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Abstract

The initial motivationsof this thesis were to dope paraelectric SETwth niobium alongside

an Assite vacancy compensation scheme so astudy theresultingchemical defectand
potentially manipulate them in order ¢oeate a macroscopic dipole to indacgiezoelectric

effect However, it is made clear that this thesis is not an attempt at creating a new, nor
modifying an existingferroelectricsystem.

This thesis willcover an introduction to piezoelectric and ferroelectric materials, due to the
aut horés inclusion within a piezoelectric re
researchA literature review intahe defect chemistry @rTiOs was carried ouincluding the
effects of norstoichiometric SrTi@, acceptor and donor dopintpllowed by a review of
existing defect dipole researcBamples of Sk2Ti1xNbxOs, Sih.9Ti1xNbxOz, SrTixNbxOs,
SrTizxMnxOs and SrTixCoOz were produced via thenixed oxide solid state reaction
technique Samples were characterisesing Xray diffraction and scanning electron
microscopy Following thiselectrical characterisatiomas carried ouandimpedance, electric
modulus and permittivity datawere examinedin order to better understand thiefect
mechanisms taking placEomplex impedance analysisas used as an initial comparison of
conductivity before deeper analysis of the frequency dependence of impedance and modulus
data was conducted.

Detailed analysis of the impedance and modulus data showeel&aatornc conduction
dominatedthe electrical behaviour of all Néboped SrTi@ samples The conductivity was
much more electredominated in th&-site Nbdoped samplesompared tdhe A-site \vacancy
samplesThis resulted in &lue colouration ofamplepellets, indicating the reduction of*Ti
to Ti** and higher conductivigs The influence of Sr vacanciesatsoapparent from the lack
of increase in conductivity in the S, samples despite ten times the increase in Nb content.
It was shown thathie addition of large concentrations Afsite vacancies to the perovskite
system enabled it structurally to accommodate large amounts of Nb, but it also significantly
reduced thancrease in conductivitgeen by Nb dopingequally, the large amount of Nb
doping enabled the SrT¥dystem toacceptiarge amounts of Sr deficiencies (up to 15%) by
charge compensation. The vacancy/donor compensation schesm®ws to bekey to
maintainingthe SrTiQ perovskite structurdy charge compensatiopyovenby the Sgg
sample set which began to eject 783 a secondary phaae Nb dopant decreased
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1 Introduction

1.1 History of Piezoelectrics

In 1880U-SiO, (quartz) was discovered as the first matetigplaying the direct piezoelectric
effect by the Curie brothdfd, [2]. The term for HApressureodo i n Gi
convey the obeslee vtdalliThé poneses piezoelectric effect of strain
occurring from an applied electric field was discovered by Gabriel Lippmann if21884th

the outbreak of World War One in 191the development of underwater acoustic technology
was accelerated leading tetfirstultrasonic signal transmission in 1917 off the coast of France

by Dr. Paul Langevin with the support of the French NavyBy 1921 Rochelle salt
(KNaCsH406A 4.8)was the first piezoelectric crystal to &ificially synthesised andespite

having a stronger piezoelectric response than quartz, had a poor temperature stability,
motivating the search for new materidisthe 1940€Barium TitanateBaTiOs, was the first
polycrystalline ceramipiezoelectric material to be discoverediaasearch into the material
accelerated due to pressures from SeeondWorld War. It was quickly implemented in
acoustic transducers. BaTa@as found to have a much higher dielectamstantthan any

other ceramics at the time (eg. B)@nd the causef this was discovered to be ferroelectricity,

not brought on by hydrogen bonding for the first {igje Another important milestone
surrounding BaTi@was the development of the poling process, wheretly ofBaTiOz were

bent and voltages were obserjgjdanda voltage was used to reverse the polarised regions
(domains)within the ceramic. Following the research into BagiCeadNiobite (Pb(NbQ)-)

was discovered in 1952 which was structurally quite differerBa®iOs, and a series of
niobatebased material@ere investigatedArguably the greateshilestonein the progressof
piezoelectric materialwas the development afeadZirconateTitanate PZT, with its strong

and stable piezoelectric properties; the leaps in technology subsequently were sightigant.
current dominant material used in piezoelectric applications iP&M4]. PZT is so widely

used beause it displays the most competitive piezoelectric properties, and is also made from
relatively cheap raw materials, which enables it to be used in a wide array of technological
applicationsFigure 1.1 displays a timeline of the development of piezoelectric materials and
the improvemenin properties over timdn the book Piezoelectric Ceramics 1971, written by
Jaffeetal[3].Jaf fe comments that #fAexciting future
hope this is still as true today as it was only 30 years after the initial discovery of piezoelectric

materials.
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61[1]. Timeline of piezoelectric discovery and developments.

1.2 Fundamentals of Piezoelectrics

Ferroelectricity is defined by Jaftd al[3] as a spontaneouspdile reversible by 180due to

the application of aelectric field.In equal conditionstiis seenthat ferroelectricity is harder

to observe in a ceramic in comparison to a single crystal because of the random orientation of
grains within a ceramic. Therare a number of criteria therte observeth ferroelectrics such

as a hysteresis loay polarisatiorunder an applied alternating electric fieldd a Curie point,

but it is the reversible dipolehat is the differentiating criterion for ferroelectridy.
Piezoelectric materials are functional materials that can convert mechanical energy into
electrical energy, and also convert electrical energy into mechanical energy. This is known as
the direct anaonverseeffect, respectively. Piezoelectric mategsahould be poled to produce

a controlled direction of domain orientation in order for them to be used in technological

BN

applications, this fAfreezes i no the domain

The difficulty or confusion arises when diffeteating between piezoelectric and
ferroelectric materialsas all ferroelectrics are piezoelectric, but not all piezoelectrics are
ferroelectric. Quartz and Rochelle salt are good examples of this. Theprogertybased

difference between ferroelectri@nd nonrferroelectric piezoelectrics is their temperature

2



dependent behavioufl]. The temperaturdependent properties of notierroelectric
piezoelectrics, before their melting and/or phase transition temperature is reached, are
associated with their electronic/ionic polarisation contribtiand thermal expansion as a
function of temperatuf#]. If the crystal has low resistivity, ionic conduction or space charges

dominate their temperatuteependentonduction, for example at high temperat{tgs

An original classical modaeif ferroelectricityisthe fir at t | i ng i [BlnThisnodel 0
model suggests théte off-centreposition ofa B-site cation is due to its size being too small
for the surrounding octahedral cage, allowing it to movecefitre when acted upon by
electrostatic forces of the surrounding atomsstlreating an asymmetry, and these forces
cancel out the long range repulsive forces. This model does not however explain why the
majority of ferroelectric materials seem to hawsi cations with a%owest unoccupied
band (conduction band), eg.*Ti Zr*", Nb°*, T&*. Energetically speaking long range
Coulombic forces prefeanoff-centerequilibrium positioni.e. it is energetically unfavourable
for the structure to form the o6ideal cubi c

temperature phase of most ferroelectric matd@hls

1.2.1 Crystal Structures and Symmetry

The tem ferroelectric refers to a material that has a spontaneous net dipole moment, which can
be reversed when subjected to an applied electrid fieloh order for a net dipole mometat

be possible, the crystal structure of the material must be@aanosymmetri@]. There are 7
crystal systems:cubic, tetragonal, orthorhombic, trigonal, hexagonal, monoclinic, tri¢linic
(Figure 1.2) within which there are 32 point groups. 11 of these point groups are -centro
symmetric and 21 are narentrosymmetrigl]. Of these 21 neoentrosymmetric point groups,

10 are polar (pyroelectri@]. Non-centrosymmetric point groups (those without inversion
centres) can be pan, chiral, both or neither. A polar point group is one whose symmetry
operation leaves more than one point in the shapsved, and the line between these points
is defined as a unique direction within the point gf@Qp A chiral point group contains only
rotational symmetry operatiofi®]. A diagram is shown below to show the separation and
overlap between materials which fall into the above categories, as theiemtifi@on will be
important later in this study. In summaril,farroelectric materials are pyroelectrimtnot all

piezoelectrics are ferr@r pyro-electric Figurel.3).



Lattice planecan be used to interpnetray diffractiondataand explain the orientation of a
crystal latticgl1]. In a unit cell, the edges of the cell are the lattice paras)eted the axes
stemming from asingle point of origin are labelled »y, and z. If a plane within the cell
intercepts the x axis at a/2, the y axis at b/1 and z at c¢/2 then the reciprteseaire the
miller indices212 If all three axes are not intercepted for example the x axis a/l, y axis b/2
and no interception of the z axis, this would beltP@plang¢l1]. Miller indices are represented
in round brackets (uvw), directiom® vectors in square brackets [uvw] and symmetrically

equivalent directions or planes written in triangular brackets <{aiy>
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Figurel.2: lllustration of Bravais lattices or crystsystemgLO].



Ferroelectric |Pyroelectric | Piezoelectric

Figurel.3: lllustration of material types and their relationships, adapted from Shalebkhi
al[12].

1.2.2 The Perovskite Structure

The most common crystal structure found in piezoelectric materials is the kp{da. The

perovskite unit cell structure is a simple cubic unit celbelledafter calcium titanatwith the

basic chemical formul&B X3, with the metal cations at the cornersgife), a traditionally

smaller cationin the bodycentre location (Bsite), and oxygeior fluoridein the face centre
location$13]. This work will consider oxiddased materialsThe oxygen ions form an
octahedron around the central smaller cafidgre larger cations and the oxygen anions form a

cubic close packing sublattice across the struddtelronically CaTiGQi sndét actuall
ideal cubic perovskite structure as it is an orthorhombic structure, SiSTEDmore accurate
representationqigurel.4d) . The o6i deal &6 perovskite RBRntructur
3mwhich is often the highest symmetry structure for most materials, and from this parent

structure others can foff®b].



Figurel.4: Cubic SrTiQ Pm-3mperovskite structure. Made on CrystalMaker software, O is
red, Tiis blue and Sr is green.

