stabilised with increasing Ca dopirtg- doping

of NaNbQEO x A1 1 AEAOAAOAOE OA Andinus the B ipdyddiph of MANDD T AT A A C

[106,2067208], alongside Li doping [209]. The combined effect isa stabilisation of the
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ferroelectric Q phase when thesoldschmidttolerance factor (ignoring the relative radii of A site
vacancies) increasesGuoet al[210] suggested this with CaZb; doping of NaNbQ@, where P phase
stabilisation occurred on account ofolerance factor reduction with no A site vacancies formed in

this self-compensating system.

Thus, rot only is NaNbQ clearly supportive of Asite vacancies upon aliovalent A site dong as
charge compensating defects, the structural mediatiothrough disruption to the octahedral tilt
network induces an order-disorder transition, influencing local Nbdisplacementsand reducing
long range correlations, producing a universastabilisation of TCC at vacancy concentrations ~
20 mol %.This is reflected in B#+, Se+, Ce&+ and K+ A site doped NaNb®systems respectively.

3.8 Dielectric composite macrostructures for enhanced properties

For many of the materials discussed, such as Batgi@nd NaNbQ, the dielectric properties are
useful but not appropriate for temperature stable dielectricsin class Il capacitors, on account of
the highly temperature dependent relative permittivity they exhibit. Numerous reports have
investigated the ability to utilise some of the desirable electrical behaviours of certain ceramics
in appropriate macrostructural configurations to yield an overall system thatmeets certain
output criteria. Thesemultiphasic composite systemsrange from multilayered systemswhere
ceramics are laminated with other materialspften in the form of sandwich structuresor in more
traditional composite systems wheresecondary phasefillers are embedded within a matrix
phase with associated multidimensional interconnectivities.For a biphasic composite, the
dimensionality of each phasé intergranular connectivity can be described with ara-b notation,
where a and b can vary between @nd 3 dependingon the dimensionality ofconnectivity between
grains of each phasdq140]. A connectivity of 3-0 means the grains of the matrix phase are
connected in three dimensions whilst the secondary phase grains aigolated, distributed with
no interconnectivity. 3-1 may refer to nanowire embedment within the matrix where the
secondary phase grains are 1 dimensionally connecte@2 may be associated with planes of
secondary phase grainsvith associated 2 dimensional connectivitythat are embeddedwithin the
three dimensionally connected matrix phase 2-2 connectivity may indicate a mulilayered
lamination of phases and 33 may be a percolated network of secondanyghasegrains throughout
amatrix phase.Examples of biphasic composites with differingonnectivitiesare shown infigure

3.31[211] (specifically for piezo-active composites)
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polymer composites.Reformatted from[211].

Polymer-ceramic composites are of frequeninvestigation within literature , particularly with the
perspective of high energy density dielectricintegration. Polymers exhibit inherently higher
electric field induced breakdown resistance with respect tdoulk ceramics (retained when the
ceramic filler content is relatively low within the composite[212]), and so, when combined with
a ceramic with good polarisability or linearpolarisation-electric field dependence, can yield high
recoverable energy densitieswith high associated energy storagefficiencies High breakdown
strengths, ~ 489 kVcnrl, and high associated efficiencies~ 90.3 %, were achieved for a 3-3
epoxy-BaTiQ; composite [212], where the 3 dimensional connectivity of BaTi©@nanoparticles
was achieved via the templating of 3D nanocluster wires of BaTi®using organic substrates
during a milling and freeze drying process. Using doped BaTi@ such as Ba:SKTiOs which
exhibits a more linearrelaxor type polarisation dependence withreduced polarisationsaturation
effectscompared toparent material, would offer higher recoverable energy densitief213]. Use
of BasSro2TiOs nanowires embedded within a poly(vinylidene fluoride) (PVDF) matrix have
achieveda high recoverable energy density ~ 14.86 Jcfmat 450 kVem?[213]. This represents a
large increase in recoverable energy density compared to commercially availabfglymer
capacitors used for energy densityapplications, including biaxially oriented polypropylene
capacitors (BOPP), whichexhibit smaller recoverable energy densities ~ 1.2 Jc#hat higher
electric fields of 640 kVcm? [214,215]. Not only this, but an improved volumetricefficiency is
afforded to these nanocomposites compared to the commercially available polymeric systems

such as BOPP, which are manufactured as physically large windings often inches in diameter
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[214].Other PYDF polymerceramic composites have also been investigatesljch as PZT216] or
PZT based systems (Pb,La)(Zr,Sn, TR(217], with PVDF an attractive matrixsince it existsas a
semicrystalline polymer with good chainflexibility and A -phase that exhibits spontaneous

polarisation with pyro and piezoelectric properties[218].

The flexibility afforded to a polymerpiezoelectric composite giveinteresting prospects as
kinematic energy harvesting devices, where the kinetic energy of moving body is directly
transferred to electrical energy via ths composite electromechanical transducer[219]. This is
convenient for small power applications where batteries are not convenient, such as pacemakers
which harvest the motion of the heart[220], or for tire pressure sensors placed on the walls of
tyres [219,221]. The intraphasic dimensional connectivityshown in figure 3.3L has a significant
influence on the properties of these electroactive composites.For example, inite element
modelling suggestspiezoelectric charge coefficients and coupling constants are greatest for 3D
networked 3z3 and longfibre (1z3) BaTiG; reinforced PVDF composites, respectively, while
acoustic impedance is minimised in @3 composites[222]. Increasing the piezoelectric sensitivity
(such as ds) is often associated with increasing the dimensionality of the connectivity between
grains of the piezeactive element,such asmoving from a 31 to a 33 assemblage[223].

Hydrophones, for example, often utilise piezoelectric composites with such a3dimensionality

configuration [224].
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Figure 3.32: A schematic and a TEM micrograph of a Y,Mitpped shell and undopedBaTiQ grain core, where
the core constitutes 30 % of the grain volume. The image to the right shows the effect of core shell grain
structures on stabilising TCC. A thicker core: shell ratio for this Y,Mg doped systevas better for X7R TCC.
Reformatted from[80].

Regarding TCC stabilisation for dielectrics, one of the most comm@A | | b hréhieCtdds is
a core shell structure, with a 30 type connectivity existing for the shell andencapsulated grain
core, respectively. This is shown in figure 3.2, alongsideits associated influence orrelative
permittivity stabilisation. This type of compositional heterogeneity induced by the limited
diffusion of elementsthroughout the grain structure has long been characterisef¥6z78,80,225],

with use in BaTiQ based systems for tle stabilisation of TCC caused by the seripblarisation of
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these two separatepolarising components.BaTiCQ; based core shell structureshave alsomore
recently beenutilised for the enhancementof breakdownin PVDFceramic composites for energy
storageapplications, with SiQ shells offering a higher breakdown resistance compared to BaTiO

cores[226].

3.8.1 Composite mixing rules

Numerous models have been theorised to predict the influence secondary phase materials have
upon the observed electric and dielectric properties of the matrix phase, depending upon volume
fraction, interconnectivity, size and morphology, inherent electrical/dieledric properties and
their associated directionalities/anisotropy. These are summarised well by Dang et @27], with
the simplest of these being series and parallel connectivity lawsvhich can apply to 22
composites where the lamination of het¢rophases is parallel andperpendicular to the direction

of field/perturbing signal , respectively [227]. These are equateth equations 3.3 and 34 for the

series and parallel 22 composites shown in figure 33 a) and b), respectively [227].

- - (3.3)

P = - 34

where - h—h h— are the permittivity (-) and phase fractions € of the matrix (M) and
secondary phase (S)A mixed composite composed of spheroids distributed homogeneously
within an isotropic matrix will exhibit a permittivity between these series and parallel

distribution s, shown in figure 333 c).

R ':.g-; ;';.
L

(a) (b) (c)
Figure 3.33: A serial (a) and parallel (b) connectivity of matrix and secondary phases in aZphysically

connected composite. ¢) is a-B composite representing a mixed system, for which the discussed mixir
laws attempt to predict based on phase properties. Reforatted from [227].
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LichtenecE A 08 O [22E2R4] i® &)direct observation of this, where an exponerjt] , describes
the variability of the mixing system between these two limiting mixing conditions) &£ -1, th& O
mixing rule reduces to a series system, and if equal to 1, describes a parallel connectivityush |
is a fitting factor that describes the topology and interaction®f the secondary phasewith the

matrix [229]. This is shown in equation 3.5.

: R (35)

A Maxwell Garnett equation can predict the overall permittivity outputaccording toequation 36.

ToaccountfornonrODEAOEAEOUh A AADiI I AOEOAOGEIT T nahidedi O O!

secondary phase morphology. This is often derived empirically or obtained from literature, and
is equal to 1/3 for an ideal sphereshaped secondary phase particlg227]. This can characterise
mixing for small quantities of secondary phase, accounting for less than 10 % of the volume

fraction:

—- - (3.6)
5p — - - -

I - P
A Bruggeman mixing rule equation 37, was proposed for composites with higher filler contents,
often above 10 % of the volume, and is considered effective for ndtomogeneously distributed
secondary phase systems, where these particles may be in close proxini227]. This is given by
equation 37, and holds for higher secondary phase contents up to 50 % of the volume fraction

provided no percolative path is formed between these secondary phaq@27]:

- T p — - - (37)

A more complicated mixing rule byJaysundere and Smiti230] was proposedto account for the
secondary phasénteractions that may beinduced by their volume fraction andclose proximity.
These includedipolar interactions and local field effects in the matrixThis equation is limited to
secondary phase volumdractions up to 30 %[229]. The equation has not been presented here
for its complicated nature.There are numerous mixing rules which are frequently modified with
further assumptions regarding distribution, morphology and interactions between composite
phases. Although some limitations on secondary phase fractions direct mixing choice, often
composite properties are fitted empirically to mixing laws, with prediction based on a single

mixing rule difficult without data on comparable systems.
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3.8.2 NNBT Multi-layer architectures

The NNBT solid solution introduced in section 3.3 offer attractive properties with respect to
prospective use as dielectricsThe centre of the solid solution offers diffuseelative permittivity
maxima with high magnitudes, in excess of ~2000, whilst retaining low dielectric losseSowards

the BT end member of the solid solution, low NaNkOadditions induced a core shell
compositional heterogeneity that incurs an even more stable TCC response than these relaxor
components at the centreof the solid solution[136] . The diffusivity of these permittivity maxima
are, however, insufficient for X7R or X8R rated dielectrics. Foeller et[al36,231] proposed a 22
composite macrostructure composed of aore shell 2.3NNBT composition and BaTi@with a
serial electrical connectivity, separated by an Au interdiffusion barrier, to satisfy X7R rated TCC

criteria. A schematic for this bilayer system shown in figure 34.

Electrode

Au
P
paste

BaTiO,

Electrode

Figure 3.34: The NNBT based bilayer system proposed by Foeller et[a81]
utilising an Au barrier layer to impede inter-diffusion between components.

The enhancementof TCCof the bilayer with respect to its 2.5NNBT and BaTi®@ components
originates from the series capacitance law, equation 8.