The perovskite structure can tolerate A, B and O site vacancies alongjfféitences in sizes

of the A and B site ions, which can affect the piezoelectric properties of a nja8ridhe
perovskite unit cell has the flexibility to be able to distort or elongate in certain directions that
enales a material to shift between crystal structures under varying conditions, which leads to
the resulting piezoelectric properti€ghere are three ways that have been identified that a
perovskite structure can distdrs]. These are: Bite cation éplacement, for example that
seen in BaTi@with the tetragonal structure stemming from the movement of the Ti atom along
the caxis, distortion of the B&octahedra relative to one another, and finally octahedral tilting.
Octahedral tilting is defined asovement around a symmetry axes with strict connectivity of
the Asite cations. Howard and Stak&5] observe that this allows flexibility in the-gite
coordination whilst the Bite octahedra remain relatively unchangedan Gdeab cubi c
perovshte structure with all elements having perfect spherical radii Qf B and R the

following relationship exists:

o —— p  [13]

Wheret = the Goldschmidt tolerance factorhis relationship should be interpreted with
caution as it is based on the ionic radii of the atoms, which can change according to
coordination number and that in turn can affect the stredself.There are also many versions

of Aionic radiio, the one thesisigthagbegShanhddc].u s e

an



In order for the perovskitersicture to be stablemust be between 0.9 and 1.1, and significant
deviations from this will prevent the material forming the perovskite stryt®ireFor
example, LINbQ despite appearing to be a good candidate for the perovskite structure based
on its chemical formula, has a tolerance factor which is too low due to the small size of the Li
ion[13]. Instead it forms a structure with tNd ion still in an octahedral cage, but the Li ions

are interstitial ions among the octahedra which are linked at the dafjerdn occasions
where the perovskite unit is formed however, materials tithtend to bedwer symmetry
orthorhombic or rhombohedral structures, and materialstwithiend to be higher symmetry

tetragonal or cubic structures, the cubic of course being paragliitric

1.2.3 Non-Perovskite Piezoelectrics

Besideghe most common perovskite structure, there are also three other important structures
in piezoelectric materials. Bismuth layered structures behave similarly to perovskites in that
they are layers of perovskite with intermediate layers ofgB#[13]. These structures are
frequently tetragonal structure at high temperatures, as there are limitations to distortions and
orientation changes, but they do sometimes transition into orthorhombic or monoclinic
structures at lowetemperaturd43]. Tungsten bronze structured materials have the chemical
formula AB20s, and are particularly complex structures with three types of interstitial cell and
five formula units per unit c4ll3] and the Bsite is often occupied by W, Ti, Ta, or Nb, hence

the name tungsten bronze.

There is an emerging group of new ferroelectric materials, which are in the form of simple
binary oxides such as H¥ZrO. based mterials. There is currently a large body of work
demonstrating the ferroelectric properties of dopedaHti@hin film form for memory devices.
Hafnia is a simple binary oxide (nguerovskite) with a good compatibility with silicon and
low permittivity andis relatively easy to deposit, which makes it appealing for use in memory
device applicatiorj47]. As there has been an increasing area okwmto thin film HfOy, it
has been considered that if the same ferroelectric properties could be reproduced in pulk HfO
or similar compounds, this could be a promising new area of research for bulk ferroelectrics.
HfO- in the bulk forms a thermodynamibaktable monoclinic crystal structure of the space
groupP24/c[18]. This is a centrgymmetric structure artierefore is notferroelectric. Phases
of higher symmetry Hf@ such as tetragonal and cubic, were found and stabilised by

optimising a combination girocessingonditions such as thermal treatment and mechanical
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strain, among otheB9], some of which were ferroelectriérO; is chenically very similar to

HfO2 and as such can be used in conjunction with hafnium to form binary structures or used in
doping other Hf@based systems in order to induce ferroelectrid@ikys subchapter serves to
illustrate that there is an expanding body research into the less traditional ferroelectric

perovskite route to piezoelectricity.

1.2.4 Polycrystalline Ceramics

Piezoelectric materials are produced in many forms to suit the requirements of the application,
such as polycrystalline ceramics, singlestays and thin films. Polycrystalline ceramics are

the focus of this research and consist of crystallites of random orientaiived by grain
boundarieR0] . The advantages to producing polycrystalline ceramics are that production is
much quicker and cheaper than single crystal or thin film production as wali@s more
scalable and repeatable in an industrial setting; some single crystal techniques take up to a
month to grow a crystal (Bridgeman method) ariigh yield singlecrystal is not guaranteed

at the end of itVery often the process is unsuccessh a polycrystal results of a composition

that was unintendedThe piezoelectriccoefficients of polycrystalscan sometimes be
competitive to those displayed in single crystals and thin films through doping and processing
techniqueR0]. The piezoelectric properties afmaterial can vary with direction across the
samplg9], however, polycrystalline material&rgely possess less anisotropy in comparison

to single crystalgpoled PbTiQ being one exceptiorjue to the greater degree of random
orientation across all directions of the mat¢®ialSingle crystals are anisotropic and therefore

display different properties accorditmthe directional cut of the sam[ig

The main distinguishing factor in polycrystalline ceramicsthie presence of grain
boundaries. Grain boundaries separate the crystallite grains and can be either secondary phases
or the same phase as the grain but in a disordered2fbfnGrain boundaries are often less
dense than the gramaterial and can provide diffusion pathways for species such as vacancies
and gas molecules to pass through the sd@fdleOne of the main negative aspects of
polycrystalline ceramics to be cautious of is that due to the presé¥both grains and grain
boundaries, significant compositional variation and inhomogeneity can be seen across a sample
which can have a negative impact on electrical and electromechanical properties. Grain size

and sample density are also points to @®rsn the production of polycrystalline ceramics as



these can also affect the properties of the sample. These conditions must be consistent in

ceramics production which can be difficult.

1.2.5 Phases and Phase Transitions

As discussed itsection 1.1, the first commercial ferroelectric material to be developed was
polycrystallineBaTiOs. BaTiOs hasa perovskite crystal structueand is tetragonal below its
Curie temperaturef 130°C[2][4]. The structure of BaTi@has aspontaneoudipole moment
along theg[001] directionin the tetragonal phasg@11] in the orthorhombic phase below&

and the [111] direction in the rhombohedral phase which occurs b8®C [2]. The dipole
moment and crystal structugeve rise toferroelectric propertied-igurel.5). BaTiOz has been
adapted through years of experimentation tmodify its ferroelectric properties by
microstructural modification, stoichiometric modification, and by doping on tlamd Bsites.
These dopants such as Pb or Ca can stabilise the tetragonal phase of theandiféeiant
temperaturgg]. BaTiO: was found to have eelatively low Curie temperatufg22], which
meant that the material could not be used in high temperature applications. The Curie
temperature (d) of a piezoelectric material is importaa it is the temperature above which
the material ceases to be ferroelectric; that is, there is a spontanepokngeand phase
transition into a paraelectric state with a centrosymmetric strj2@jreFollowing the
discovery of ferroelectric BaTi¥zame the development of lead zirconate titanate (PZT) which

has a much greater ferroelectric temperature stability.
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Figurel.5: lllustration of crystallographic structure shifts of Ba[i§).

PZT wasproduced combining the tetragonal Pb3#hd the orthorhombic PbZgQvith the
effect ofachiewng the morphotropic phase boundary found in Pb{Zi)Os [4] at Zr/Ti =
52/48 %. The variation of the Zr/Ti content influences the shifting crystal phases of this
material between rhombohedral and tetragoAamaximisation of piezoelectric properties
(often the piezoelectric strain constdhfrequently occurs on a morphotropic phase boundary
(MPB); a sometimes temperatelependent (polymorphic phase transition, PEB)
compositionally driven region where the crystal is shifting between two or more crystal
structurept]. The superior piezoelectric properties arise from the ease at which the composition
can shift between two ferroelectric phases, giving rise to large strain JValties case of PZT

this would be between a tetragonal, rhombohedral, and dlsedescovered monoclinic phase
along the MPRL3] (Figurel.6).
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Figurel.6: Phase diagram of PZT illustrating morphotropic phase boufgfjry

1.2.6 Poling, Domains and Hysteresis

A ferroelectric polycrystalline ceramic, despite having a spontaneous polarisation, has
crystallites within the ceramic that are randomly oriented. In order to indueigpalarisation

direction and to align the majority of the dipoles withinthe ceramit,e s ampl e mu st
under an applied electric field. This results in a permanent alignment of dipoles or crystallites

within the material in line with the electric field directj@d] (Figurel.7).

SN — \( /] |

Figurel.7: lllustration of poling andlggnment of dipoles under an applied electric field.

The Curie Temperature €J is the temperature above which the polarisation is lost and the
sample then becomes paraeledtn@. has no polarisation direction. Ferroelectric domains are
11



clusters of small dipoles within grains of a ceramic, and the interface between thenrare refe
to as domain walls. The formation of domains on cooling from gwrdates strain within the
ceramic due to unit cell distortion, and so domain walls are limited in their direction according
to the newly assumed crystal structure of the ceramiexample in a tetragonal structure the
domain walls will be at 90and 180, whereas in a rhombohedral structure the walls will be at
71°, 109 and 180[6].

Under the effect of an alternating electric field the domains orientate with the direction of
the applied electric fielfk0)land t he del ay or fl ago that com
process produces the classic characteristic hysteresis loopa#idetrics Figure1.8). The
hysteresis loop seen in theEBPmeasurements of a sample is the clear characteristic of a
ferroelectric material. The hysteresis loop pdeg a number of details about the behaviour
such as the remnant polarisatior)(Bnd the coercive field ¢g6].

P,C/m?
0.6

0.4

0.2

-3 -2 —1 0 1 2 3
field strength, kV/mm

Figurel.8: An illustration of the classiB-E loop seen in ferroelectric materigds

As previously stated, a ferroelectric material requires an electric field to switch its state of
polarisaion by 180. The energyrequired to remove the spontaneqarisation can be
overcome without a field dtigh enoughtemperaturesesulting in the materiatansitioning

into the paraelectric statndit is depoled Above these temperatures, most feleotric

materials obey the Cur@/eiss law shown beld\8]:
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WhereU is the relativepermittivity, C is the Curie constant and i$ the Curie temperatyf.
With regards to SrOg, it no longer obeys the Curi&eiss law below approximately 106§
which coincideswith structural phase transition from paraelectric cubic to low temperature

incipientferroelectric tetragonal phd2é].

1.3 Defect Chemistry and Doping

This thesiswill place a large focus on doping of perovskite materials, and the changing effect

of their defect chemistry on electricatansport properties such as diffusion and
conductivityf14], and as such a brief explanation of defect chemistry of metal oxide materials

is important.The equations below describing the different types of chemical defect are all
written using the conventional BgerVink notation. They also show the balance between
defect species and new defect species such as electrons or oxygen vacancies that are created or
absorbed in the material in order to preserve charge neutrality aoedsstice. KbgerVink

notation will be used throughout the rest of this work. The system is as fdligws

o

(X) Main symboli This is the defect species and is represented by the atomic symbol for the

speciesan electron (e), a hole (lor a vacancyV).

(Y) Subscript symbdl This is the original site that is being occupied by the new dgjectes,

including ani for an interstitial site.

(Z2) Superscript symbdl This shows the charge difference on the defect species compared to

the original perfect lattice site, for example X= neutfa,plus one positive chargh plus

one negative chge.

Chemical defects in materials can take several forms. The first most basiesi®ibiometry,
the intentional or unintentional variation of ions from their intended formula and lattice

composition. Changes in stoichiometry can affect the valeatsssif remaining ions, unit cell
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expansion and charge balances across the [d{tid¢éne defects are long range disorder to the
lattice periodicity and although these can have an effect on the macrogogpecties of a
materia) will not be discussed in great detail in this work. Point defects are atoms that are
vacant, newly added (such as dopants or impurities), or disfild¢edhere are both intrinsic

and extrinsic types of point defect.

Intrinsic point defects are either Schottky defects, or Frenkel defects. Schottky defects are
an electricallyneutral pair of anion and cations removed from and then relocated to different
lattice sites, leaving behind a complementary pair of neutral vacpticidsl]. For example,

in NaCl, (where nil represents a perfect neutral crystal |gttice

g 0w oF[14]
or in CrOs:

g 0fc  ouF[14]

Schottky disorders occur at surfaces, which is an important factor of electroceramics due to the
presence of grains and grain boundatesprovide surfacefr formationand transport routes

for vacancies, this is much less the case for single crystals which do not possess these grain
boundariesFrenkel defects are simply one relocated ion from its original position in the crystal
lattice to an unoccupied sffd. This is often an interstitial sia site between existing atoms)

so factors such as ion size vs site size thediccommodating electrostatic environment are

key to determining if the relocation can take place. For examgBy, where subscript

represents an interstitial site:

0 0Qf 6B o [14]

In this caseAg is well suited to moving through the lattice and locating on an interstitial site
due to its unique electronic structfiré]. This case is an example of a cation Frenkel defect.

An example of an anion Frenkel defecthat seen in CafF

"0f 'O WF [14]
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Anion Frenkel defects are less common because of the site size and electrostatic environment

required by theelocating anion.

Extrinsic defects are those creatayl an external addition to theeal lattice, either by
intentional doping, or accidental impurity. Dopant atoms replace original site ions up to the
solubility limit of the new system, and dopambms occupying interstitial sites are fd4.
Dopant atoms can be isovalent or aliovalent. Isovalepiants are the simplest case as a
substitution occursuch thathere is no charge discrepancy at the lattice site. As such no new
defect species need to be created in order to maintain charge nelwraléyample of this
would be the binary system NiOCoO. The Co substitutes on a Ni site easily and with minimal
disruption, resultingn complete miscibility until a temperature is readtat which phase

separation occurs.

Aliovalent dopants, however, are much more complicated and are the basislof mu
research. Doping with aliovalent ions can be used to affect the diffusion and transport
properties of a material because of the new defect species that must be created in order to
maintain charge neutrality acrotbe latticg14]. It is these defects that are often involved in
the fluctuation of electrical properties such as conductivity in a matenisdxample oxygen
vacancies or free electrorBonor dopants can be compensated by either cation vacancies,
electrons or more complex interactions such as the reduction in anion vacaheasew
compensating defect species that is created often matches the size and charge of the original
defect species to mattiheelectrostatic environmejd#d]. The type of defect species present in
a material are key to understanding and influencing the electrical properties of it, and as such
doping will play a key role in the experiments carried outhis work to use defectipole

techniques to influence the piezoelectricity of a material.

Defect dipoles are a species that were first identified by Lambeck and Jonker 261978
and were found to be responsible for the aging phenomenon seen in ferroelectric niaterials
where the polarisation strength of a poled sample deesewith time. Defect dipoles are
commonly an acceptor defect (such adN§lp PZT) paired with a nearby oxygen vacancy.
Experiments have shown that the binding energy between an acceptor defect and the closest
oxygen vacancy is thermodynamically favdalef27], and so after a period of time the oxygen
vacancies in a poled sample diffuse through the lattice until they arrive next to an acceptor
defect and a defect dipole is formed. Examples of defediedipin different ferroelectric

materials are shown bel¢27]:
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D& o# inBaTiOs
66 o#F inPZT
"0Q O BinPZT

66 &% inKNN

These defect dipoles aable to orientate with the polarisation direction of a ferroelectric
lattice. In a cubic paraelectric structure all orientation directions are energetically favourable,
but when a sample is poled the deféipblesorient along the polarisation directiamline with

the electric field. As cation defects are considered to be relatively immobile at equilibrium
conditions, it is the oxygen vacancies that are responsible fabdervede-orientation of
defect dipoleR7]. As yet defect dipoles have only been identifiethe oriented formation in
ferroelectric materials that are poled. This work will aim to deterrifi@y of the defect
dipoles that form in dope8rTiOz, a paraelectric materiat roomtemperatureand attempt to
orient them under an electric field in order to produce a macroscopic dipole, and & turn

piezoelectric effect.

1.3.1 Aging and Fatigue

A decrease in the polarisation strength of a piezoelectric material can occur naturally qver time
this is known as aging. If the material degrades from an externally applied electric field this is
fatigue. Aging and fatigue have similar effects and occur via similar mechanisms; those of
point defects from dopants or impurities forming defect dipoleth present oxygen
vacancieR7]. The defect dipoles that are formed are charged defects creating an internal bias
field and these have the effect of pinning the domains in place when under an applied electric

field such that when the field is revedselomain switching is more difficult.

The three primary mechanisms for degradation are a volume effect, domain effect and
interface effect. The volume effect is seen in accepoped materials where the acceptor
dopant ion forms a defect dipole wiim oxygen vacancy present. The defect dipole has both
an electrical and elastic dipole moment and movement occurs due to the deformation of the
unit cell to accommodate the defect dip2lg. The domain #ect is the movement of charged
defects to domain wallsstabilising them in place. The driving force for this effect is the
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minimisation of electric and elastic forces local to the defect dpdleThe interface effect is

similar to that of the domain effect except that the charged defects diffuse into grain boundaries
or towards secondary phase walls and form space chargq23yénsit are insulatig regions

from which the charged species have vacated. There is a final degradation mechanism which
is specific to fatigue and that is microcracking occurring towards the surface of a sample near
to the electrode. The eifhelkisg-alystaecgtlmgin@ r e
acceptordoped materials, and in fatigue a reduction in the remnant polarisation is seen during

the electric field cycling in donedoped materia[&7].

An exampe of the effect of oxygen vacancies on aging and fatigoessrved irBaTiOs.
Acceptordoped BaTiQ@creates a large concentration of oxygen vacancies, which facilitate the
aging process by forming defedipoles with acceptor cation impurities, pinnidgmains in
place and sustaining piezoelectric properties under applied mechanical stress at room
temperaturgl]. However at increasing temperatures these oxygen vacancies contribute
towards conductivity under an appliedectric field resulting in fatigyé]. Donordoped

BaTiOs generatetess oxygen vacancies, so levels of aging and fatigue are de¢4¢ased

1.3.2 Band Theory and Electronic Structure

The materials covered in this study are classed as semiconductors. It is important to understand
the chemistry of semiconductor materials and also metallic materials and their conductivities,

in order to be able to understand and manipulateffeet of defecthemistry and doping.

The first step in understanding the conductivity of inorganic materials is band[28&o#fy
metal atom can have an electron in the 2s orbital. If there are two metal atoms bonded together
the two overlapping 2s orbitals form a molecular orbital. Multiple metal atoms together create
multiple molecular orbitals of the 15 energy to each other, and this is known as a band. Not
all of the molecular orbitals have to be filled and can be partially occupied with electrons. The
movement of these electrons by an applied electric field across the partially filled molecular
orbitals results in electrical conductivity. The electrons in the lower level occupy the valance
band, and the higher energy band above is the conductionlbanditen only the electrons
found in the valence band that contribute to the conductivity of ariaiatnot the electrons
deeper in the molecular struct[#k Materials such as metals, seoanductors and insulators
all have different conductivity propertigsSigurel.9) If there is a large energy gap between the

valence band and the conduction band, the material is an insulator. If the valence band is

17



partially occupied such that there is room for the electrons to move withipethd, or if there

are overlapping molecular orbitals of similar energy, the material is mekéditallic materials

see an increase in resistivity (or decrease in conductivity) as temperature indieages
increasing electrephonon interactions frorthermal lattice vibratiorjd]. If the conduction

band and the valence band only have a small energy gap between them then the material is a
semiconductor. The resistivity of semiconductaysnerally decreases withincreasing
temperature(there are exceptions PTCR positive temperature coefficient of resistiyity

which is due to the thermal occupation of the conduction band with electrons from the valence

band.

Metals

log (a/S m'")

i

L | -

300 1000 T/K

Figurel1.9: Conductivity vs Emperaturgraph showing properties of metals, semi
conductors and insulators (Moulson pp. 2§)

Intrinsic semiconductors are materials which have electrons th#teareally promoted into
the conduction band due to the small band gap (for example Si arah&ekist without the
presence of dopangnd their conductivity arises from naturally occurring chemical defects or
thermal electron promoti¢®8]. Extrinsic semiconductors are created by either acceptor or
donor dopants. Doping a group 14 material with a group 13 matienaxample)reates an
acceptor level close in energy to the valence band for electronsprorfeted into, leaving

behind positively charged holes T hi & yipse 0a sfepmi ¢ et nydpuecdt osre.mi Acno nidnt
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arises from doping a group 14 material with a small amount of a group 15 material (for
example) creating an electron rich donor level juskolw the conduction band for the

negatively charged electrons to move ja8} (Figure1.10).

r 3
Conduction
Band
E sm . [N

Acceptor Level Band Donor Leve

‘// Gap

Valence

Band

p-type n-type

Figurel.10: lllustration of ptype and rtype semiconductors, adapted fi@8] ppl61l

Electrons move around freely with thermal energy, but at absolute zero the electrons are located

in bands in the material either filling them or leaving them partially ef#ptyhe Fernlevel

is the highest energy level of the electron band at absolutd7e0X) that is occupied by

electrons. The electrons do not have any thermal energy to move to occupy a higher level. From

this it can be used to calculate the density of electrohsles in a material. The Fenbirac
function is an equation which reprefdpgots the

more simply, the probability that an energy level is occupied by an electron.

- Qak— p 4]

This provides the Fermi energy) which is a characteristic of each individual matéial
The Fermi level can also be expressed as the probability of occupancy of an energy state being
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Y at tempratures other than absolute zero wielit[29]. For a metallic material or conductor,
the Fermi level is found within the conduction band, and ifdrinsic insulators and

semiconductors the Fermi level is found in the middle of the barf@%jap

BaTiOs is a good examplehich demonstrates thedfecss of donor/acceptor doping and the
change in electrical properties from band theory. BgTlike most mixed oxides, has acceptor
impurity cations present such assAlIFe** Mg?* and thee will likely substitute on the Tiin
the perovskite. The acceptor nature of these impurities leaves a charge deficit in the lattice
which is then compensated by the creation of oxygen vacancies, normally of a concentration
of 1 in 104], which is not insignificant and isigherthan any intrinsic defects present. At
high temperatures, BaT#shows both nand ptype conduction behaviouConductivity
measurements on semiconductors ranginely taken at high tempemates due to the high
resistivities seen at low temperaturésmperature and equilibration time are key to affecting
the diffusivity of defects in a lattice, i.generallyhigh temperatures increase conductivity in
semiconductorgwith the exception of PER semiconductors)At room temperatureowever
p-type BaTiQ created from doping is observed to be a good insulator-bygenBaTiQ is
semiconductive at room temperat{dg The difference in behaviour is caused by the orbital
structure of Ti*and & . The electronic structure of Ti is [Ar]34F, so that of Ti"is just [Ar],
leaving an empty 3d orbitalhis 3d orbital can become a conduction bankgfdlectrons from
defects are transferred to it, and this requires little energy, so at room tempergipee n
conductivity exists in BaTi®