P P P (3.8)

Thus, components of the bilayer must provideelative permittivity response at complimentary
temperatures and magnitudes in order tcstabilise the overall device permittivity. For the system

investigated, BaTiQ provides the high temperature permittivity responselacking inthe 2.5NNBT
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composition that is inherently temperature invariant acrossthe ambient and sub ambient
temperature ranges, consequent of its thermodynamically stable core shell configuratigh36] .
Since nominal BaTi@exhibits a permittivity often five times greater than that of NNBT, the
volume fraction ratio of NNBT:BaTi@ must be weighted towards the NNBT to attain comparable
permittivity magnitudes and a stable TCC responsd-oeller et al [231] utilised a 66.6:33.3
thickness fraction ratio between these constituent phases, yielding the temperature stable

dielectric response of figure 335.
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Figure 3.35: The X7R achieving 2.5NNBT:BaTi®ilayer with a 66.6:33.3 thickness fraction ratio. The modelled
serial response using equation 3.8 is compared to the experimental response, alongside the dielectric respol
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TCC profilesReformatted from [231].
The inherent benefit of using a simple serial configuration, in conjunction with an interdiffusion
barrier, is the ability to experimentally replicate the modelled response based on equation8.
This is shown in the similarity inrelative permittivity and TCC magnitudes in figure 335 a) and

c), respectively.

Kerridge et al[232] extended the industrial attractiveness of such a system by developing a code
that utilised user inputs for TCC rating and permittivity minima alongside available materials

(with associated permittivity inputs), that produced an output of optimal bilayer and trilayer
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multilayer systems (materials and associated fractions}that attain such specified TCC criteria

The optimal systemswere those withthe highest possiblerelative permittivity magnitude and/or

the widest TCC stability range. The same author then, using this optimisation code, presented an

X7R achievingNNBT bilayer thatutilised non-core shelINNBTcomponents with co-sintering in

the absence of an Au interdiffusion barrier as shown in figure 34 [149]. Interdiffusion barriers

would increase manufacturing complexityand cost, whilst alsoimparting interfacial porosity or

local delamination that results in the lower permittivity magnitude of the experimental bilayer
relative to the modelled bilayer, seen in figure 34 a). A 70:87.5 NNBT bilayer with associated
thickness fractions ~25:75 was modelled to achieve X7R TCC ratifitd9], yet when sintered, its
high temperature 87.5NNBT related permittivity peak isasymmetrically broader towards lower
temperatures than expected as shown in figure 3.8. This results in the +15 % TCC boundary
being exceeded below 125 °Cfigure 336 (b). The inference is that a serially connected
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Figure 3.36: The variation in permittivity (a) and TCC (b) between modelled anéxperimental 70/87.5NNBT bilayers
when co-sintered without an Au barrier layer. The proposed mechanism was the formation of an intermediary, seria
connected NNBT composition at the interface (c). Reformatted frofi49].

interdiffusion -driven ternary component is developed at the interface, intermediary in
composition between the 70 and 87.5NNBT, yielding a slightly lowerTwith respect to 87.5
NNBT. The permittivity contribution of this ternary phase then induces the lower temperature
asymmetrical broadening of the high temperature permittivity peak, losing the multilayers X7R

TCC rating Kerridge [149] suggested this ternary layer accounted for ~ 10% of the total

thickness of the bilayer,~ 100 um thick, hence why the permittivity variation was so pronounced

No interdiffusion rates were characterised between differing components of the NNBT solid
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solution. This would be essential for identifying components of the NNBT solid solution that can
be sintered without an interdiffusion barrier without compromising intended TCC temperature
dependenceAlternatively, if NNBT diffusion rates can be characterised, the modelling of ternary
compositions at the interface andtheir associated thicknesses and permittivity contributions
could bepredicted and integratedto the optimisation code of Kerridge et a[232], with output

thickness fractions modified to account for this interfacial interdiffusion.

Despite multilayer systems being able to attain X7R rated TCGwvith good coherence between
predicted and experimental resultsthere are concerns relating to the commercial feasibility of
these systems.Laminating and cosintering tapes to manufacture multilayer architectures
presents a dsruptive technology to current monolithic tape cast procedures. The need to cast and
laminate multiple tapes adds time to the capacitor build. The thermatompatibility of paired
materials would need to be high tanhibit interlayer straining and delamination during sintering.
Interdiffusion barriers are expensive and add undesirable manufacturing complexity, whilst the
Na contained within the NNBT components is thermodynamically incompatible with Nickel
electrodes during MLCC firing. Copper electrodes could be possible, buitrat the sintering
conditions of 1250 °C utilisedfor multilayer sintering [149,231,232].

3.9 Research Questions

NNBT has proven to show dielectric behawur acrossits solid solution, with high permittivities
retained despite transitioning to relaxor responses with reduced polar orderingas the solid
solution moves away from either of its end members. An accompanying flattening of the
permittivity occurs with this reduction in polar order, figures 3.14- 3.16, producing materialsfar
more temperature invariant compared to its BT or NN end member materia)gigure 3.1 and 3.9
respectively. Foeller and Kerridge et a[136,149,231,232] had provensuch dielectric properties
of the NNBT solid solutioncould be expoited for X7R dielectricsusing a serial lamnination of
select NNBT compositionsput only whilst using a physical interdiffusion barrier between its
constituent layers, figure 3.34 Sintering in the absence of these layers results in interdiffusion
that is deleterious to this X7R TCC ratingfigure 3.36,and so it is of interestto investigate if
diffusion rates between its NNBT components vary, and can be loweredteediate cosintering
of a bilayer without an expensive andindustrially unfavourable diffusion inhibiting layer.
Additionally, could an alternative composite assemblage to this-2 bilayer system produce
temperature stable dielectic responseand represent a less commercially destructive system

compared to these bilayer system8This is mnsidering the fact thatmultilayers impart additional
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manufacturing stages and imposéncreased risks of physical defects, such as delamination during

sintering.

In the search for temperature stable dielectricsPerovskite Asite vacancy generation appears to
reduce the temperaturedependenceof dielectric response in NaNb@) using varied aliovalent A-
site doparts, figures 3.29 and 3.30.The La;NbG;-NaNbQ solution is compartiviely less
understood than others reported, both structurally andwith respect to its dielectric and electric
behaviours. There are interesting and variable reported responses from the system, including
dielectric, Nar and even L&*conducting response It is of interest to investigate if doping NaNb®
with La3+ can produce a complete solid solution,suggestable (but unknown) from the highly A
site deficient nature of its LaysNbO: end memberand the previous structural studies partially
covering the solution Additionally, does a flattening of dielectric response occur with increasing
La3* (and W) concentration that is appropriate for X7R or X8R rated dielectricd Such could
represent a universal mechanisnfor TCC stabilisation in NaNbgin line with the results obtained
for alternate aliovalent A site doants reffered to within this report. If a solid solution forms,
where doesa dielectric response limitexist along the solid solutior? Clarification on its reported
structural polymorphism and ionic condudivity behaviour should follow, potentially reporting a
solid solution that finds itself with a variety of functional properties useful for different

applications outside of the dielectric scope this thesigegards.
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4 Experimental Methodology
4.1 Solid State Synthesis

Solid state methods were used for all lalsynthesised compositionsin this thesis. This includes
the NNBT compositions utilised in the ceramic composites of results chapters B, and all of the

LNN compositions synthesisednd reported onwithin results chapter 4.

Solid-state synthesis utilises high temperatures to stimulate the solid state diffusion abns,
preferably homogeneously mixed and in the necessary stoichiometries to synthesise an
energetically favourable phase[7,13]. Elements are introduced as reagentsthe oxides and
carbonates tabulated in table 4.1These reagents werelried (180 °C for carbonates, 900C for
TiO; and 1000 °C for NbOs and LaOs) to remove any adsorbed/absorbedwater. These dried
reagentsare then weighed according to the molar mass afach element necessarto satisfy the

compositional stoichiometries shown in table 4.1.

These reagents were thenwet-ball milled using isopropanol as the solvent and 10mm
diameter/20 mm long cylindrical Yttria -stabilised Zirconia milling media.Ball milling servestwo
main purposes firstly, reducing reagent particle size and maximising surface area for solgtate
diffusion, and secondly providing a viscous flow ofreagentsto encourage homogeneous mixing
prior to annealing The slurries are milled for ~ 16 hours at 200 rpm. This maximises particle size

reduction without incurring unnecessarycontamination from the milling media.

Table4.1: The compositions synthesised via solid state synthesis routes and the reagents used.

LaxNag-3xNbO; (LNN)
Compositions Made (x) 0.01, 0.05, 0.075, 0.1, 0.15, 0.2, 0.25, 0.27, O.
0.31,0.33
NaBayxNbyTi1x0s (NNBT)
Compositions Made (x) 0.6, 0.7, 0.8, 0.875

Reagents Used

Na,CQ (99.9%), La&0s(99.9 %), NnOs (99.99 %), BaC@(99.9 %), Ti0,(99.9 %)
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The milled slurries are dried, sieved andannealed at 900 °C for 6 hours in @alcinationdstep,

where phase formationof NNBT and LNNs achievedvia solid state diffusion. A higher condition
of 1000 °C for 6 hours was used for the LaNbO; end member of the LNN solid solution for its
lack of Na, which is relatively volatile. For NNBT andLNN, this calcination process was repeated
after an intermittent re-milling. The solid-state synthesis route for the LNN solid solution is

shown in figure 4.1.

Solvent: Solvent:
250|.1m_Mesh - 250pm Mesh

— 24Hr e
. o @_ﬁ:ﬁ

La,Na, , NbO,: LaNa, , NbO,:

900°C, 6/4 Hr 1325°C, SHr
S B I . . & s
o ele 5 .

Figure 4.1: Thesolid-state synthesis route used to synthesise LNN compositions. The same route waed for
the NNBT compositions but with a lower sintering temperatureof 1250 °C.

For material characterisation purposes, alense polycrystalline pellet of each composition was
formed using the calcined powders. A 10 mrdiameter greenbody pellet of calcinedpowder was
formed using the uniaxial pressing of ~ 0.4 g of powder at 25 MPa for 1 minute. The green body
density of this pellet isthen improved through a subsequent cold isostatic pressing step, at a
higher pressure of ~ 32 kpsi for 5 minutes. This has theeneficial effect of removing internal
pressure distributions within the green body pellet introduced through the uniaxial pressing
stage as well as maximisingthe green body density.The green body pellet is then densified
through another annealing stagetermA Asintéringd at much higher temperatures compared to
the previous calcination stages. Typicallysintering temperatures are in excess 0Of 8Tmeling,
where higher energies facilitate quicker diffusion of elements for grain coarsening and
densification stages. The resulting dense pellet, often aimed for ~ 95 % of the theoretical
compositional densities (based on unit cell volume and mass), t®ated with a gold frit paste,
fired at 850 °C for 2 hours to melt the frit anddistribute and adhere the gold amss the pellet
surface, ready for electrical analysis For microscopy analysis a face of the pellet is polished

instead.
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4.2 X-ray Diffraction

4.2.1 Principle

X-ray diffraction (XRD)is a technique fom which the space group of a crystalline material can be
interpreted, based on theconstructive interference between Xrays scattered (diffracted) by the
electron density associated toatoms situated inselectlattice planes[5,6]. Thus,XRD is based on
the principle of wave-particle duality. Our ability to observe such constructive interference events
is reliant upon reorientation of the sanple to observe diffracting planes, such agpowder
diffraction using randomly orientated crystallites or an appropriate rotation of the diffracting
single crystal relative to the incident beam (Bragg diffraction) Alternatively, this sameeffect can
be induced byusing a wide band of incident wavelength radiation (Laue diffractiorf)LO] . This is
provided the wavelength of the incident radiation is of a similar order of magnitude to the
interplanar atomic spacings.The study of interference events, including systematic absences
provides information on the Bravais lattice and symmetry elements presentallowing the three

dimensional crystal structureto be defined

Figure 4.2: A schematic for the Braggondition of constructive interference
between scattered Xrays

For an incident beam to interfere constructively, theparallel scattered beams must be irphase
That is, the differencebetweenthe distance one beam may have travelled relative to the other is
an integer multiple (n) of the wavelengthj )} of the two waves .Iif ithis is drawn out

schematically figure 4.2, trigonometrically it is clear that the total additional path length travelled
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Bragg conditionfor diffraction and constructive interference:

¢ _ Qi 0t — (4.1)

where d is equal to the interplanar spacing between a set of parallel adjacent diffracting planes
AT A | EO OEA AT Cl Aincloéhidoéabnbndl thddifffadtiny pldnd.iSindd Hifferent
planes of the lattice will have inherently different lattice spacings, the crystal will need to be
reorientated relative to the incident x-ray beam for all diffracting planes to be able to diffract with
constructive interference conditions satisfied. Powder diffraction is an alternative to single
crystal diffraction that inhibits the need for crystal rotation for all diffracting planes to be
observed. In powder diffraction, the finite mass of powdeis irradiated which is constituent of
smaller crystallites, typically microns in size, randomly oriented relative to themselves and
importantly orientated randomly relative to the incident x-ray beam. Consequently, there is a
statistically large number of lattice planes orientatedelative to the incident xray beam such that
the Bragg condition for diffraction is satisfed [5,6]. Since each of these planes have differing d
spacings, and the crystallites are orientated azimuthally not just axially relative to the incident x

ray beam, a series of concentric diffraction cones are created by the irradiated powdg@33].
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Figure 4.3: The effect of Debye Scherrer diffraction cones and the resultant rings they crea
on the photosensitive film placed inside a Deby&cherrer camera. Reformatted fronfi233].
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These cones project through three dimensions as shown in figure34and appear as ringg Debye

Scherrer ringsz should photosensitive film be exposed.

A DebyeScherrer camera was one of the earliest forms of measuring the intensity and angular
dependence of lattice diffraction, with a circular film intersecting these cones and producing a
visually annular diffractogram. Figure 43 shows theformation of these ringson a film from the
intersection of these three-dimensional cones. A more modern DebyeScherrer geometry
involves the movement of a photosensitive detectato intercept these rings in an analogous way
to the film. A DebyeScherrer geometry is alsaften referred to as a transmission geometryas
the beam transmits through the volume of the sample, and has many inherent advantages with
respect to other reflectionbased geometries.The effects of peferred orientation of the
crystallites are minimised, inhibiting artificially enhanced diffraction peak intensities, and small
sample amounts can be analysed. Reflection geometry is more frequent within laboratories,
commonly known asaBragg” OAT OAT T CAT T AOOUR AT AincEéntbedmd A O
from the surface of a flattened powder specimen, which are subsequently detected by a moving
detector [234]. In many cases, the -xay source also moves relative to the specimen. A typical

Bragg-Brentano geometry is also shown in figure 4.
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Figure 4.4: Two common lab diffractometer geometries: left) a Deby&cherrer/Transmission geometry and right) ¢
Bragg-Brentano reflection geometry.Reformatted from [234].

As the detector moves through space, a diffractogram of intensity relating to diffracting lattice
planes against anglg ¢ fs @stablished, such as the one shown for cubic Lal figure 45. Each
of these peaks can beelated to a diffracting pane, with the degree of peak splitting indicaing
the appropriate crystal systemof the material. For LaB, cubicat room temperature, allunit cell
lengths (a, b and c offigure 2.1) are equal. The resulting effect is that the (100), (010) and (001)
planes dl share equivalent interplanar spacings diffracting at the same angleThe (100)
diffraction peak hasa multiplicity of 6. For a tetragonal system, a and b are equal but the c unit
cell length is larger. The resulting effect means thahe (100) and (010) planesshare equivalent
interplanar spacingsthat are smaller thanthat of parallel (001) planes. The resulting effect is that

the peakformerly associated to the <106 family of planes is now split, with aower intensity
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respect toits a and b cell lengths. Peak splitting indicates a lowering of the symmetry from a high

symmetry cubicanalogue, and can indicate the crystal systepresent.
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Figure 4.5: The diffraction pattern for cubic LaB, with indexed peaks according to the
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diffracting plane(s) responsible.

40

Although diffraction peaks are assigned to the responsible scattering planes, analysis of

systematic absences givesndication of Bravais lattice types and other symmetry elements

present in the unit cell, showing point symmetry can be reflected in the diffraction patterng].

Table 4.2 indicates a list of body centring types and the systematic absences imposed upon the

diffraction pattern. Additional symmetry elements can induce similar absences, such as glide
bl AT AOGh xEEAE CAT AOAOA A Eni38AO0AT AA AT 1T AEOQEIT I

Since Xray scattering is due to interactions between incident radiation and the electron cloud of

an atom, the intensity of diffraction peaks are directly related to the mass of the atoms within the

diffracting plane. Lighter elements, including oxygen,dve a smaller effect on the intensity of the

diffracting peaks. Alternative techniques, including neutron diffraction, are necessary to interpret

the localstructural displacements of oxygen ions and other light elements.
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Table4.2: The systematic absences observed in diffraction patterns for lattices with different body types.

Lattice Centering Symbol Absence Conditions

Primitive P N/A

Body Centred I h+k+I=odd

Face Centred F All unless h,k,I all oddor all
Even

CG-Centred C h+k=odd

Rietveld refinements are then conductedn diffraction data as a mean®f calculating structural
intricacies, such asnit cell lengths and anglesatomic displacement, site fractions and isothermal
parameters, as well as powder properties such as crystallite size and associated strafs.input
file of similar symmetry to that manifested in the observed diffraction pattern simulates a
OAAI AOI AGAAE DBAOOAOIT h AAAT OAET ¢ O A OAO 1T £ AAn
sequentially set to refine using deast squares fittingmethod to minimise the difference between
the calculated pattern and the observed pattern. Lattice parameter refinement is able to coaotr
peak positions whilst site fractions,coordinates and isothermal properties can influence the
intensity associated to the calculated patter® peaks.Crystallite size and strain will influence
peak width, combined with the diffractometer optics (which arecompensated for using an ugo-
date instrument parameter file). When the differencebetween the observed and calculated
pattern is minimised, the refined parameters can give a good indication of the structural

properties of the irradiated samples.

4.2.2 X-ray Generation

The Xrays incident upon a material during XRDare generated viathe electron bombardment of
a metallic targetand subsequent inelastic electrorelectron collisions, all containedwithin an X-
ray tube such as the one shown in figure @.[236]. Hectrons are emitted at thecathode via
thermionic emission and are subsequently accelerated to high energies, typicallyp to 60 kV
[237]. This electron beam bombards the coreshell electrons of the target atoms, Cu or Mo in this
thesis, andthe consequentinelastic electron-electron collision results in excitation of the core
shell electrons.After some period of time these excited electrons relax back into the ground state
emitting the excessin energy between theexcited and groundstate as a characteristic Xay. The
energy andwavelength of the radiation can be termed K, L or M dependent on the electron
transition occurring. For exan® | A fradiatign refers to electron decay from the L to K shell,
x E A O A A OradiafioA indicates the energy transition between the M and K shell. Within the L
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shell there are three quantum states from which the decay can occur, however selection mile
limit the energy transition from the L toK orbitals, leaving two specific statex + 1 Q@ ¥ |
x AOAT AT COE OAAEAOQEI 18 4EEO Al OHyls agprosimatelitiviGeA 1 A O
OE A O .,.ITHEse+ransitions are visualised in figure Z, whilst their energies and associated

wavelengths are tabulated in table 48 [238].
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Figure 4.6: A schematic cross section of a typicalbay tube. Reformatted from [236].
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Figure 4.7: The energy level transitions associated with discretezavelength characteristic Xray emissions
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Table 4.3: Common radiation source orbital transitions, energies and associated wavelengtffi238]

Radiation  orbital Transition Energy Wavelength (A)
(KeV)
Cu+ 4 2ps2© p O 8.048 1.5405
Cu+ p 2p12© p O 8.028 1.5443
Cu+ p ob © po 8.905 1.3922
Mo-+ j 2p:2° p O 17.480 0.7093
Mo-+ } 2p12® pO 17.375 0.7136
Mo-+ p ob ° poO 19.608  0.6323

The wavelength of the Xraysthat samples are irradiated with vary between diffractometers, with
the variation in wavelength being useful for different applications. Larger wavelength radiation,
such as Cuwill reduce the measurabled-space range but increase the observable separation
betweensplit peaks in diffractograms. This igarticularly useful if unit cell lengths are similar in
dimension. Conversely, smaller wavelength radiation, such as molybdenum or silver sources,
offer a biggermeasurabled space domainThis is useful for some compounds as high-dpacing
peaks may reveal additional structural intricacies, where the scattering factor of some elements
may become increasingly significant at higher #$pace values. The selech of xray source
should also conform to the elements present, accounting for the potential fluorescence or

absorption effects some elements may induce within the sample.

The extent of energy transfer in such inelastic scattering events is wide ranging and results in the
formation of a continuous wavelength (energy) emission spectrum. This, combined with the
orbital transition energies, results in a photoemission spectrum @sembling that in figure 4.8,
which is specific to the photoemission spectrum of coppd239]. A spectrum of wavelengthsis
unnecessary since all of the structural information can be obtained from the diffraction of one
incident wavelength. Additional wavelengths addunnecessary complexities to the diffraction
pattern. + 1 O A A E AyPigaliy Toe rdimbvied from incident radiation sources (or realistically,
its intensity can be heavily attenuated) via the use of an appropriate material with an absorption
AACA AAOxAAT OEA +zforéoppkr seurcesxalickilifolkfiltel i©tigpi@dy used

as its kabsorption edge (1.488B q | EAO AA O x ALd 1.3R@A OA Tl Aear £.548 1

A). Its effect on attenuating this wavelength is shown in figure 8. + pcannot be removed from
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the + 4 in this manner. For truly monochromatic x-ray radiation, single crystals are often used.
The preferentially cut crystals diffract the selected wavelength of radiation to be incident upon
the sample. An example of a typical crystal used is Ge(111), cut along this planeediections with
odd h values do not diffract (due to crystal symmetry (in Germanium, cubic F&im) the unwanted
x AOAT AT BIOE 1 ¥¢

Ka,
F
Mi
Ka,
=
w
K
E B
1=
T ——— —
L] I L] I L I LI I L I L] I -
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Wavelength (nm)
Figure 4.8: Emitted Xray spectrum from a Copper tube before and after attenuation via a Nickel foil filte

b) The typical effect of Nickel filters on a diffraction peak using a copper sourdeeformatted from [239].

4.3 ScanningElectron Microscopy

4.3.1 Electron-Matter Interactions

As a beam of electrons is incident upon the surface of a material, electratom interactions occur

that result in momentum changesand associatedenergy variation of these incident electrons.

These interactionsare considered to be scattering events that are either elastic or inelastic in

nature, depending on if energy is imparted into the irradiated material or not A three-
dimensional volume O A O theAintefaction voumed EO AOOAAI EOEAA AAT AAOGE
irradiated material, shown in figure 4.9[240], where different electron collisions result in the

generation of energetically unique signal$241,242].
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Figure 4.9: A generalised schematic illustrating a typicaiteraction volume for electron-matter interactions
for an irradiated sample, showing thevaried information depths of the different signals generated.
Reformatted from [240].