Another example of the effects of electronic structulmit this time on ferroelectric
propertiesis observe in PZT. PZT can be doped with donor and acceptor ions in order to
manuf asoftbu reehadd Ov er s i o mespectivélyto Pnanipulate the resulting
properties to suit the applicatid3]. The significant effectiveess ofdoping in ZT is
considered to be due to a number of coinciding effects. Firstly, the perovskite structure of lead
containing unit cells is distorted to a much greater degree than that of other piezoelectric
perovskitefl3]. Rodel notes that the distortion of a unit cell is related to the polarizability of
the ions in the crystal, whereby those with a higher polarizability are more likely to cause
significant distortion of the unit cell. An increasgiézoelectric performance is also thought to
be induced by a highly anisotropic polarizability across the unitl&llThis shows it is not
enough to consider just the ionic radii differences when considering theidistoir the unit
cell; the polarizability of the ions and the potential for orbital hybridization is alJa &eyhe
electronic structure is also a factor to be considered, for example that of lead in PA®asPb
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an ekctronic structure of [Xe]f4* 5d'° 6s?, combined with a large ionic radius. Thef Bne
pair is not involved in bonding and creates an uneven electron density around thehatbm
leads to a significant polarizability and distortion of the unift2]l The & electrons can also
be involved in hybridisation of the oxygep @rbitals in a structure like PZT, which can affect
the distortion of the unit c¢ll3]. Bi has a large ionic dchus and a lone pair of electrons similar
to Pband has therefore been used as an alternatiRbfior piezoelectric materials. It will be
important to consider the potentiaelectroniccontributions topiezoelectricityand how to
manufacture these effadin an attempt to create a npwzoelectriomaterial in this work

1.4 Properties
1.4.1 Electric Properties

If a voltage is appliedh current flows through solidmaterial. In the most basic form, before
considering the identity of the charge carriers, they have damsitd charge Q when the
material is subjected to applied electric field E. Vkéocity of the charges is limited by the
0frictionod l|partotd uccee d rboym tanteomi ¢ t her mal moti or

v e | o g[#]tThede factors can all be related by the current depsity,

0t 0@

The drift velocity per unit of field applied is described as the mobility of the charge cauriers,

0t 0o0[g

andnQuis an expression that imiform at constant temperatures for a material that obeys
Oh mo ssoll aw

Q ., a4

where’ is the conductivity of the material. Conductivity can therefore be expressed as:

., €0 ¢
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Resistivity,} , is another important electrical property, and is the inverse of conductivity:

" -4

Conductivity and resistivity are often found in conjunction with sample geometric informatio

(area A and length L) in relation tmnductance G

0 — 4]

At initial inspection, it is not obvious as to the identity of the charge carriers contributing to the
conductivity and to what degree each speciesigributing. The total conductivity through a
system is a sum of the conductivity from ions, electrons and[Aplesd there will be a
considerable portion of this work dedicated to conductividasurements and charge carrier
studies.

1.4.2 Dielectric Properties

Ferroelectric and piezoelectric materials are insulating materials, which have a wide range of
associatedlielectric properties that can be measuréddipole moment is defined as two
opposingcharges (+Q ane) separated by distancd4]:

n v

If that dielectric material iplacedin between two parallel plates and an electric fie&pplied
across the dielectric material between the two plates, the plates will carry surface charge density

" in a vacuuriy]:

o ¥

The polarisation of a dielectric material is the dipole moment per unit volume ofatezial
and can vary across it, for example the surface charge den3ityf be a contribian to total

charge density (), which is equivalent to the electric displacement def#ity
O -0 0

22



Ifthepol ari sation is proportional to th@]l:appli e

0 ..-0

Where e is the electrical susceptibilitywhich is a quantification of how the material is
polarised under #happlied electric fief[d] and is related to the permittivity by the following

expression:

The relative permittivity is derived from the following equation:

Permittivity is a complexjuantity, -* composed of real)dnd imaginaryQ Njhiljts:

_Z - @

The loss component of permittivity is tarfalso called the dissipation factor) and is the result

of resonant processes or dipolar lof3@)s

0O —
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2 Literature Review
2.1 Lead-Free Piezoelectric Materials

In 203 legislation was passed by the EU Council Directives and the Restriction of the use of
Hazardous Substances (RoHS) with respect to reusing and recycling waste electronic and
electrical equipmer(WEEE)restricting the use of lead in quantities greater thamwt%{13].

The material PZT in electronic applications is currently exempt from this ban due to its
extensive invaluable use, and exemptions are reviewed eéveygars to assess any
developments in competitive leéicee materials which could replace HZ3]. This exemption

will be reviewed and potentially revoked as soon as a suitable alternative to PZT is found. A
paper by Saitet al.published in Nature in 2004, alongside the neyalelirectives surrounding

the use of lead in technological applications led to an explosion of research infeetead
piezoelectric materig]81]. The main problem has been to find a material that is able to
compete with or surpass lead in PZThtealogy. The overwhelming success of PZT in
electronic applications has led to increasing amounts of lead being released into the
environment during both production, and disposal in PZT procd&Sijhgmainly from
dissoldion, acid rain etching and ground water for lead leagBRigLead as a metal can lead

to hypertension, kidney disease, fertility impairment and lead to growth and development
problems in cHdren. However, in the production of piezoelectric ceramics PbO is used, which
has a LD50 toxicity of 430thg/kg compared to 45@g/kg of pure lead but caution must still

be takef32]. There ae similar toxicities seen in other heavy metals such as bismuth and
anti mony which ar e o fftreene 0u spe (821 soehesestobatctbscssf u |
guestions raised as to the mationsfor the search for a ledtdee material, is it just to satisfy
the tred#ddeefdo folre a dnegativehedlth and endirontnentat irhpacts of such

metals in technolod

There are two main categories of |dagke materials; those which compete with PZT, and
those which are incomparable as they possess properties PZT does not. The former being
materials such as KNN (potassitsndium niobate), NB-BT (sodiumbismuth ttanate and
barium titanate) and BCTZ (baridoalciumtitanatezirconate) systems, and the latter
category being materials such as AIN, S&d LiNbG single crystals, Blayered structures
etc, which are high temperature piezoeledt8izg Figure 2.1 shows the evolution of the
development and filing of patents for leftde electroceramibased technologyputo 2016,

and shows the shift in popularity in each of the material gi88ps
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Figure2.1: Review of leadfree piezoelectric ceramic patents filgol to2016[33].

KNN systemsexhibit the highestpiezoelectric propertieslue to an MPB between an
orthorhombic and tetragonal phase, wheredse NBT-BT systemsit is due to aetragonal
rhombohedral MPB as with PZ[R2]. The drawbacks to the KNN systems are that they have a
narrow sintering range and suffer from stoichiometric variance from volatility, but their d
values can be between 20800 pC/N with a € greater than 400C, but these properties are
strongly temperaturélependenidue to the polymorphic phase transition observed in this
material22]. BNT and BKT pismuth sodium/potassium titanates) are another branch of lead
free piezoceramics. Developments in these materials with doping and sintering techniques
(namely hotpressing to avoid volatility losses) enabledaal approximately 200 pC/N and

a Tc of 280°C but these materials have their issues. They are highliingkahich makes
them corrosive and their volatility and narrtr
replacement for P4B4]. Figure2.2 is a graph comparing the achievedwhlues against their

Tc for some groups of leaflee piezoelectric materials from 2Q28 As shown, the KNN and

BF (Bismuthferrite) groupshave much more impressive properties in comparison to BT

and NBT-based materials, however the Based materialsochavedss values to rival those of

KNN, just not at a suitably highcT
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Figure2.2: Comparison of ¢ and Tc of common leadree piezoelectric ceramic groupp
to 201433].

There are a number of secondary considerations besides piezoelectric properties when
discussing replacing PZT with a leti@e piezoelectd. The first of these is temperature
dependence due to the changing temperature conditions of the device. The most obvious of the
consequences of this are the phase changes that are inherent with ferroelectric [3@2terials
These phase changeghich are often temperatuependentcan greatly vary the magnitude
of the piezoelectric properties displayed. More subtly, in piezoelectric materials that fall into
pyroelectric space groups, a pymstic charge can build up due to the thermal sensitivity of
polarisatiofi32]. In the same ain, ferroelectric materials can develop a charge due to the
thermally activated movement of domaiallg within the materi§B2]. Another consideration
when replacing PZT is cost. The infrastructure is already in place for PZT in the devices and
technologies in use, be it the size, shapereguencies used in said devices, if a suitable
material is found there will still be significant changes to be made by the industry to incorporate
it, presumably at large costs. Not only infrastructure costs have to be accounted for, but also
raw materiakosts, and accompanying device elements such as electrode material. Nb and Ta
are much more expensive raw materials than those used in the manufacturing of PZT and are
used in a lot of current leddee piezoelectric materials such as KISR|. Conversely however,
nickel electrodes when using KNN are cheaper thansilver equivalent with PZ[32].
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Density is another consideration wheeplacing PZT. Due to the high lead content of PZT, it
is a very dense electroceramic. Materials with a lower density are prdfegaase the overall
weight of a device can have an impact on practical costs such as fuel to move the carrier of the

devia, for example a submarine.

As shown in this sectiothere is a considerable body of ongoing research inteffead

piezoelectric material®f which this research will hopefully contribute

2.2 Strontium Titanate

Strontium titanatgSrTiGz) i s t he oOprototyped perovskite,
temperature with a very slight distortion to tetragonal structure at arouné&[BB). The
electrical properties of SrTgare highlymodifiable under a variety of doping conditions,
producing desirable properties suchiageableslectronic conductivityhigh permittivity,low
dielectric loss andhigh temperature stabilityfor a wide variety of applications in
semiconductor, oxygen conductor, capacitor and solid oxide fuel cell technol8giés
[39],[40][41]. The cubic structure @rTiOs results in it beingparaelectricmeaningt does not
possess ap®ntaneous polarisation directi@amd cannot currently be used for ferroelectric
applicationsA large body of research into SrTi@nd its dopants is related to the research for

a new solid oxide fuel cell (SOFC) material. Whilst this is not the motivation fothegss

some of the literature provides useful information into the electrical properties ok&rdsed
materials.The Ni-YSZ anodes of solid oxide fuel cells are prone to failings such phusul
poisoning, coking and sintering, as such there is a focus on current research to attempt to find
a replacementaterialthat is more reliable and cost efficig88][42]. SrTiO; maerials are
currently being considerddr this applicatiorbecause of their resistance to these failings, as
well as possessingther attractiveelectricalproperties Dopants are employed in a range of
studies in an attempd reacha high conductivity n SrTiQs. For example wrk by Lemanov
199743] shows that doping SrTiwith small impurity amounts of Ca, Ba and Pb removes
the stability of the paraelectric phase, and introduces a ferroelectric phase at low temperatures.
Substitution of Sr or Nlon the titanium(Ti) sites ha beenshownto be responsible for
improved metdic conductivity in SrTiQ materials, and ongoing research aims to optimise
these dopant concentrations, currently found to be betweel® 26, however, there are

limitations based on the solubility limit of these dopf8as
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The following literature review studies the variety of chemical defects existinglri®$
including those fromdoping, nomstoichiometry, and impurities The literature review
concludes withdefect dipolaesearchn the hope of further understanding #féect ofdefect
dipoleson thepiezoelectric effectDue to the combination of itsimple cubic perovskite
structure and tuneable electrical properties, S§M@s considered to be a good prototype
material to build uporthe complex nature of research into defect dipoles. The lack of
ferroelectric behaviour in SrTgX:hould allow any sudequent engineered piezoelectricity to
be more easily identified.