Elastic scattering events describe electrotom interactions that result in minimal (virtually no)
energy exchange between the incident electrons and the sample. These interactions instead
involve directional variation in the electron trajectory, a resultof coulombicinteractions between

the incident electrons and the partially screened nuclei of the atomf41,242]. This type of
scattering is known asRutherford scattering. It is unsurprising that the density of such scattering
events (the elastic scattering cross section) is dependent upon the atomic number (Z) of the
irradiated specimen. The majority of these directional changes are small, typicalty5° [242],and
whilst larger deflections of the primary beam can occur, those remergent from the surface as
backscattered electrons are more commonly a function of multiple scattering events. Conversely,
inelastic interactions involve significant energy transferfrom the incident electrons with smaller
angular deflections occurring, < 0.1 ° [242]. The energy exchange between primary beam
electrons and atoms produces a series of phenomena, ranging from phonon and plasmon wave
excitation to secondary electron emission, Bremsstrahlung (or continuous wavelength)-cdy

emission, Auger electron emissiomnd characteristic Xxray emission[241,242].

79



It is important to recognize that both elastic and inelastic scattering events occur concurrently,

and thus the interaction volumeshown in figure 4.9is a network of these varied interaction types.

It is the diverse nature of the signals attainable from the interaction volume that gives the

inherent versatility to electron microscopy techniques.Two types of sighal used in SEM are

secondary electron and backscattered electron signals, which will be discussed in more detalil

below.

Secondary electron (SE) emission is traditionally considered to consist of multiple steps: energy
exchange between electrons as a result of an interaction evenith an energy transfer sufficient

for electron delocalisation causingionisation of electron shells. This is followed by the diffusion

of these generated SEs to the surface and the subsequent exchange at the surface/vacuum
interface. SEs arethereby formed from inelastic scattering event4241,242]. Numerous models
propose the mechanism by which such SEs propagate through the materi@hese rangdrom a
single inelastic collision between the primary beam ad a bound electron, or, via a cascading
effect involving multiple SEs generated from an initial diffusing electron ol backscattered
electron [2417243]. Regardless of the mechanism by which these electrons are generated, it is
important to recognise thata significant amount of energy associated with the primary beam
electron is expended in ionising the atomand consequentlythe SEs emitted are inherently low
energy electrons 90 % of SEs areemitted with an energy < 10 e\[241]. The interaction depth for
SEs is shallow for this reasoii244], since a significant proportion of the SEs generated are of
insufficient kinetic energy to reach the surface or escape the interface. Detectable signals are
confined to a fewnanometresbeneath the surface of the materialhowever this varies according

to the conductivity of the sample and are larger for insulatig materials compared to metalsfor
example [244]. The yield of secondary electrons is dependent upon the angle of incidence
between the primary beam and the irradiated sample and their intensity is much greater at the
surface and edges of a sampl&Es cartherefore be detected by appropriate semiconducting
detectors, with the quantification of local SE intensities capable of producing a topographical

image.

Backscattered electrons (BSE) result from large angle elastic scattering events involving the
primary beam electrons and thus have an inherently higher associated energy when compared
to SEsTheseresult from a singlecolumbic interaction with the chargednucleusof the atom, i.e.
Rutherford scattering, or from the cumulative effect of segential small angle scattering events of
the incident primary beam electron[241,242,245]. As a result, the interaction depth of such
scattering events protrudes further into the material. The columbic interactions with the nucleus
gives BSEs an inherergensitivity to atomic number, shown in figure 4.10[241], suggesing this

signal (its backscattered coefficient) carreveal local differences in atomic number and phase
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distributions within a sample. The interaction between scattered electrons of varied intensity and
waveform will ultimately produce an interference pattern, producing contrasts in the overall
image according to these local atomic numbers. Figude10 indicates that there are limits to this
elemental contrast however, with differences in backscattering coefficients smaller for elements
of higher atomic number when compared to the differences between thosef lower atomic
numbers[241].
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Figure 4.10: The dependence of backscattered coefficient on the atomic number of the
scattering element.Reformatted from [241].

Asalluded to, inelastic collisions can result in the emission of-Kays characteristic to the elements
present in the sample. This radiation is emitted when a core shell becomes ionised, with electrons
excited as a direct consequence of the primary beam emgr transfer process. An electrorhole
recombination process follows to stabilise the energy arrangement of the atom, with the
difference in energy between the excited state and the ground state electrons emitted as a photon,
of X-ray wavelength unique to te specific energy level transitionK,L,M transition lines were
illustrated in figure 4.7. Thesecharacteristic X-rays can be used to qualitatively and quantitively
analyse the elements present in the sample. Either the energy of the emitted photon its
associated wavelength can be used to identify elemental presence, with its relative concentration
established via comparison between the intensity of the-rays radiated from the sample and

those of a known standard. This is, of course, a rather sinmgtic description of the process and
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makes multiple assumptions, such as a known efficiency for the photoemission process in the
compositional/crystallographic environment occupied. It also assumes minimal primary electron
interactions before photon emission and limited photon interactions akr emission. In reality, it

is necessary that ZAF corrections are mad@41,242,246] - these are individual atomic number
(2), absorption (A) and Fluorescence (F) corrections to accurately determine gquantitative

elemental distributions.

4.3.2 Energy Dispersive XRay Spectronetry

The utilisation of characteristic x-ray energes to identify the spatial distribution of elements
within an electron irradiated area is referred to as energy dispersive-xay spectroscopy (EDX or
EDS). A semiconductor, traditionallySibased,is used to detect the energy of incident photons
emitted by the irradiated sample The energy spectrum produced appears as that shown in figure
4.11 [247], and can subsequently be deconvoluted into a series of peaks corresponding to the
elemental K.L or M type energy transitionsfor a specific element based on peak energgs shown
previously in figure 4.7. The intensity of the energy relative to a standard with known elemental
composition and energy spectrum can yield a quantitative analysis of the amount of element
present in the local irradiated area.The noticeable asymmetry associated with the energy
transition peaks, sometimes appearing gaussiaris due to the insufficient resolution of the
detector (typically between 120-140 eV) to resolve the suborbital transitions from each otherz

such asseparating + | p A R ffom eng another[242,248].
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Figure 4.11: A typical energy spectrum for EDX, with peaks indicating theectron
transitions within the elements composing the sample surface247].
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Since it is lased on the inelastic collisions of electronsEEDX is inherently a surface analysis
technique.Defining demental distributions throughout the volume of thesampleis not possible.

It is also worth noting that given elemental identification occurs based on incident photon energy
(as opposed to its associated wavelength, such as in wavelength dispersive spectroscopy WDS),
erroneous results can occur based on the overlapf similar x-ray energies fromthe orbital
transitions of different elements present. Furthermore, eements with low atomic numbers
(Z<10), such as lithium, are difficult to detect based on the absorption of the emitted photons by
the Beryllium detector windowh 1T O OEAAOEA OGS Al A2481T6GonwikulbE E |
of the continuous wavelength radiation emitted from the electroamatter interaction adds a
background energy to the EX spectrum, producing low signal to noise ratios and resulting in
relatively poor elemental detection limits of around 1000ppm (~0.1 wt.%) [248] z although this

can be reduced with increasing counting timgwhich is often of the order of minutes

4.3.3 Electron Probe Micro Analysis & Wavelength Dispersive Spectretry

Schematic of an Electron Microprobe with a
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Figure 4.12: A schematic showing the significant components of an EPN\
utilising WDS.Reformatted from [249].

Another method of quantitatively analysing elemental distributiors within a sample is via

wavelength dispersive spectroscopy (WDS). Similar to EIX in utilising the photo-emitted

83

OEA



characteristic Xrays, it instead uses appropriately orientated crystals to selectively diffract the
characteristic photons of interest, based on th@xpectedassociated wavelength. WDS issed
within Electron Probe Micro Analysers (EPMA)with the principle of WDS shownschematically
in figure 4.12 [249].

Devices often contain up to 5 crystals, each with varied-spacings providing a diffraction range
broad enoughto selectively diffract a wide range of possible wavelengths associated with most
elemental energy transitions Having afinite number of crystals limits the number of elements
that can bequantified simultaneously, unlike EDXwhich can quickly quantifyall of the elements
present in the surface composition (with theexception of the low atomic number elements as
referenced previously), with a reasonable degree of accuracylhe isolation of photons via
diffraction avoids the issues of overlapping energy often present in EDX spectra and inherently
exhibits a significantly greater spectral resolution when compared to EDX. Not only this, but WDS
offers greater signal to noise atios and lower detection limits compared to EDX, with low atomic
number elements readily analysed. Hence, utilising WDS within an EPMA is typigdibr a more
accurate gquantification of elemental distributions when the composition and phase structure is
qualitatively understood. EDX and WDS techniques are complimentary with EDX being able to
provide this prerequisite understanding of the composition of a specimen and WDS being able to

accurately determine quantitative distributions.

4.4 Impedance Spectroscopy

4.4.1 Introduction

Impedance SpectroscopylS) is a technique in which the electricallyactive regionsof aphysical
microstructure can be probed. It relies on the variation of phase and associated magnitude
between an applied voltage and a measured current across a broad frequency rajjgeducing a
complex impedance a result of a material exhibiting polarisablenon-ideal resistor behaviours.
This observed complex impedance response can be deconvoluted into a network of ideal resistors
(R), capacitors(C) and inductors (L), whose connectivity isrepresentative of physical charge
dissipation and displacement processethat occur as the material is perturbed by the applied ac
voltage. Thiselectrical circuit that forms is representative of the electrically active physical
components of the sample, and is calletthe equivalent circuit for this reason Should a material
exhibit an electrically heterogeneous microstructure, providedccomponents of the circuit exhibit
sufficiently disparate relaxation times[250], they can become distinguishable anihdependently
identifiable as the complex impedance is plottednd mathematically weighted towards different

R and C magnitudesThis relaxation time is governed by a time constarijt Z Which isa product

of the resistance(R) and capacitancgC) representing an equivalent circuitelement, equation 42:
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T Yo (4.2)

Equivalent circuit analysis in IS is complimentary to physical microstructural observation
techniques, such as SEM and EDX, and can facilitate the assignment of physical elements to a
allows for the evolution of the materials equivalent circuit and its physical dependencies to be
understood. IS measurements taken across broad temperature ranges allows for the temperature
dependence of conductivities to be quantiéd. Variation of time constants with oxygen partial
pressure, pQ, is a technique capable of isolating the charge carrier type conducted through the
sample, should conduction be electronic. For examplestype conductivity may be deduced from

an increase in conductivity (decrease in time constant) of an electrically degé region in a
reducing, low pQ atmosphere. Use of appropriate blocking electrodes provide the capability of
identifying ionic conduction within a sample, a result of the capacitive elemeés they introduce

within an equivalent circuit.

Since this work is focused primarily on dielectrics (with the potential for ionic conduction within
the A site deficient perovskites of results chapter 4, inductive effects are not likely to contribute
to the overall impedance response and so will not be discussed within this section. In order to
derive the overall impedance associated with equivalent circuitsderived from [251,252], it is
first necessary to derive the impedance response of the ideal capacitors and resistors that will

construct it.