2.2.1 Non-Stoichiometric SrTiO3

Non-stoichiometric samples of SrTiQvere madeby Baurer and Kungin 2009 with Sr/Ti
ratios of 0.9961.005with the intention of investigaig the effect on densifg4]. The sntering
range seerdto bebetweenl3501400°C, and theheating rates and times diféefaccording
to the compositionof each samplwith theoretical densities beirapove 9®6. Changesvere
observed inthe sintering behaviour according the ratio of Sr/Ti rich phasesf each
compositiod4]. The main initial findings were thaampleswith Sr-excess shrink and densify
faster between 1100200 °C and the Ttrich samplesbetween13001330 °C[44]. At
stoichiometric Sr/Ti the shrinkage matdhkat of Tirich samples, nameliastest densification
at 1300°C. Grainsgrew faster in Sirich samples at lower temperatures compared -achi
samplesLiquid sintering was foundotto behappening in the Sich samples because this
eutectic liquid only exists in th&i-rich side of the phase diagrf#]. Grain growth
experiments shogdthat the grain boundaries at high teergturesnveresimilar for boththe
Sr and Tirich samples, meaning diffusialuring sinteringwvasnot affected by Sr/Ti excess
Possible reasons for this inclubiexcess Tihindeing grain boundary diffusion, but whickas

then absorbedand also a defect chemistry phenomenon regarding the r&mbTof

Computer simulations in this paper showed that at high temperatures, both types of cation
vacancies are possibleyt with a smallenergetianclination towards Sr and O vacang¢#®s.
Baurer and Kungbbserve thatin Ti-rich samplesherewasincreasedormation of Sr and O
vacancies, whereas-8ch samplesverecompensated by the formation $fO Ruddleston
Popperayers without the need to form vacandié4]. However a paper by Meyeet al[45]
statal that the equatiomelow takes place ira Srrich materid with the production of Sr

vacancie®ccurringin a reducing environment (RHS):
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RuddlesderPopper layers are a secondary phase of Srifi@ form when there is an excess
of Sr in the perovskite structure, and has the formulaT™Osx+1[41]. It is a double layer of
SrO, and often occurs as a result of high temperaturexidising conditions or with nen
stoichiometric compositiof$l]. Gomann and colleaguesere referencedn the paper by
Meyeret al.as saying that both Sr and Ti cation diffusieas possible througlhe presence
of Sr vacancies, and therefoowerall diffusion was enhanced by Sr vacandé4]. Bulk
diffusion in Tkrich samplesvasthereforelikely to be higherdueto the increasedumberof
Srvacancies in Frich samplesThis increased diffusion resettin faster shrinkage at higher

temperatures, hence why theriih samples were den§éf].

Chan, Sharma and Smyth in 198inducted research oimgle crystalSrTiOs suggeshg
that themain defectsat low Po> were doubly ionised oxygen vacanciesth compensating
electron§6]. This work was supported by the paper by Trabelsi et al. 207]7 who
successflly varied the oxygen vacandgvelsin samples oE6rTiOs resulting in compensation
by extra electronslrabelsi et al. shoadthat the electrons createmldompensate the increase
in oxygen vacanciesould become thermally activated and contritd conduction, with
doubly ionised oxygen vacancies being the primary contributor to conductivity in mixed oxide
perovskitepl7]. Chan et alsuggestdthat oxygen vacanciegerethe rate determining defect
to the conductivity properties observed in the samples in this studyoenmdd via three
pathway§46]:

1. Reduction of, or loss of, oxygen

o ¢ %‘3 O O

2. Cation nonstoichiometry, ieexcess TiQ

YQE YQ b o o

3. Acceptor impurities, either by intent or impurity (eg. Al)

0 YR £ coa o o
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Some &cess TiQ wasthought to beccommodateihto the SrTiQ structureoy compensating
Sr vacancies and O vacangies discussed by Baurer akdngl[44]. However, significant
absorption of excesses of Sn@o the perovskitavereless likely due to the higher energy
required to absorb the larger Sr ion interstitially, and the formation of interstitial Sr and O, or
Ti/O vacanoced44]. Also, therewastherelatively high charge on a Ti vacancy sitleichmade

it unlikely[44]. The workby Chan et alinvestigate the conductivity changes witkiarying
Po2, as well asacceptor (Al) and donor doping (NB%]. These dopantsereexpected to only
substitute ontohe Ttsite based on size similaritfheir mainfinding from this studywas that
conductivity increasgwith decreasindg’oz in the n-type regiofd6]. This suggestd that the
conducton propeties were determined bythe Ti-O sublatticg46]. Chan et aldescribe how
the solubility limit for TiQ: depemled on the numbe of oxygen vacancies present from
acceptor impurities anthe oxygen reductiorreactionequationshown aboveThe darge

neutrality condition for undoped and acceptor dopedOs thereforewas[46]:

co®% n cw 0o &

Plots of theSrTiOs conductivity vsPo, wereused to better understand the changing defect
chemistryas a resulbf changing sintering and measurement atmospheres. KiwestPoy,

the materialwas oxygen deficient angrocessl above(reduction of oxygenyvasthe most
prevalent source obxygen \acancieBl6]. The intermediateregion of Po> was highly
atmosphex dependent if the atmospheravas deficient in oxygen n-type conductivity
behaviourresuled46]. In an atmosphere with a higPoz, p-type conductivity behaviour
dominatel. It was proposedby the authorghat the stoichiometric excess of oxygeas
compensated by the extrinsic additionsoafgen vaancies fromspecies such asxcess
acceptor impurities or Ti§M46]. The Poz2 datafrom this papeigave an activation energy of
undopedSrTiOs of 0.98eV atPoo=1 atm{46].

As previously stated SrTizbased materials cdrave a highrelative permittivity . Wang et
al. 201448] statal the relative permittivityf undopedsrTiOz to be approximatelg00 at room
temperature, rising to 24000 at low temperaturesk4where the materialreachd its
paraelectric statén thiswork, Wang et al. produced samplesnhoftstoichiometricSiTi1.xOs
where x=-0.06 to +0.06 ad measured theelative permittivity and dielectric loss of the
samplesThe first observation in the measurements was noted ttwdpeaks at 183C and
168 °C in the -0.06 and-0.03 (Sr excesspamples respectivgl8]. These peaks modeo
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higher tenperature as the frequency increakeindicaing typical dielectric relaxation
behaviour.The same behaviouwas observed in the Téxcess sampleS.he authorghen
examing the activation energies of each system to try to better understand the defestrghem
of the systemThe activation energies for th@.06 and-0.03samplesvere0.97 eV and 0.91

eV respectivelycloselyrelated to typical 1.0 eV faxygen vacancy diffusioim related oxide
structures/perovskitg48][49]. The samples were all 4@xidised ad the permittivity
measurements repeatédhe intention was to reduce the concentration of oxygen vacancies
and thereforereduce themagnitudein the loss tangent of the permittivity measurement.
However, his did not occurThis indicated that it wasotin factoxygen vacancies contributing

to the dielectric relaxation behaviour, but something dlse.authors beliewkthatpolar nano
regions(PNRs)wereresponsible for the relaxation procesghathappeed48]. PNRsarea
Apartitioningo ofregiohseflosal spontateous golarisatjdBp The ma | |
authors discussithe pinning of domains and that if the number of point defects in the sample
wereincreased, then theoncentration oPNRs increask It wasnot specifically mentioned

but from a reviewof defect dipolesn Section2.3, it seems thatlefect dipoles could bihe
reason behind the domain pinning and dielectric relaxatiaimese materialsNo specific

defect dipole spcieswerementioned in thisvork, however

2.2.2 Acceptor-doped SrTiO3

De Souza in hisnformative2015review paper on oxygen diffusion i8rTiOz[50] found that

as temperatures increas®re defect reactions bagto occur in acceptor degl, or undoped,
SrTiOs. The concept of acceptor dopants indaped SrTiQ@ comes from acceptor impurities

from reagentmaterials such as Al, Fe and [Q]. Temperature regimes in chemical defect
studies are often separated into low, medium and high temperature ranges, with more defect
reactions appearings the temperature iscreasedDe Souza clagsithe temperature regimes

as low temp at <277C, theintermediate regime >47C andthe high temperature regime as
>1027°C[50]. It is worth noting that itvasnot specified what the region between 277 and 477
°Cis. In the low temperature regime, the main defect generation reacéistine creation of

holes and el ectrons by fther mal excitation a

tobaE Q
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Therewasalso the creation dfoth singly and doubly ionisetkygen vacanciealongsde free

electrondn this low temperature regirftel]:
w f ofF Q

Wt o Q

According to experimental work by De Souza the doubly ionised oxygen vacancy has a much
lower formation energy of 0.8V compared to the singly ionised which is valued @V[%0].

These defects only bame significant under experimentally redugiconditions because their
energy valuexistedjust below the conduction band of the material and in reducing conditions
this resuled in the Fermi level being close to the conduction band in the low temperature
rangg50]. In the low temperature range, ther@salso the ionisation of Sr vacancies occurring
which resulédin the formation of holes:

wf o &

wf o ¢

These hd energies of 0.1 and 1&V respectively Acceptor dopants in SrTgwere also

ionised in this temperature regime (for example the reductiorfdfolTi®):

b 6nm ¢

Acceptor dopantsouldmop up electron holes and reduce the levetiype conductivit}s50].
These acceptor dopant®utd be positively or negatively charged, neutral, or also be

compensated by and paired with the creation of oxygen vacancies

In the intermediate temperature range above’€7an equilibrium develpedbetween solid

and gaseous oxygen:

50 Q o#F §  E

De Souza explaadthat the incorporation of water into Srhi@asa possibility and i not
have the coverage to the same extent as oxygen incorporation in the literature, but that it may

even occur quicker and easier than oxygen incorpof&tjn
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The high temperature regime cosdexperimental temperatures above approximately 1027
°C, and finally the movement of catiomssdiscussedprimarily the low mdoility of cation

vacancies at low temperatufeg):

IO F e o Yib

Taking all of these possible defect pa#tyw into account a charge neutrality equatmuabe
drawn up to account for all of them present in accegomed SrTi@50]:

Q o0 ® EF OF o K d0d %A

It was notedhat not all of these defect reactiomsrehappening all at once, depending on the
temperature regimend other experimental conditions, for example waters not a
consideration in a dry reaction environment, similarly oxygen vacancies and Sr vasaaneies
fully ionised at high temperatureswas alsmotedthat although a species concentraticas
congant, in that thergvasno great increase in their production,outd still move around the

sample and be involved in diffusion/conductivity.

The paper by De Souxeentinto detail about the diffusivity and conductivity of perovskite
oxides. In particular to this study the observations of oxygen ion conductiviéyTi®s were
especiallyrelevant. ltwasdiscussed that at high and intermediate temperatunessinainly
electrons and holes that influedcthe conductivity as thewere the most mobile species.
Oxygen vacancies and then stronti(fsn) vacanciesveremuch less mobile after that. Due to
the hgh temperature conductivity measurements being dominated by free electron movement
it was difficult to measure the effect of ionic conductivity as the contribution from free
electronswasso great as to overwhelm the result, and as sughseasier to dtermine the
level of ionic conductivity at lower temperatufgd]. De Soua carried out a review of vacancy
diffusion experiments and found an average activation enthalpy of oxygen vacancy migration
to be between 0.6R.67eV[50]. This matchd typical experimental values of 016 eV[41].

With regards to oxygen diffusion specifigalit was found that migration across extended

defects and grain boundaries was found to be much slower tham tthatulk materidb0].
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The study on bulk conductivity by Wa¢$g2] investigated the conductivity and defect
chemistry of Nidoped SrTiQ. In the titanate perovskite lattices, oxygen vacancies are the most
mobile species acrsesthe structure, all other ionic species have much lower mobility.
Interstitials in agreenentwith De Souza et aJ50] do not need to be considered as a significant
type of defect in these structuregh regard to conductivitySrTiOz was doped with Ni, which
substitutes as Kii for Ti** on the Bsite. The Ni* ions were created by annealing under
reducing atmospheres and extas doubly valent acceptor sifg2]. If the samplesvere
annealed in an oxidizing atmosphereg i sites beame NFf*, and aatd as singly valent
acceptor sitg52]. This study investigate the differences in conductivity measurements
according to oxygen vacancies in a high temperature regime (abovéCHAa%. a low
temperature regime (below 27€) similar if na identical to the work by De Sou#z0]. The
author discusskthe undersiod phenomena that at high temperatures oxygen vacancies are
very mobile and are the dominant conduction mechanism in titanate perovkitekow
temperature regime conduction mechanisms are less well knasvisuchthe study by
Wase[52] investigate the impact of quenching into the low temperature regime to-lock
oxygen vacancies arabservedhe effect on conductionsing impedance spectrosco@ne
point to notefrom the impedance spectroscopy analysisin the high temperature regime,
grain boundey contribution could be ignored because the grains were large enough and
conductive enough such thitte contribution to impedance from grain boundaries was not
significant enough to have an impact on the result as a whole, due to the ratio of graim to gr
boundary52]. In both the high and low temperature regimes, electrons andvietebeing
generated, as well as acceptors being ionised or trapped. In the high temperature regime, if a
samplewvasquenched into the low temperature regime under reducing conditionthehkigh
electron concentration remaithunchanged because of the low energy level of the oxygen
vacancy donof52]. If the samplavasquenched under oxidising conditions then a drop in hole
concentratiorwasobserve{b2]. Thiswasbecause the acceptor energy lewedselocated in
the middle of the band gajfphe conclusions from the Waser st{EB] werethat at a wide
range of oxygen partial pressuresvisthe mobility of oxygen vacancies that reedlin a
temperaturaependentonic conduction, and the activation energy for the diffusion adehe
oxygen vacanciewas1.0 to 1.1 eY52]. As well as this, annealing under high oxygen patrtial
pressure creatiep-type conductivity, and therd was suggested to be a defquir type
association between the Ni acceptor centres and the oxygen valéjcies
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A paper prduced in 2014 by Schie et [&3] provideda detailed simulation study with
calculations of the energies of interactions between oxygen vacancies and adopatis
including NF*, AI**, F&*and C&". They noted the formation of a Nbxygen vacancy complex
which could be that mentioned by Wd5&4, of the form:

6 G

The a u t h mainscdnclusion from this complex computational study Wt below
temperatires of 70K (427 °C) most of the oxygen vacanciegretrapped by the acceptor
dopant, in this case Ni, resulting in an increased activation energy for diffusion and
conductivity of approximately &v. Above temperatures of approximately 800607 °C) the

oxygen vacancies dissocidtand move freely throughthe lattice resulting in an activation
energy of 0.8 eV[53]. Theauthors discugslithe observation in literature that there are often

two activation energiesassociated with acceptdoped SrTi@ and they are often
approximately 0.@V and 1eV, but that there is a discrepancy between those who believe the
higher value represents the movement of free oxygen vacancies and those who believe it
represents the erngy of oxygen vacancy defect complexes, and vice [E8karhe other

finding from this study to contribute to the literatwas the observed trapping of oggn
vacancies by dopant cations at first nearest neighbour (1NN) lattice locations, but that at the
second nearest neighbo(®NN) location the interaction between the oxygen vacancy and
dopant cation lmameslightly repulsive, with the interaction energy reducing to zero the further
apart they beam€53] .

In this thesisthe two main extrinsic acceptdoped SrTiOz are those of cobalt and

manganese, the literature for which is reviewed in the following two sections.

2.2.2.1 Cobalt-doping of SrTiO3

Work by Echeverri and Arnache in 2016 cos@iCo-doped SrTiQ from 3-20 %[54]. All
samples were found to be single phase cBbiSmvia XRD. Theyfound that the lattice cell
parameter decreased according to increasing cobalt concentration up to 5%, after which the
cell parametebegan to increa§@4]. This observatiomvasthought to be due to a distributio

of Co** and Cd* throughout the lattice on the-®te, and the potential for oxygen vacancies in

the materigdb4]. Impedance spectroscopy was carried out on thddped SrTiQ samples
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and two semtircles were seen in thmpedanceplots for the Cedoped SrTi@ samples at a
range of temperatures, which indicghteoth grain bounds and bulk contributiog The
authors discussl that the significant grain boundary contributiceinee from Ti-rich grain
boundarief54]. The bulk conductivity contribution was particularly pronounced in thd@o
% and Ce20 % samples.Similar to the work carried out in thitbesis the Echeverri work
calculated the conductivity of the bulk or grain conductivity based omihedancelot semi
circles intercepting the-axis and calculad using the Arrhenius equation for 3, 5d820%
Co54]. The activation energs of these samples with respect to batinductivity were 10,
1.89 and 1.0&V respectivelfp4]. The lowest valugvasfor the 20% Co sample, whichkvas
explainedobedue t o Cobaltdés ability to reduce the
the bulk or grain setting, resulting in a larger legk&urrent The authors also implyhat
polarisation relaxation is related to the conductivity of the grain mgéet]al

Thoughthe work by Mitra et al. 201fB5] refers to ferromagnetismanddespitethis project
beingtailored tavardspiezoelectricity anatherelectrical properties, it is still a usefstudy
of acceptordoped SrTiQand the chemical defects and corresponding electronic structures
within it[55]. Mitra et al. found that Co was in the &tate when substituted onto thesTte in
SrTiOs rather than the#state as imagingdb], which is a positive result for this project as the
Co was added as a dopant for Sr3li@th the intention oftiforming a 2 ion on the Bsite It
wasthought that the creation of oxygen vacancies, which are commonplace in oxide materials
like SrTiOs, could provide the extra electrons to convert thé’Qo Cc* due to the donor
nature of oxygen vacanciellitra et al. used DFT calculations to determine if an oxygen
vacancywasmore likely to form close to a Co ion, or further removed from it. They found that
the energy of formation of an oxygen vacancy nearest to a Co ion was lower and therefore more
favourable tln that of an oxygen vacancy formedl Zway from the nearest Co ion. This
indicatal that oxygen vacancies in this material at least prefer to form closer to Go ions

potentially as a defect complex

DFT calculations were also used to predict the chmanlgittice parameters with &@ioping
of SrTiGsin a 2x2x2 supercell. A decrease in lattice parameter o¥%0vas seen with Co
concentration ofx=0.12955]. Therewas also a significant movement seen in the ions
surrounding the oxygen vacancy, with the nearest Ti to the vacancy nawaygfrom it by
0.07A[55]. The Coiondin 6t seem to move, but tédomsevarroun
towards the vacandg$5]. Mitra et al. also found that the Co stabitise the high spin state in

the presence of an oggn vacandp5]. It was determined that the formation of the oxygen
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vacancy near to a Co ion within the perovskiteket he oct ahedr al sy mmet

local hybridization of the C8d with its 4sand4ps t a[b5¢ SMork by Cuong et al. using
LDA+U DFT calculations concludkthat linear oxygen vacancy clustering in Sri@@cured,
and occuredmore predominantly at interfaces and grain bound&ésThis was developed
upon byMitra et al. with respect to GOV linear clustering in SrTi®2x2x2 supercel[85].
Mitra et al repeatdwhat Cumg et al found in that these linear vacancy clusters apguar
decreaséhemobility of vacancies throughout the material and redfree carrier densifp5],
[56].

2.2.2.2 Manganese-doping of SrTiO3

Similar to thework by Mitra et al. in 2014, the paper by Valant et al. 2012 sdlierorigin of
magnetism in Mrdoped SrTi@, but still has interesting points to be taken about acceptor
doping of SrTiQ[57]. The first piece of interesting information from this artielas the
presence of both M and Mn** in the doped materials. When doping Sr3@ith Mn,

Val ant 0s redtsaeM sulbstitigelon the St site, whereas MH substitutel on

the Ti** site. It is noted that the valence of the Mn ion can be affected by oxygen partial
pressure, heat treatment regime and stoichiometric manipulation, i.e. creating a deficiency in
either the A or B site which camide the Mn substitutioi7]. It is noted that selectivitwas

not possible for the Asite no matter the experiment methodol@gd thatthe B-site was
always at least partially substituted for Mn even when not int¢edpdrhis makes it very
difficult to experimentally determine the solubility limit forgite doping with Mn in SrTi@

The experimental worky Valant et al. showed &t heat treatment at 150Q of Ti-deficient
SITiGs in an oxygen atmosphere resulted in Mn substitution at tséeB whereas heat
treatment under a nitrogen atmosphere ed&icient SrTiQ resulted in Asite substitution of
Mn[57]. It seenedthat the atmosphere on heat treatnveas responsible for the distribution

of A-site or Bsite substitution butould notaffect the fact that Mii incorporatel onto the A-

site and MA" incorporatel onto the B-site. Thiswork in thisthesisincorporatesvin®* onto the
B-site.

As the Valant pap§7] wasbased on a ferromagnetic study of these materials they pdovide
some magneti property information about these compositions, which although not the focus
of this report, is useful to observe as any magnetic properties could have an unknown impact

on the potential piezoelectric properties of a material due to the use of eletdsdritesting.
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Valant statd that no longrange magnetic order was seen in samples with arddpant
concentration less than @. Therewas some apparent disagreement with regards to the
magnetic properties of-Aite doped SrTi@amongst other authorssle r i bed i n Val ant
but thisthesisis primarily concerned with Bite Mn doping of SrTi@ so thisshould not be

anissue.