4.4.2 Derivation of ideal component impedances:

Ideal Resistor R

For an ideal resistor, the voltage acrosand current through the resistorare in phase The phase
difference between the two sinusoidaturrent and voltagewaves,3, is0O °. The time dependent
voltage V(t) is given in equation 4.3 based upon its maximum amplitude (M at zero time, signal
AOANOAT AU j5q AT A OEIi A jOqQ

wo w'YQEO (4.3)

The time dependent current, I(t), through an ideal resistorof resistance Ris given by equation

4.4 relating to its maximum current amplitude lo
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w3 EJO 4.4
)oO OYQEo — (4.4)
The impedance Z*,for an ideal resisor follows/ E i & Q ard #s>given inequation 4.5. This

impedance is real with no imaginary component

(o]

)_oo X (4.5)

Ideal Capacitor C

An ideal capacitor with an I-V response consistent with that shown irblue for figure 4.13is
considered Thetime dependent charge o(t), on the capacitor plates is given by equation 4.6, and
is a function of the materials capacitanceC,and the time dependentvoltage applied across its

plates:

RO 8w B0 Q8o (4.6)

The time dependnt current can then be derivedaccording to equation4.7:

0 —. S50wwédbo HOwi QdO -—
Q0 C

4.7)

YQEWED | Wh ®

Thus, for an ideal capacitor, the current leads the voltage by phase difference oy E °.wTm
Physically, current is required to flow to/from the electrodes of the capacitor for a potential
AEEEAOCAT AA OI AA AOOAAI EOEAA AAOT O&yuatore A8, AAOEA R
equations 4.6 and 4.7can be represented alternatively and the impedance of an ideal capacitor

can be defined as purely imaginary equation 4.10 $ecifically, the imaginary impedance is

referred to asan ac reactance, X Based on equatior.10 it is clear that an ideal capacitor is

completely blockingto dcsignals, as its reactance is infiniteljarge as the frequency of the applied

signal tends to O rads.

Q Ghéd QM (4.8)
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) Q 60"'06Q (4.9)
RO 6w0aQ Co

Q0

50°04AQ
L 0o 6069 0 0 (4.10)
“ "®» Bewoaan Y IEY:

The phase differences between voltage and current for ideal resistofeed) and ideal capacitors
(blue) are shown in figure 4.13 a). Therequency dependence of impedance for these same
components is shown in figure 4.13 b).

ZIX

0 180
8 ()
Figure4.13: a) The typical phasalifferences between current and voltaggblack) associated withanideal resistor

(red), capacitor(blue) and inductor (green). b) the impedance (or reactance) variation of these ideal components
with frequency.

®

4.4.3 Impedance Formalisms & Equivalent Circuit Analysis

In reality, materials are not considered ideal resistors nor ideal capacitors but a network of the
two, as the phase difference between current and voltage is not 3 ° nor is it frequency
independent. The ability to fit appropriate equivalent circuits toA | A O Aampléx limpedance
response permits for the potential deconvolution of this response into components that
physical microstructure. This is basedn the conditionthat these different electro-active regions
exhibit sufficiently different relaxation times, becomingdistinguishable from one another. It is

also important to emphasise that not all regions of a physicaticrostructure are electro-active in
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the temperature and frequency domain probed. The electrical microstructure is unique to a

material and the conditions used.

As described previously, these equivalent circuits can be derived from a materials spectroscopic
impedance response as a hetwork of series or parallel arrangements of ideal resistors, capacitors
and/or inductors. The ability to do so lies in the frequency depereht behaviour of such
components which when connected appropriately can match the impedance response observed.
Physically, a resistor may be considered to represemn energy dissipative response as current
flows through the material, such as the engy dissipated in the reorientation of dipoles, an
OET Al AOOGEAS AT A Thedactnoeiol ddcaphdiior B Blastik An@d&ure as energy is
stored rather than dissipated, and may represent a polarisation mechanism instead (a charge

separation).

It is worth noting that provided there are more than two elements in the equivalent circuit, it is
possible to re-arrange the order of such elements and change their respective values and still fit
the experimentally observed datg[252]. It is often possible to fit the impedance response with
multiple equivalent circuits. Hence, IS is often considered a secondary technique and pre
requisite knowledge of the microstructure, elemental and phase distributions via SEM and EDX
analysis is conplimentary. In accordance with an observed microstructure and the material
investigated, the component values assigned should then be realistic. A useful effect inherent of
the nature and size of an electricalhactive component is the magnitude of its cagcitance. Given
capacitance is inversely proportional to the thickness of the materialeguation 2.8), thinner
components of the electrical microstructure, such as space charge or depletion layesdll have

an inherently higher capacitance This capacitance will beorders of magnitude greater than the
capacitance associated with a buligrain) response Table4.4is an example of the magnitudes of
capacitance consistent with common electricalhactive components often contributory to the

electrical microstructure:

Table4.4: The typical capacitance magnitudes associated with typical electricalbctive regions of an

‘electrical microstructure'. Reformatted from[250]

electrically-active Region Typical Capacitance Magnitude (Fcry
Bulk Ceramic 1012

Secondary Phase 101

Grain Boundary 101t-108

Surface Layer 10°-107

Sampleelectrode interface 107-10+5

Electrochemical Reaction 104
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It is these magnitudes of the derived capacitances for the equivalent circuit elements which can

then be used as an indicator to the physical component this element represents.

y Il PAAAT AA AAT AA AT 1T OAOOGAA O 1 OEAO OEI| takleODOAT AAS
4.5, Although it is the same data being represented slightly differently, it is useful to do so for the

weightings characteristic to each formalism. For example, Impedance is dominated by an element

with the greatest impedance whereas the electric modulus mdye dominated by the element with

the smallest capacitance. This means that in an equivalent circuit containing multiple elements

such as two parallel RC elaents in series(each with different R and C valués when overlaid

OEAOA :68h-68 OPAAOOI OAT PEA PI T 00 AAdifferendirgAAT Ox 1
frequencies corresponding to peak maxima,mfx. TEA : 8 @ dddnkdtdel by the highest

resistance OAOE OOT O peaklis dantinhted-bp the smallest capacitor. Z'and M* are

considered to be complementary to each other in the weightings that they offer to capacitance

and impedance and are usually analysed on an overlapping spectroscopiot involving these

aforementionedimaginary components.

Table4.5: The relationship between the immittance formalisms used to analyse the spectroscopic data.

Reformatted from [252]

Formalism Name Relation
Impedance, Z* Z*

Admittance, Y* [Z*]1

Electric Modulus, M* E SoZ*

0OAOI EOOEOEOUR &R [M1E ¢ dELY*#

The complex impedances for common equivalent circuit components are discussed below,

alongside expected frequency responses for the formalisnaiscussed in table 4.5.
Series RC

An ideal dielectric (one with no leakage current, perfectly insulating) can be considered as a series

combination of a resistor and a capacitor, as represented figure 4.14:

Figure 4.14: A seriesresistor-capacitor combination, often used to

represent an ideal dielectric.
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This would indicate a charge displacement mechanispwhere the resistor canbe interpreted as

a local ac conductivity that is induced bytte orientation of charge and local dipole formationThe
capacitance is then equivalent to the polarisation induced by the dipole moment formeflince an
ideal dielectric exhibits no leakage current the resistor is not parallel with the capacitoAs the
components are in series, the total impedance of the circuit can be derived by addition of the
impedance of each indivdual component, remembering the complex nature of sucly the
impedance of a resistor is real whilst that of the capacitor is imaginaryThe complex impedance

of a series RC component is given gguation 4.11.

Gy hi (4.11)
50

Where itsreal andimaginary components are given as:

& Yo (4.12)
50

It is clear that the real component of impedance is not frequency depeedt and remains
constant, equal to the resistance of the resistor. The reactance is inversely proportional to
frequency, and so the resulting complex Z* plot is a vertical line, as shownfigure 4.15. The
electric modulus of the circuit can be definedccording to the relationship shown in table4.5.
This means that its real and imaginary components are given in equations 4.13 and 4.14

respectively.

#
oos8e (4.13)

D 586 5V (4.14)

where G is equal to the capacitance of the empty cell. The proportionality between the real
component of Z* and the imaginarycomponent of M* arises due to the multiplication by the

imaginary number, j. The admittance of the series RC circuitderived according to equation 4.15:
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E (4.15)

(V) (V) 2 oy
Y8 Q 58 .5V 0 585Y6
58 Y6 Q3Y6 Q p 56
. P. Y6 Q. 5Y6

™ LN, v ,_t L Ny, v
Y p SYoO Y p JdYo
Again, from the relationships between formalisms given in table 4.5hé complexpermittivity is

then derived asaccording to equation 4.16:

4

R 06 i (4.16)

with its real component calculated according tequation 4.17:

.P 576 gf p (4.17)
56 p SYO O p OYO

which tend to the following limits with frequency:
0 .
5 O T Rob,—hbol-lm RO T

likewise, the imaginary component can be describedccording to equation 4.18:

< p 't'p't' SYO0 6{ 3YO0 (4.18)
56 Y p 5Y0o 0 p Y0
s s . 0
R 0MOYO p CR 5

The immittance formalisms and their spectroscopic and complex frequency dependenciese

shown infigure 4.15. A clear Debye peak can be seen for the imaginary components of admittance

and permittivity when they are plotted spectroscopically. Of courseDebye peaks are of
significance in ac responses as such a response is frequently used to describe the relaxing out of
dipole reorientations or domain switching as frequency increasegalthough it must be

Al 1T OEAAOAA OEAO OEA OOAAI &8 1T AAEATEOI O ET OAAI
complicated than this idealistic responsg For an ideal series RC circuit, the full width half
maximum (FWHM) of these peaks would be equal to 1.144 decaddsrequency. In reality, most

Debye peaks are wider and asnmetric, and although this may indicate the presence of
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og,(Tan(s))

-Z" (Q)

heterogeneity and a more complicated equivalent circuit, such variations in peak shape more

likely characterise a universal departure of IS responses from ideality

—\/Fi/*—ﬁ—

i )
log,y(Frequency) (Hz) Log,g(Frequency) (Hz) log,o(Frequency) (Hz)
o ’ wRC =1 . c wRC =1
T Kt BT e
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Z' () Y (F) £ (F)

Figure 4.15: Some immittance formalisms for a series RC circuit and their observed frequency responses, plotte:

spectroscopically and in the complex plane.

Parallel RC Circuit

A parallel RC circuit, as shown ifigure 4.16,is more frequently used to represent an electrically
active region, such as a grain bulk, and accounts for the realistic leakage current that occurs

within semiconducting materials.

R

_|

C

Figure 4.16: A parallel resistorcapacitor combination, commonly used in equivalent
circuits to represent real components where some form of loss, such as leakage current,
occurs simultaneously with polarisation responses.
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It is the repeatunit in the equivalent circuit of the brick work layer model often used to represent
the electrical microstructure of ceramics with multiple electrically active featuresfigure 4.18 As
the resistor and capacitor are in a parallel configuration, calculating the total impedance of the
system begins with the addition of theadmittances of each componentSince the impedance of

the resistor and capacitor areas follows:

O YR (4.19)
Q0

then the total admittance of the paralleRCconfiguration can be giveras equation 4.20:

06 Co %m Y (4.20)

<lo

Using the immittance relations intable 4.5, the complex impedanceof the parallel RC elementan

then be calculatedaccording toequation 4.21.:

5o Y (4.21)
p QAYH
Y .p QY6 Y e OYO

® P TQ'Yétp VY6 p SY6 Qp 3Y6

. Y B v 3YO0
W — 0 =
p 9YO p 9YO
A Debye type response can clearly bassociated with the imaginary component of total
impedance as shown on the associated spectroscopic plot figure 4.17. The electric modulus,

along with its real and imaginary terms, can then be derived with the associated limits:

Y v YO (4.22)
- Q -
p YO p YO

with the real component expressed as:
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N v W . OYO (4.23)
0 S50 W 50 th

SOoOmy O O

50 ot Ob('i‘Y('i 0
3Y0 0

likewise, the imaginary term can be derived:

; s 98 6
1 o 5Y6 B

2Y6 (4.24)
p dYO

0 t 5Y6 pCoO

Some of the immittance formalisms and their associated spectroscopic and complex plane plots

are shown infigure 4.17. It is noticeable that similar responses are observed in a parallel RC
configuration as with a series RC circuit, but for a different set of formalisms. Both configurations

feature semicircle arcs in complex planesFor a series RC circuit this occurs for YR 6 x EAOAAO
for a parallel RC circuit it occurs in for Z*; 6 8 4EA $AAUA BABAE MODOATA BEIA(
configuration is now seenE 1 -:8866 h&£l O A DPAOAT T AT TTA8 YO EO 11 OI
consistent frequency, associated with the time constarg of the element equal to the product of

R and Cgiven back in equation 4.2.