In recent conference proceedings from ISAF2020 work by Ryu and Da3ewas
presented on the atoping of BaTiQ with Mn and alsoco-doping withMn andY (a donor
dopant) in a caloping system. The conclusions of this work were that the Bado@oped
system was more resistive than the purely accejuped BaTi@ and had a better resistance
to degradation. The edoped system also showed mBxe independent conductivity. Charge
neutrality equations of these two systems skobiat the increase in resistivity from the-co
doped systemamefrom a decrese in oxygen vacancies and als®s® independend&8].
Evidence for ionic conduction was observed at 8D the Mnrdoped BaTiQ@ sample which

was attributed to a high concentration of oxygen vacancies &(00

2.2.3 B-Site Donor-doped SrTiO3

Donordoping is the addition of catiots the crystal latticevith a higher valence number, such
as L&* in place of the St*, or NP* in placeof the T#*[59]. This difference in cation valence
creates an excess of electrons across the mafEmaband gap imndopedSrTiOs, which is

an insulator, is approximatelyZeV at OK and the valence bansl constructeanainly of the
oxygen 2porbitd[59]-[60]. The bottom of theconduction band isontributed to byTi 3d
orbitals, which also contribute to the lower half loé tvalence barj@l]. The mixture in the
valence band of the oxygen 2p orbitals andTh&d orbitals results in covalent behaviour
between the ionsreating the welknown oxygen octahedron cage in the perovskite
structur¢6l]. In donor(Nb)-doped SrTiQ, the 4d orbitals of the Nb contribute further to this
covalency in the valence bd6d]. The excess electrons donated fromddiping, however,
creates a situation where the Fermi level moves up into the conduction band of th&,mate
reducing the Ti" ions to TF* increasing the size of the bagd62]. The extra donated
electrons collect around the new?Tion increasing its ionic radius and therefore increasing
the unit cell size of the material to accommodate it and the newly sulzstetger Nb ionf61].
Work by Nishiyama et al. 2019 on charge density distribution indicatg Nb donotdoping
decrease the covalency of the T® bondingdue to the change in charge distribution that
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occured between newly substituted-8te cations and the -Gctahedrfs1]. The authors
suggestd the donated electrons reddc&i** to Ti** which lead to smaller local dipole

moments, decreasing theavall longefrange Coulombic forc¢sl].

A 1997 paper by Moos and Hardtl, which covers a sample seriesxbJrOsz where x=0
0.1]63] discussd the primary defects in donalopedSrTiOs under varying oxygen partial
pressures and at different temperatures with regards to conductivity in compatisdoped
SrTiOs or acceptodoped SrTiOz. At low oxygen pressures the main defees oxygen
vacancies compensated by free elec{@B]f45]. At medium oxygen pregses the
concentration of these defectdlfwhilst the contribution to conductivity asemainly from
donordopants and a conductivity plateau ocedr(Figure 2.3). This situation beame
independent of oxygen pressure but a temperature dependence on conductivityedeselop
the highest oxygen partial pressyr@svacancies begnto appear which compsatel for the
donor defec{$3][45]. In acceptodoped and undopedtTiOs at low oxygen pressures oxygen
vacancies and compensatingatonswerestill the main defect contributing to conductivity
as with the donedopedSrTiOsz, and as the oxygen pressure incrdabe gradient of the
conductivity line decreaslas oxygen vacanciegeremet by the intrinsic or extrinsic acceptor
content At maximum oxygen partial pressures, the conductivity changep-type as the
density of holes increadi3]. This description is summed up in the diagram from this paper

below:
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Figure2.3: An arbitrary log conductivity vs. oxygen partial pressure graph illustrating the
conductivity behaviour of donatoped and acceptdundoped SrTi@[63].

A paper released in 1994 by Cho and Johnson explored the evolution of the microstructure of
Nb-doped SrTiQ[36]. Firstly, the microstructure of udoped SrTiQ@ was examined as a
reference. Samples with excess Fi®ere sinteredn air above and below the eutectic
temperature, anidrger grains were observed in the matractureof the samplsintered above

the eutectic temperatusghereassmaller grains were observed in the microstructiréhe
sample sintered below the eutectic temper§déie These fine grains were thought to be the
result of a secondary Tiphase in the grain boundaries of the sample sintered at lower
temperatures. Next, samples of 0.4 at%-déped SrTiQ were air firedat the higher
temperaturend the grain size was surprisingly lafgarprising due to the body of literature
that describes Nb as having the effect of creating smaller grhutsyamples of 1.2 at% Nb
doped SrTiQ were observed to havefiae-grained microstructure that was also pofd6k
Themajority of theNb-doped samples sintered at the temperdialew the atectichad a fine
grained porous structyBs6]. Thiswasthought to be due to a compensation of Nb donor centres

by Sr vacanciesyhich in turn increasthe solubility of the TiQ. The samples with Nb dopant
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concentrations between 0142 at% and sintered at 148D (above the eutectic) had large

grains, not because of the Nb, but because of the amount péX@€ss in these samplbst

promotes liquid-phase sintering. Samples in this stildgthad an excess of Sr, or inversely a

lack of excess Ti@to form SrTiQ with the SrO, led to the formation of Ruddleson Popper
phases and a poor sintering deri8®}. Samples of Nloped SrTiQ@ sintered in both air and

H2 (reducing environment) by Chung et al. however, showed thajréatly inhibited the

growth of grans both above and below the eutectic saffgleThiswasat t ri but ed t o
boundary draggingo of Nb which has segregate

of Ti vacancy concentrati¢@4].

Research by Karczewski et al. in 20dt@tedthat the predominant defect of dordwped
SrTiOs was Sr defects thatvereformed to fulfil electroneutrality conditiof85]. It wasthen
developed that if thisvasthe case a SrO phaseowd be developed to accommodate the
diffusing Sr from the perovskite structufhis wasin agreement witta paperby Xiao et al.
2011on Nb and Ga doped SrTi{66] who discussed the observation that additions of Nb to

SrTiOs createl secondary phases of SrO through the following reaction series:
YL U p w'YHQ E U wu

p - -0 p OYQ Wd o - Vi [66]

In simpler terms, adding one Nb in pladene Ti atom, creatk/2 Sr vacancies and therefore
x/2 SrO moleculd§5]. This hal the effect of reducing the Nb and Ti atoms td*Nand Ti%*

via the following two reactions:
Yi 0w ¢YQF ¢'YQ Vi gﬁ

YiGh & OO Vi 20

This wasagreed by Slater et 88] who discusedtwo possible mechasms for the creation
of free electrons in the system, either by reducing niokiNb) from NB°* to NI, or by

reducing Ti from Ti** to Ti®*. Slater also suggesd that due to the inherently larger
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concentration of Ti ions in comparison to the Nb ions, the creation of electrons frevas\Nb

not significant enough to affect conductid3.

The study by Karczewski et al. covered samples that were doped with w0108xNb
dopant concentration. From XRD studies they found that at x=}00S8eparate phases other
than cubic perovskite began to appear. From Rietveld refinement they found that samples that
were sintered in a reducing atmosphere had larger lattice parantegan those that were not
reduced, thisvasthought to be due to the largefTand N8* iong65]. The addition oNb to
the SITiOs strudure increasgthe size of the unit cell in order to accommodate the larggt Nb
in comparison to the Tiion [38][40]. Slater et al. estimadehis to be approximately 4.5 x 10
4 A per percentage of Nb added for the,&Ti1xNbxO3 samples. Irine et al[67] also noted
the potential for unit cell expansion by up to 93f the samplesveresintered in a reducing
atmosphere, (eg.##Ar) due to the presence of the larget'Bind Ni* cations There was not
found to be a linear correlation be®veNb content and lattice paramdigrKarczewski et al.
but a peak unit cell size was observed at x=0.02Nb, andvdgghought to be due to the
presence of the secondary SrO phasg\{80s) which removed some of the atoms from the
perovskite unit ce]65]. Wangat al. 2016 statel that theinclusion of Nb intoSrTiOz greatly
affected the microgructure by reducing the grain size, and sometimes encalis@rmal
grain growth depending on the Nb dopant coéit The samples aintairedthe perovskite
structure up to x=0.015 in this papH]. XPS analysis indicatkthat the addition of donor
Nb°* createl free electrons which are then absorbed by locdicFeating T3 [40].

Conductivity measurements were carried out which showed that samples that were sintered
in a reducing atmosphewnd increasing temperatures showed an increase in conductivity.
Samples sintered at 120C showed thermally activatembnductivity behaviour, but as the
sintering temperatures rose to 13@and 1400C, metallic behaviour began to occur. They
also found that conductivity, when compared teddipant content, was largest for the sample
with the largest unit cell parameterhich relatd to the TF* and NB* content maximum
suggesting theyereacting as charge carriers in the mat@di). Conductivity vs. porsity
measurements in Ndboped samples evealso recorded and it was found that an increase in
porosity of up to 3@6 saw a decrease in conductiViity more than a factor of ten. There was
also observed to be a weaker temperature dependence of condutiviey more porous
samples whichivassuggested to be related to the decrease in grain boundaries and their effect
on conductivity65].
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A 2002paper on grain boundary segregation and grain growth-ddgedSrTiOs by Chung
and Kang highlighted previous work that showed acceptor dopants segregating to grain
boundaries whereas donor dopants d¢eddt and they suggesd that more studies need to
take place regarding grain boundaries in titanate materials and their effect on conductivity.
EDX analysis was carried out on samples ofddiped SrTiQ@ sintered in aiendno apparent
segregation of Nb at the grain boundary was observed, corresponding with their previous
statement. Ti was found in excess at the grain boundhoesver which suppordthe pre
existing theory that Ti ions migraténto the grain boundaries. Samples of-8idped SrTiQ
sintered in a reducing environmg(itz), however were found to have up to 2@ of grain
boundaries with an intergranular phase with a higher concentaitip content than the air
sintered samp|[64]. The reason for thiwasthought to be down to spacharge segregation
occurring in response to excess charge within the daundary itself, that being a negatively
charged grain boundary copmotentially caused by acceptor impuritiesyd a positively
chargel space charge regioit. was suggested that an excess of free electrons produced to
compensate for oxygen vacanciesdonor dopants could aldmvebeenthe cause for this
negative charge, although thigas more likely in acceptedoped SrTiQ in an oxidising
atmospheri®4]. Cation vacaries were not thought to be a likely contributor as they rarely

form under a reducing atmosphere where mainly oxygen vacancies are pfédlced

The paper by Wang et &016 investigatthe effect of Nbdoping and reaction conditions
on SrTiQ to see if the relative permittivity values could be improved. It was foun®thaDs
samples doped with Nb and treated under a nitrogen atmosphere had higher permittivity and
lower loss values than regul&rTiOs or SrTiOz sintered under an oxygen rich environment.
This wasbecause an oxygen rich sintering environment supptésseformation of oxygen
vacancies. kvassuggested that under the nitrogen atmosphere, oxygen vacancies were created
in the NbbdopedSrTiO; samples and attached to locaf*Tdefects that were caused by the
donated electrons from Nb and farda defect dipolevh i c du@d i ehe f meéée el e«
reducel the dielectric logg0]:

YQ o YQ]

See more on defect dipolesSaction2.3.

An interesting paper by Drozdz amlezynski 201162] was based on the concept of

creating intentionally porous ceramics, whereas the majority of literature is based on the
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production of dense ceramic¥he authors suggest that the diffusion time for porous
ceramicsvasup to 6 times faster than that ofide ceramics, presumably due to the increased
surface areas for diffusion in the pores. The concern however with these porous materials and
their faster diffusivitiesvasthe potential for extraneous reactions to occur according to the
environment such &0, or H.O[62]. It was found that the samples in this paper were observed

to decrease in crystallite size and increase in unit cell size with increasing Nb content, and that
the samples had up to 22 vol.% pord&B}. Porous ceramics are of interest in tthesis
because initiaexperiments carried out in the earlier segments of the project resulted in Nb
doped SrTiQ@ ceramics which were very porous, and dense ceramics were difficult to achieve
particularly at high dopant concentrations. However, if the diffusiwigg higher inporous
ceramics this could be a positive outcome forttmesisas the longerm goal is to relocatend
reorientdefect dipoles with a fieldlt is an initial criticism thathis work only covers 3
compositionsesidesundopedSrTiOz which is notsufficientto draw significant conclusions

from. This study place Nb as a substitute for Ti on the-dite in the perovskite lattice.
Conductivity measurements were taken under both a reducing and oxidising (synthetic air)
atmospherand the differences we recorded. Firstlythe vacancy situation was outlined for
undoped SrTi@ The main defects were noted to be Sr vacancies, Ti vacancies and oxygen
vacanciesand the reminder was given that undoped Syb&haves as mildly acceptdoped.