For many elements in an equivalent circuit, the time constant of the electricallgctive component
may not be within themeasurablefrequency domain. It is common with IS measurements to vary
temperature incrementally to changethe resistivity of the component, thereby movingany Debye
peaks or semicirclesinto the measurablefrequency domain. Heating the samplénon-metallic)
will reduce its resistivity and associated time constant, shiftingny Debye peaks to the righ{fmax
moves to higher frequencies).This is necessaryfor the relatively resistive components of the
equivalent circuit. Conversely, cooling the sample allows for the observation of more conductive

equivalent circuit components with an increase in time constant.

The DCresistance of this parallel RC element can be calculated in multiple wagshe simplest of

which is from the diameter of the semicircular Z* arc in its complex plane. Alternatively, it can

be calculated directly or indirectly from the peaks of eitherth : 86 1T O OEA -§8 OPAA
respectively. The latter is often used and involves calculating the effective capacitance of the

circuit elementand using the relation that holds atM&n&:
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1 Y8 p (4.25)

The DCconductivity is then calculated from the inverse of the resistivity, having corrected the
resistance for the geometry of the sample. This highlights how IS can be used to identify the
temperature dependence oDCconductivity, through analysis of the equivalent circuits evolution

(arc diameter, peak heights and positions) with temperature be it an Arrheniustype

temperature dependence or otherwise.

Log,q(Tan(s))

M
C' (Fem™)

Log,o(Frequency (Hz)) log,o(Frequency) (Hz) Frequency (Hz)

wRC =1 i wRC =1

N
1}
o] 3

[3)
2" (Q)
M" (F") k|£’

&
c

Rpce

B

Y'(8) Z (@ M (F)

Figure 4.17: Immittance formalisms for a parallel RC circuit and their observed frequency responses, plotted
spectroscopically and in the complex plane.

2 Parallel RC elements in Series
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As stated previously, 2 parallel RC elements connected in series is eguivalent circuit often
associated with the conventional brick work layer model used to represent a typical ceramic
microstructure. This is oneconsisting of electricallyactive grains and grain boundaries of
differing resistivities, figure 4.18. The two parallel RC elements are connected in series since the
current must sequentially flow through each of these electrically active features. This series
connection of parallel RC elements is not reserved for a gragrain boundary electrical
microstructure, but anywhere where two electricallyactive regions are probed sequentially
across the frequency range investigated and exhibit distinct, varied time constants.
Compositional heterogeneity, such coreshell grain structures with an associated distiution in
resistivities, could equally be modelled by this equivalent circuit type, as could the formation of
Schottky barriers at grain boundaries or at electrode interfaceg where drastically different

capacitance magnitudes would exist between each paltel RC component.

Grain Bulk

Grain Boundary

-

|
1
[
I
— el e e e el e s s die e e e e e e -

Figure 4.18: A brick work layer model typical of grairgrain boundary electrical microstructures.

Since in series, the total impedance @fachparallel RC element is added together to give the total

impedance of the equivalent circuit

W W ] (4.26)

The real part of the complex impedance and its limits derived as:

Y Y (4.27)
p dYO p dYO

&

S0mMt GO2 2MOHt OO

Whereas the imaginary component of the impedance can be derived:a
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SY 6 v i 3Y 6 (4.28)
p dYO p dYO

The equations for the electric modulus and other formalisms become relatively large and are not

derived here.

When considering an equivalent circuit where IKR. and G<C, two distinct semi-circle arcs

occur in Z*, each corresponding to one of the parallel RC elemengtwith the largest diameter arc
corresponding to the RC element with the largest resistance {R figure 4.19 There are also two

Al AAO Pl AOAAOO zEdch aBdadlatedtviith theAesmettive@dpacitance for the RC

AT AT AT O EO OADPOAOAT 008 4 kiA thik caspPkiOG con@spddding ®AAO OA|
the lower plateau. Two more arcs occur in M*, with the largest capacitance j@ssociatedwith

the largest diameter arc in this case.

)y O EO OEAT 11 OEAAAATI A OEAO Ox1 ABOGOBOPAG ODA OAD DA
with the distinct time constants of each parallel RC element manifested in the separdtgy of

OEAOA PAAEO8 4EA ETEAOAT O xAECEOET CQespectely, 56 AT A
means thatthe RGAT AT AT O OEAO x1 OI A 1T OEAOXxEOA EAOA AAAI
ET OEA OAPAOAOA -606 PAAE8 4EEO EECEI ECEOO OEA A
plotted together. Fromfigure 41h 1T 11 U 11T A DPAAE AAT AA OAAT A O
OEOCEAT A EI O :888 4EEO EO AOA O OEA,vAGuEEMA OAT AA
much greater than that of the difference in resistances, Rs R.

Should a material have two (or more) RC elements with similar time constants (RC combinations),

the effect would be of a singldnsh xEOE T T A T O 11 O0A T £ OGEAOA 68 1
being asymmetric or having a broad FWHM (depending on the respective R and C values of each
element). Thus, identifying sample heterogeneity and associating electrical properties to each

region is highly dependent on the respective time constants of each elemenit is not always

possible to separate the contribubry features of an electrical microstructure as a result.
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Figure 4.19: Immittance formalisms associated with two parallel RC elements connected in series.

4.4.4 Constantphase element{(CPE)

The previous derivations for equivalent circuit impedance (and other immittancdormalisms)

assume frequency independence for the R and C componeritsreality, this is not the case and

the resulting effectis that the equivalent circuit elements discussed above.g.parallel or series

RC elementsire insufficient to characterise the spectroscopic impedance responses of the real

materials measured. For a parallel RC elemengpresentative of the bulk ceramic responsgfor

example the observation is often that the semicircle Z* arc typical of this circuit element typés

often elongatedwith respect to the simulated response This nonideality is also manifested in a

high frequencyAEODAOOET T ET 96 xEAOA défiEek a el equerdyd OAT 1 Al
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independent plateau.This is described as D 01 EOAOOAT AEAI AA Grédudhcy OAODIT T
domain defined by Jb OAE A 08 O [R53,25A]Wvhidh Aescribes thedegree of dispersion

observed towards higher frequencies characterised with a gradientO T TBephysical responses

inducing this diffusivity are argued within literature, varying from a distribution of relaxation

times of the real dielectric,a hindrance of dipolar reorientation, differing dipolar shapesor an

effective dielectric viscosity [255]. All are consistent with the norideality being a product of

many body interactions from the relaxing dipole momentsWithin the power law region, it is also

considered the effects of charge carrier hopping are influentigl256], and that the gradient

associated to the dispersive region can indicate the dimensionality @caleof carrier migration.

To fit the observedIS responsewhilst accouning for this non-ideality, constant phase elements

(CPEs) are typically added in parallel to an RC element @placing an R or C component of the

element, such as that shown in figurd.20, with an associated impedance according to equation

4298 4EA DBl xAO Al A ZEEE h& dspetsiorOgradientrord tbeAh@b fretuanoy O
ATTAET T £ 90T ADRGALD 'OERO LT Cj 98q AGEALT ET OAOAA

R

VM
ais
>

CPE
Figure 4.20: Parallel RC element with
CPE in parallel.
@ 0 (4.29)

O icdn vary between 0 and 1, anddm equation 4.2 it becomes clear that the impedance of a

CPE will reduce to that of a ideal capacitorfor n=1 and to that of an idealresistor for n=0.

4.5 Dielectric Spectroscopy

Dielectric Spectroscopy (DS) differs from impedance spectroscopy in that DS is usually conducted

at a single frequency across a temperature range, with parallel capacitancg)@nd dielectric loss

99



(tany directly measured This isopposed to a broad frequency range at a single temperature, as
with IS [252].

4EA OAAT AT 1 BT 1 AT dantHembe ek ated (QiAyHErAnttide Pargllat dagcitance
measured usingequation 430, whereRr- and Ry are the relative permittivity of the dielectric and
permittivity of free space (8.85 x 104 Fcm?), respectively, whilst A is the cross sectional overlap
area of the internal dielectric layers with associated thickness drearranging this equation gives

the relative permittivity .

_.-.
-
o:

(4.30)

It is typical to plot relative permittivity andtany ACAET OO0 OAI PAOAOOOAKh xEOE
peaks often revealing structural relaxations such as phase transitions. Repeating the temperature
measurements for multiple frequencies can be useful to reveal the frequency dependence of such
relaxations. Feroelectric phase transitions are typically frequency independent and are
characterised by a sharp peak imelative permittivity. Relaxor-type transitions involving the

relaxing out of local, nanescale regions of polarity (polarnano regions, PNRs) offer frequency

dependent behaviour as a direct function of thedynamism of PNRs and thevariation in the

correlation lengths of polarisation. This relaxation is thus characterised by a frequency dispersion

in both relative permittivity andtany DAAEOS8

tany EO AAEET AA AO A OAOET 1T & OEA EI ACET AOU Al i BT
Z a factor quantifying the degree of energy loss/attenuation within a sample when undgoing

polarisation:

&
8

(4.31)

O
S
'

Typically for dielectrics, a tam <5 % (0.05) indicates gooddielectric behaviour. Small losses are

associated with low levels of thermally activated intrinsic conduction or local ac conductivity such

as dipole reorientations. Peaks intan A AT h A O D Otk @&dcife With strOcfumiO A A h
relaxations such as a ferroelectrigparaelectric transition. It is then necessary to complement this

data with other structural characterisation techniques, such awariable temperature XRD, to

confirm this asthe source of the peak in losses. Otherwise, highertan AAT AA ET AEAAQE O/
often longer range DQ transport mechanisms within the samples. These contributions may

include ionic conduction orthermally activated intrinsic DC conductivity, and can typically be
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seen at higher temperatures where carrier concentrations increasespace charge effects will

show a relaxation with frequency reflected inthetan h A0 AAOAOEAAA ET OAAOQEI
Astany EO A OAOET h EO T AU T1 O OAOGAAT 1100 AOOI AEA
imaginary components of permittivity increase in proportion. It is oftenbeneficial to plot the

imaginary component of permittivity by itself with temperature, by multiplying the tany AU OEA
relative permittivity calculated from equation 4.30, to reveal the intrinsic loss behaviour of a

material.

From equation 4.30,miniaturising an MLCCwhilst satisfying a requisite capacitance output
necessitates alielectric with as high a permittivity as possible with internal dielectric layers as
thin as possible. The influence of the latter ianinherently higher electric field across the layers,

in accordance with equation 4.32.

(4.32)

vl e-

This higher field will increase the potential for dielectric breakdown as described irsection 3.1
dependET ¢ ODBIT 1 O Eefectrit fefd lindubed Oiddktiichreakdown strength, Ereakdown.
Equation 4.30 can beredefined according to the capacitance per volme of the dielectrig
) [257,258]:
6 - - (4.33)
0 Q
And for a given working voltage, V, the minimum thicknesss limited by the electric field

breakdown strength such that equation 4.33 can be given §57,258]:

0 (@) (4.34)
. - - O—,
0 @
WhereOEA AADPAAEOAT AA T AOAOOAA PAO OTEO O11 061 A AAI
ET AA@®h . Thismerit index compares a dielectri& ability to resist breakdown and

simulatanously offer a high permittivity, both of which are evidently essential to MLCC
integration. This figure of merit cantherefore be usedto quantitatively compare varied dielectric

materials with prospective MLCC integration.
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4.6 P-E Analysis

The electric field dependence of polarisation is typically measured using raodified Sawyer

Tower circuit [259], such as the one shown in figure 21 below [260]:

Vreset O
I
| 1 )
Vin Cin
© 1k = Vout

r +
Figure 4.21: A modified SawyerTower circuit, used to calculate the electric
field dependence of polarisation in a sample. Reformatted fron260]

An ac voltage M, is applied predominantly across a sampl€Ci,) due to its capacitance being
typically much smaller than that of the reference capacitofC) in the circuit. Consequently, an
electric field according to equation 435 is applied acrosghe sample material where d is equal to
the sample thicknesq4261].

o 398 (4.35)
The capacitance across the reference capacitshares the same charge abat across the sample
i AOAOEAT 80 DI AOGAOh Al3d th®polarisafioh Gdkos tHe isamPBldNARKRE T T 1 ¢
calculated[261]:
5 ﬂ 01 we 060 (4.36)
0 0

where A is the surface area of thelectrodes on the reference parallel plate capacitor.

4.7 Experimental Setup of Analysis Techniques

Bulk, sintered polycrystalline samples are usedn the form of ~ 8 mm diameter pellets for all of

the aforementioned techniques with the exception of XRD, which utilisspowder formed from
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the crushing of sintered pellets. These pellets are formed via theolid-state synthesis route

described in section 4.1.

4.7.1 SEM/EPMA

It is important that high density (~ 95 % of the theoretical density)bulk samples aremeasured
as porosity increases the uncertainty/error associated with EDS/WDS quantitative analyseshis

is based on the potential for additional scattering interactions ejected electrons and photons can
have as a direct consequence of pore geometri&milarly, the surface of the sampléanvestigated
must also be as flat as possible with respect to reducinfis associated error. To achieve a flat
surface, the bulk pelet is ground and polished with a series of abrasive silicon carbide sheets,
starting with a highly abrasive P800 grade paper and working to a fineiP2500 grade paper. The
surface is then polished further using 6, 3 andhen 1 pum diamond suspensions with a
appropriate polishing mat. A colloidal silica suspension is then used with a vibratory polisher to
finish the polishing procedure, producing a strain free surface. An additional thermal etching step
was used for SEM to reveal the grain structure of the surface. This involved annealing the sample
post-polishing to a temperature ~150 °C below the sintering temperaturefor ~ 15 minutes,

although this is material dependent and it is possible to undeetch or over-etch the samples.

The polished samples are mounted on aaluminium stub using a conductive silver paste and
carbon coated, with this carbon layer deposited on the specimen surface typicallyl® nm in
thickness. This conductive coating in combination with the silver paste provides a conductive
pathway to facilitate charge dissipation, thereby preventing charging artifactsom degrading the
quality of the images. The coating is thin enough to prevent impairment of thebservable
morphological effects of the specimen surfaceand will not contribute to the Xray energy

spectrum (unlike Au coatings that are often used for SEM imagery).

SEM was conducted onralnspect F50 (Philips, FEI) with a 15 kV accelerating voltageand a
working distance ~ 10 mm.For EPMAa JEOLIXA 8530F Plusvith an acceleratingvoltage of15
kV and a probe current of 80Nawas used The standards used to quantify Ba\a, Nb, Ca and Ti
concentrations within the composite ceramics investigated imesults chapter 2 are tabulated in
table 46.
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Table4.6: The standards used for the quantification of cations.

Standards used for WDS analysis in EPMA

Element Standard
Ba Barite, BaSO4
Ca Wollastonite, CaSiO3
Na Jadeite, NaAlSi»Os
Nb Nb2Os
Ti Rutile, TiO>

4.7.2 Dielectric Spectroscopy and Impedance Spectroscopy

The polycrystalline samplepellets are ground rather than polished for DS and IS measurements.
P800 and P120Gsilicon carbide abrasive papersare used for mass removal to flatten the surface.
Goldelectrodesare applied to the adjacent surfaces using a gold conductive paststablishing a
parallel plate camacitor. This paste is a gold frit and requires an annealing stef50°C for 2 hours

to melt the frit and create a coherent gold coating on the pellet.

This electroded pellet is then located into the centre of a cylindrical alumina compression jig with
spring loaded platinum contacts providing electrical contact between the pellet and the
impedance analyser (via BNC cablesin Agilent A980A (Agilent, USA)LCR meteris used to
measure the parallel capacitance andtapn /&l O $3 | AlsGé«0tAreqldnded A, 10,
100, 250 and 16 kHz. These measurements are taken every 1 °€or IS measurements48

different frequenciesare usedalong a logarihmic scale between 20 Hz 1 MHz.

The jig containing the sample isoaded into a tube furnace to heat the sample as necessaRor
DSmeasurements, thesample is heated to 500 °C, whereas for IS measurements, the heating
regime is varied and is dependent upothe time constant of the equivalent circuit elemenbeing
measured (bulkresponseor otherwise). Given that this thesis concerns dielectric materialghe

DC conductivity is low at room temperature and the need for heatingo decrease the time
constant of relaxation into the measurable frequency domaiis normally required. When the
sample is heated such that thérequency of relaxation is observable measurements are taken
incrementally every 25 °C so the temperature dependence dhe DC conductivity can be
calculated As the sample is incrementally heated, ~30 minuteis reserved between sequential

measurements to ensure satisfactory thermal equilibration othe sample has occurred.
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Shouldthe time constant of the electricallyactive component be too lowat room temperature,
close to oroutside of thel MHz maximumfrequency, the sample can be cryogenically cooled. This
involves locating the pellet between two gold electrodes within a Helium cooled pocooler
(Oxford Instruments, UK), capable of reaching temperatures as low a¥4For DS measurements,
the sanple is always cryogenically cooled te- 100 K (although this may differ according to the

sample), to measure sub ambient permitvity responses.

For IS measurements in varied oxygen partial pressures, the sample is loaded into a thermally
resistant sealed glass jig, with platinum contacts connecting the pellet to th€ R meter A selected
gas can then bepassedover the sample for a period of 24 hours prior to measurements taking
place, to ensure sufficient diffusion/exchange between the atmosphere and the sampleor
atmospheric impedance, a Solartron Sl 126(5olartron Metrology, USA)s used, with the sample

principle as stated inthe conventional airbased measurements.

For IS measurements, in order to calculate the most accurate sample R and C values for the
representative equivalent circuit, the contribution of the intrinsic capacitances and inductances

associated with the jigs must be removed from the measurements. Bhis achieved by running

oi1i OAIi PAOAOOOA OiI PAT AEOAOEOS )3 1 AAOGOOAI AT OO
the compression jigs are separated only by air (as opposed to a sample). This open circuit
measurement subtracts the parallel capacitancassociated with the jig from the equivalent

circuit, something that becomes of particular importance should the electroactive region have a

capacitive component within the pice to nano-Farad range that is typical of the jig contribution

[252].TIi OAi 1T OGA OEA ET AOAOGEOA Ai-ABPOE@ABOE&ET DDI i £FODEBA
measurement is taken, where the platinum contacts are in direct contact. This measurement

becomes significant for higher conductivity samples that are more susceptibl® inductive

interference from the jigs- from the contacts, BNC cables or even the LCR meter itself.

4.7.3 Polarisation-Electric Field Measurements

Polarisation-Electric field measurements were taken using aTF Analyser 2000E (aixACCT
systems, Germanywith an FEEModule, and analysed in the aixPloressoftware. RE loops were
measured at 25 °C using a bipolar field application. The bulk sintered pellets were measured using
gold electrodes fired on as described previouslfeach of the bulk samples was ground 0.5 mm
to ensure consistent sample thicknes$or all measurements.The electrodesfired on were of a
radius 0.5mm less than that of the pellet on both the upper and lower surfaces. This was sufficient

to prevent arcing between thetwo electrode surfaces under high applied voltagesthe sanple
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was immersed in silicon oil for the same reasonThe electric field applied was incrementally
increased from 0 kVem? in 10 kVcm?® increments, with the bipolar polarisation response
measureduntil dielectric breakdown of the samples wabserved.This was utilised to quantify

a dielectric breakdown strength of the compositions.However, this is type of breakdown
guantification does not define any statistical dependencies o€lectric field induced dielectric
breakdown8 ! OAO | £ OEAAIT Qi iRhkrerdly eAhbiO & fatgd of Gidiectici A O
breakdown strengths, not characterised in this way.A Weibull statistical distribution of
breakdown strengths is one mechanismof describing a distribution of failure in these OOA Al
ceramic materials where the cumulative dielectric breakdown probability P can be fittedagainst
applied electric field E (relative to itsnominal breakdown field B corresponding to the 63.2 %
cumulative breakdown probability) for a larger sample size; OADOAOAT 6O A
parameterin a two parameter Weibull distribution [262].

5 | 4.37
DO p AQBO—O (4.37)

Consequently,average breakdown strengths can be defined, alongsidmnfidence magins on
failure and the overall range of breakdown strengths Cumulative failure probability can be
estimated for a known operational electric fieldThis offersinsight into the reproducibility of the
ceramics and their field resistance, andwould be more appropriate for commercial scale
application of the ceramic compositiondnvestigated. This type of analysis neccesitates larger
sample size(compared to the single ceramic analysis described initiallythat is not available from
the lab-scale synthesis of dielectric compositions at this stag&he assumption of breakdown
strength from single ceramic samples as opposed to a large batch is sufficient for comparison of

dielectric properties within this thesis.

4.7.4 X-ray Diffraction

Powder Xray diffraction was conducted on all sintered samples. These samples were sintered as
bulk pellets, described insection 4.1, and subsequently crushed and ground using a pesded
mortar into a powder of crystallites typically microns in size. These powders were then annealed
at 600 °Cfor an hour with a slow cooling rate of 0.8 °Cmi# to alleviate the effects thestrain
imparted by the new surface formationmight have on diffraction peak width. The powders were
measured using two different nachines. The Panalytical Xdert3 (Malvern Panalytical,

Netherlands) was used for general phase analysisvith a reflection type BraggBrentano [ -¢ |
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geometry.An accelerating voltage ofl5 kV and a beam current 080 mA was used, with Cut+ 42

(1.54 v radiation irradiating the samples. 99 % of Cw f OAAEAOQOET T xAO £EI OAO/
insert. The powder sample was backfilled into aample holder20 mm in diameter, whilst a scan
stepof 001°wasOOAA Al T 1 COEAAz1@0°¢f] OATCA T &£ pn

For Rietveld refinements, diffraction patterns were measured using a STOE STADI (BTOE,
Germany)diffractometer in Debye Scherrer/ transmission| -¢ fJgeometry. A monochromatic Me

+ 4£(0.7090v wavelength was usedwith a scan range of Z 50 ° and a step size of 0.01 °.

Phase identification was identified using thdCDD Sleve+ software, comparing peak positions to
PDF cards of known phases in the ICDD databagdetveld refinements were conducted using
GSAS 11[263] software, refining background coefficients, instrument parameter Cagliotti
functions (for peak shape), lattice parameters, crystallite size andmicro strain, atomic

coordinates, site fractions and isothermal parameters.
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5 Results Chapter 1. Composite arrangement of Na xBai-
xNbxTi1xOz (NNBT) z BaTiOs (BT) as an alternative to

multilayer systems for reduced TCC dielectrics.

5.1 Introduction

As describedin chapter 3, BaTiQ; (BT) is a prototypical ferroelectric material that undergoes a
series of phase transitions upon cooling, with the paraelectrierroelectric displacive type cubic
to-tetragonal transition characterised by asharp, large permittivity peak manifesting the
associated change in order parameteMNaNbQ (NN) differs from BT in being characterised as an
antiferroelectric material at room temperature consequent of the antiparallel arrangement of
Nbs+ cation displacementsthat occurh &I Ol ET C Thé& haxiduwndermitiivity@Bserved
for NN at the paraelectricantiferroelectric phase transition is considerably smaller than that of
BT but is observed at a much higher temperature, ~360 S@nd with aconsiderable permittivity
variation with temperature . Both BT, and in particular NN share the inherent compaitional
flexibility capable of hosting a variety of speciesvithin its component A and B site sublattices
afforded to it by their perovskite structures, through cation displacements independentand/or

cooperative octahedral[BOg] tilting sequences or a combination of both.

Dopants with a range of radii and valence, or vacancidsave beenwell characterised to stabilise
in the perovskite structure at the expense ofsymmetry reductions. In fact, chapter 3.3
characterisedthe capability of solid solution formation between NN and BT, forminghe self
compensatingNaBaixNb«Ti1.xOs (NNBT) series, with relaxor -ferroelectric dielectric properties
obtained when the solid solution transitions towards equimolar NNBT compositions.
Unfortunately, the TCC variabilityremains unsuitable for X7R or X8R class Il dielectrics despite
the high permittivities and low dielectric losses they exhibitChapter 3.8 revealed thecapability
of usingthese NNBT compositions irbilayer laminations with serial electrical connectivities to
make use of he good dielectric properties theyexhibit, utilising the compaositionally driven

distribution in T ., afforded to the solid solution.

This results chapter will focus on work not conducted byFoeller et al[231] or Kerridge et al
[149,232] regarding the compatibility of these bilayer structuresfor X7R rating when sintered
without the use of Au interdiffusion barriers, characterising interdiffusion rates between NNBT
compositions. Interdiffusion has already been reported to occur at the interface of 70/87.5 NNBT

bilayers, inducing a ternary NNBT components ~ 100 pum thick, anidducing a loss of X7R rated
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TCC[149]. @mpositional homogenisation studies between NNBT components considered for
bilayer usewill assess theates of diffusion between components of the NNBT solid solution to
understand if there are preferential areasalong the binary solution that compositionscould be
selected from to inhibit the requirement for expensive diffusion berries during sintering in a
bilayer configuration. Diffusion rates will be analysedthrough the sintering of NNBT ceramic
composites and analysis of the permittivity responses to identify the retention of electrically
distinguishable heterogeneity post sintering, with respect to the permittivity responses expected
of the NNBTcompositecomponents.In the process, the retention of compositional heterogeneity
in a NNBT based biphasic ceramicomposite post sintering will reveal TCC stabilisation and an
alternative NNBT macrostructure forX7R rated class Il dielectrics in MLCQhat could canpete

with bilayer systems proposed previously fordielectric commercialisation.

5.2 Chapter Overview

This results chapter will begin with an overview of the dielectric and structural characteristics of
the NN-rich half of the NNBT solid solution considered for NNBT bilayers in work by Foeller et al
[136,231] and now considered for ceramic composite structures for X7R class Il dielectrics.
Kerridge et al [149] observed the deleterious effect oflosing X7R rated TCC when the
70/87.5NNBT bilayer wasco-sintered in the absence othe Audiffusion barrier used by Foeller
et al[231].However, work published hadno comparison of how fasthe interdiffusion rates were
between NNBT materials Thus, this chapter will progress with a series of diffusion studies
regarding the permittivity responses of sinteredcompositesof NNBT and BTunder short dwells.
This will involve identifying if phase related permittivity responses (BT or NNBT related
anomalies based on associatednland diffusivities) are distinguishable post sintering, comparing

their intensities and inferring retained volume fractions.

Following the observation that compositional heterogeneity retained due to lower diffusion rates
between certain components of the NNBT solid solutioroffer a more thermally invariant
permittivity response, the remainder of the chapter focuses on optimising the permittivity
responses of thesenow composite structured NNBT systemsas an alternative to multilayer
architectures for X7R rated dielectrics. This focuses on quantifying the dielectric response and
physical microstructures of the composites and detrmining the reproducibility of such
configurations. Reproducibility is an essential parameter to sustain any hope of industrialisation

and challenge to theNNBT multilayer systems proposed.

5.3 Experimental Conditions
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All samples were synthesised using the conventional solistate route. NNBT samples were
calcined once at 1000 °C and sintered at 1250 °C for 5 hours. The 70/87.5NNBT bilayer was

sintered using the same conditiondy Kerridge [149].

N 1250 °C (5%, 0.5%) HR

Q& *‘NNBT, 70/87.5 Bilayer

& BT -xNNBT

Figure5.1: The sintering conditions used in Results Chapter 1lfdicates the dwell time used fo
NNBT and 70/87.5NNBT bilayer sintering** The dwell time used for samples hand mixed in
homogenisation studies and for the BISONNBT composites investigated.

To investigate homogenisation rates between handiixed components of the NNBT solid
solution upon sintering, the same sintering temperature was used albeit at a shorter dwell period
of 0.5 hours with the intention of preserving electrically measurable compositional
heterogeneity. The composite systems consequent of this homogenisation study, formed of hand
mixed BT-60NNBT, initially in a 50:50wt.% ratio but later with optimised weight percent ratios

retained these same sintering conditions.
Sample density () measurements were calculated using the geometrical method:

(5.1)

a
&)

The average thickness and diameter of the pellets was measured using digitallipers with an
associated uncertainty of £0.005 mm, from which the sample volume (V) could be calculated.
Mass (m) of the sample was measured on an electronic balance with an associated uncertainty of
+0.05 mg. The theoretical density of NNBT samples wabtained from Rietveld refinement of the
X-ray diffraction patterns based onthe total mass in the unit cell (from refined site occupancies)
with respect to its volume (from refined lattice parameters). Relative density was then quantified

as the ratio d sample density to the theoretical density:

] 0T (5.2)

For the 70/87.5NNBT bilayer and composite BINNBT architectures, the theoretical density was
calculated using:
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P O @ (5.3)

where (xih 1),Mx2h ) mre the volume fraction and theoretical density of phase 1 and 2,

respectively, in a binary phase multilayer system or composite.

5.4 NaBarxNbxTi1.xOz (NNBT) compositions utilised

5.4.1 Overview

Four NNBT compositions wereinvestigated, having previously been considered for use within
the NNBT based multilayer arrangements for reduced TCC dielectrics:

Table 5.1: The NNBT compositions synthesised and characterised.

Composition Acronym
N&ao.6Bao.aNbo 6Ti0.403 60NNBT
Nao.7Bao.3Nbo.7Tio.30s 70NNBT
Néao.sBao.2Nbo gTi0.20s 8ONNBT
N&o.s75B&0.125Nbo 875 Ti0.12503 87.5NNBT

This corresponds to a range beginning close to the centre of the solid solution, 60NNBT, and
ending towards the NNrich end, i.e. 87.5NNBT.

5.4.2 XRD ofNNBT

All NNBT samples synthesised are refined with a phase pure average structure post sintering,
with all peaks observed in the diffraction patterns being indexed, figure 5.2. Thassociated
refinements are listed in Appendix 1, figures AJA4. Samples do not appear phase pure after
calcination at 1000 °C for 6 hours, appendix 1 figure A5; however, the secondary phases in the
calcined powders do not appear to have affected phase formation dog the elevated

temperatures of sintering. Additional higher temperature calcinations (prior to sintering) were
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not utilised due to the volatility of Na at such temperatures, and the potential nestoichiometry

additional calcinations could induce
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Figure 5.2: XRD diffraction patterns for the sintered NNBT compositions at room temperature, transitioning
from orthorhombic Amm2 to tetragonal P4mm and cubic Pm3m with increasing BT content.

87.5NNBT exhibits an orthorhombic Amm2 symmetry, with irphase and antiphase tilting of its
[NbGs] octahedra producing the S1 and S2 superlattice reflections evident in figure 5.3, at
i ¢clf*x pe8o Jthe NNwahient detehsesa Guppression of the inphase and antiphase
octahedral tilts present within the orthorhombic observed fromfigure 5.3 with a loss of the S1
and S2 superlattice reflectionsThis induces a ferredistortive transition to a tetragonal P4mm
symmetry in 8ONNBT. Splitting of theBragg peaks assigned to the pseudrubic sub-cell, such as
the (002)/(200) shown in figure 5.3, reveal ths tetragonal distortion. This is subsequently lost
upon further BT substitution into the respective A and B sublattices, with a cubic Pm3m

symmetry describing a compositionally disordered average 70NNBT and 60NNBT structure.
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Figure 5.3. Loss of super lattice reflections (S1 and S2), associated withphase and out

of-phase tilting asthe BT content increases. The righhand side reveals a loss of peak

splitting associated with an increase in symmetry as the solid solution transitionthrough
its orthorhombic, tetragonal and cubic symmetries.

The refined site fractions are close to the nominal stoichiometry for all compositions, appendix
1 tables AXA4. Relatively linear expansion of the pseudoubic sub-cell is observed as the solid
solution progresses from 87.5NNBT to 60NNBT on account ofdrsubstitution of Na (1.36 A) by
the larger Ba (1.61 A)86]. The theoretical densities of the synthesised NNBTSs, calculated from
the refined site occupancies and lattice parameters, are tabulated in table 5.2. The theoretical
densities decrease with increasing NN content despite the decreasing unit cell volume shoin
figure 5.4. The relative densities for the sintered NNBT samples aatso tabulated in table 5.2 All

. "4 OAI Bl AO5%E ith density increasing in proportion to NN content with the
exception of 8ONNBT with 97.2%.

Table 52: The theoretical and sample densities of the NNBT compositions synthesised.

Composition Theoretical Density Sample Density (gcm Relative Density
(NNBT) (gcm3) %) (%)
60 5.049 4.853 £ 0.062 96.1+ 1.23
70 4.924 4.850 £ 0.038 98.5+ 0.77
80 4.770 4.636 £ 0.22 97.2+ 4.61
87.5 4.681 4.626 = 0.054 98.8+ 1.15
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Figure 5.4: Room temperature pseudecubic sub-cell lattice parameter and volume variations
with NNBT composition. A linear increase in volume is observed for increasing BT inclusion,
obeying Vegard's Law.

5.4.3 SEM of the synthesised NNBT compositions

Figure 5.5shows the micrographs from the back scattered electron (BSE) signals obtained from
regions of each NNBT compositionsynthesised Grain size progressively decreases with
increasing BT content, whilst dense but variable microstructures are evident across the range of
the solid solution analysed. The relatively NNich compositions show a fairly conventional
ceramic microstructure featuring a distribution of differing grain sizes, each with a truncated
octahedral type morphology and dihedral angles at the imtrstices typical of dense ceramics. 60
and 70NNBT exhibit a range of morphologies within the microstructure, including smaller grains
of this octahedral type but also much larger platelet formations and rounded areas dispersed
amongst the microstructure. Aide from morphological variation, no significant contrast is

evident within the bulk of the sample that would imply secondary phase formation.
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Figure 5.5: Back Scattered electron (BSE) micrographs of the NNBT compositions, all at 2000
magnification. Variable morphology is observed within the 60NNBT (and to some extent 7ONNBT)
samples with respect to the conventional ceramic microstructure observed in th@0 and 87.5NNBT

compositions.
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