There were two different temperatures zones discussed. Below “8D®r vacanciesvere

ionised resulting in the production of hole cariiégs:

Then athighertemperatures oxygewasincorporated into the SrTg)andas temperatures

increasehere is a shift in the mechanism of conduction to ionic conductivity

20 Q o o

However, this papaervasa study of the Nldonordoping of SrTiQ, andextra electronsvere

created via the following reaction:
O £ c0d cQ ub

44



These electronsould occupy empty states in the conduction band and recombine with holes,
get trapped at Ti sites reducingTio Ti*, or muld trap oxygen vacancieFhis ould cause
small polarons around the Ti sif@2], which are tiny regions of charge dipskhat results

from the extra negative electron cloud surrounding an ion. The authodsthdt&r and Ti
vacanciesverecreated in this system to compensate for the extra oxygen inategdhan
usual with Nb doping, however the formation energy of a Sr vacaasmuch lower than that

for a Ti vacancy and so Sr vacanceere much more likelyto form and in greater
number§2].

With regards to the conductivity of these samples, the observed effects of an oxidising
atmosphere were as followdndopedSrTiOs was found to be much more conductive than any
of the Nbdoped samples and the difference between them increagk increasing
temperature. The 2 and’8 Nb-doped samples were found to be more resistive than %he 1
sample. In all traces there was clearly a mechanism change from electronic at lower
temperatures to ionic at the higher temperaf@@sUnder a reducing environmentdged

SrTiOs createl extra oxygen vacancies via the following equation:

o gc o cQ

Following doping with Nb, due to the donor nature of the dopant, extra electrenas
introduced as well as the extra oxygen vacancies from the reducing emsimprand both
could be incorporated into the conduction band or around the Ti ion, incre#ising
conductivityf46][62]. The conductivity resuitachieved irthe reducing atmosphevweerethat

the doped samplesiere much more conductive than thendopedSrTiOs sampl¢62].
Interestingly the 1% sangwasmore conductive than the 248. Thiswassuggested to be
because ther@asexpected to be more localisation and trapping of the electrons in3¥te 2/
samples due to the greater amount of Nb added, leadingdaxidationof Nb** to Nb**. The
sampleswere observed to change according to increasing Nb from light cream to blue grey,
and this matches the observations seen in initial experimental work itmelsis Finally, it

was found that these samples had increasing chemical instability in linenenéasing Nb
content in a HO/CO; environment and wvasthought that thisvasin part due to weakening
Sr-O bonds due to a distorted TGctahedra from the substituted larger Nb at the corner sites
and the longer Ni® bond length.
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A paper mentionedarlier by Chan et §416] on the effects of nestoichiometric SrTi@has
a section whereby samples of rstoichiometric SrTi@ were doped with a constant
concentration of Nb. It was found that sample with compostioh Sr/Ti=0.999 the
conductivity was significantly reduced ke presence of Nb, but that by compositions
Sr/Ti=0.995 the effect of Nb was naxistent. This was suggested to be due to the amount of
oxygen vacancies produced by the exces$,T$0ch that the increasing amount of oxygen
brought to the lattice by tHéb dopant fully saturatethe lattice and donedvehavioumwaslost,
alongside an increase in the solubility of T[1®].

2.2.3.1 A-Site Vacancy Compensation of Donors

The inspiration for thi$hD work stems from a paper by Fugt al. 1] whereby PZT thin

films were created for miniaturised actuator structures and compacipedPZT films
against those with additions ofb. It was discussedn this paperthat the addition ofNb
improveal the piezoelectric performance of the material, and in this case with respect to the
dielectric constant. This particulegsearcmotal the achievement of a relatively large content

of Nb wasaddedand absorbed bthe PZT film (13 %) compared to that of bulk PZT £8)
before loss of the perovskite structuwrecurred #1]. This was a significantly large dopant
concentration to be absorbed intoystemwith no significant disruption to the perovskite
structureput itwasthought that it was the low sputtering temperature that was able to achieve
this in comparison to traditional lkuceramic processinigigh temperaturedt was also stated

in conference proceedingd the same workhat te films were piezoelectric well above the
conventional T of PZT[68] with no degradation observed and that the displacement results
were more linear than typical PZT with less hysteresis even wigfubmg. This is significant

as it suggests that a defect mechanism is either increasing tineé€Bulting in a defect dipole

piezoelectric effect.

In work carried out by Kolodiazhnyi and Petric, samples were made afoledbulk
SrTiOs sintered inair on the assumption of $acancy compensation dbnors f0], and it
was confirmed that their samples remained single phase uplaancentration of x=0.30.
However it was also discussed that work by Slageral. was able to achieve single phase
material at up to x=0.4[43]. The work by Slater observed an impurity phase at Nb
concentrations higher than x=0.4. Tinasimpressive as some literature had considered the
solubility limit of Nb to be around approximately3% in air firedsamplesvithout intentional
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A-site vacancie§37]. For comparison SrTiddoped with yttrium only achieved a solubility
limit of 4% [40], above which pyrochlore phases began to appear repeatedlppdg with

Y and Nbjointly only served to lower the solubilitymit of the Nb[40].1t wasthe inclusion of
A-site vacancies in the Kolodiazhnyi and Petric work that proMide space to accommodate

so much Nbkdopant Another important conclusion from this study was that the presence of Nb
appear ed thesmdilevelasdiTlgiesner at ed [B8). Sampleswithtmbre n 0

Nb conten@appeared to be moresistant to reoxidation.

Brant et al. produced a study20100n the St.xTi1-2«Nb2xOs (STN) series oimaterialsand
conducted neutron diffraction, electron diffraction and high resolution synchrotron analysis on
the samplg$9]. This workwasof most interest to thithesisdue to the matching formula,
which athough initially seems different to that of thigesis(Sr.2xTi1xNbOs), it equates to
the samestoichiometry Threeseparateompositionablocks were observed. The first of the
formula SixTi1-2NbxOzwith intergrowth of SrTiQwherex=0-0.125 a middle region where
single phase 3kTi1.2xNb2xOs exised at x=0.150.20 and a final phase where mixed phases
exisedbetweerx=0.2-0.4, only one of which matched the intended formiilze second phase
present was identified as3$iNb4O1s. Synchrotron data that was taken for samples between
x=0-0.2 indicate that the structure of all samples matthieat of undopedSrTiOz (Pm3m)
which agred with the refinement data produced in this stu@ligese samples are of interest
because there has bemmich work carried out on the-8te doping of SrTi@with Nb, but
there is not much discussion on the structural effects of intentionally creating a large amount
of A-site vacanciesBrant discussttthat the creation of an-8ite vacancy in the perovskite
structure, resudtdin the surrounding oxygen aniomsving closer to the remaining Sr atoms,
which resuledin an octahedral tilting of the structure, however this was not observed in their
X-ray diffraction dataAs such they conductesibsequenglectron diffraction experiments.

The conclusions from thiexperimentverethatthe large defect content of this perovskidéee
rise to a flexible structure whictvas stable down to approximately 4 before a tilt to
tetragonal symmetrpccurred which is seen in SrTi©at 105K. This indicate that this

partiaular STN seriesvasmore stable than the SrTi@arent structure.

Work by Whittleetalin2 017 was Atailoring phase transi
viaA-si t e Vv ac an cTheygoeledenraadries ofisamples with the formula,3ri-
2xNb2xO3 with x=0-0.15 where the Bite ratio of Ti to Zr is varigd0]. The samples studied
had the same formulas as those used in this thegisthe exception of the Zr contefithe

authorsnoted that thestructurechangé from the cubid®m-3mto tetragonal4/mcmat x=0.2
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which was why the compositional rangm the paperwas chosenx=0-0.15]70]. They
mentiored that Pm-3m cubic perovskite is not ferroelectric but susceptible to relaxor
ferroelectric behavioumwhich could be increased by creating regions of inhomogeneity within
the material by changg the ratio of Ti to Zr on the-Bite. Zr also induaka tetragonal phase,
and so thergvasthe possibility of changing phase stability with temperature by manipulating
the B-sitd70]. Following Rietveld refinementf XRD dataandneutron diffractioranalysisit

was found thatherewas a linear correlation between increasing Zr coraedtcell parameter
increasedue to the larger cation size of @mparedo Ti, whichwascausingthe octahedral
tilting and a lowering of the symmetrgf the systemto tetragonal.This suppord the

observation of octahedral tilting observed by Brant §%il.

Bond valence calculations were made to assess the effeatrefsing unit cell sizen
chemical bonding within the perskite structurdy Whittle et gl70]. It was observed that as
the zirconium content was increased and the unit cell expanded, the Sr bonchnge be
weake[70]. The B-site bondingvasslightly more complex due to the variety of cations on this
site in these sample&r, Ti, Nb). In the end membesampleof the seies where Ti and Nb
wereboth present in the sample ¢8Fio.sNbo.403), the bond distances to oxygerresimilar
and within the ideal bond length for an oxygen octahedron. As the larger Zr is substituted onto
the Bsite in place of the Ti, the bonding dxygen beame weaker as the distance between the
B-site and oxygen bame greatdi70]. A-site vacancies were assessed in thikwamd it was
initially observed that it is not possible to assign a radius to a vacancy as with other effective
ionic radii[16]. This meah it was difficult to assign Goldschmidt tolerance factors to
perovskites with a significant concentration of defects, such as those thdhis so it is
commonplace to assign radii of?Sto the vacancy sit§g0]. A decrease in tolerance factor
indicatad an increase in likelihood of a phase transitionegsm svhen the Zr is increased in the
series YsTioexZrkNbo.4Os. The paper by Whittle et al., as with the warkthis tesis
compare a system with defects to an equivalent defesd systen{SrTii-xZrOz). It was found
thatthe distortion to thédower symmetry tetragonal structure hapgetat a much smaller Zr
content(x=0.05) than for the system with-gite vacancies, and themaseven a second phase
transition to orthorhombj@0]. In conclusion the inclusion of-8ite vacancieappearso allow
a higher symmetry phase taigt for wider composition ranges and to lower temperatures.
Another structural conclusion from this wonkasthat there is likely to be widespread local
disorder across the material with different sized octahedra with either the larger or smaller B

site @tions at the centre. This may match the work carried out ithissswith a larger NB*
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ion in place of the Ti cationin different areas throughout the lattidebrief explanation of

the effect of Asite vacancies was given by Whittle g78l. They state that tolerance factor
appear to be smaller in the samples containigiiédvacancies, which they interpgrdto mean

that the vacancies occupy more space than the relevant cation would, and that the surrounding
atoms counterintuitively mode away from the space due to thecdmse in bonding

contribution from the missing catipf0].

Oxygen position and bonding in the perovskite structure is key to understanding electrical
properties and phase transitions. Neutron diffraction is a technique used to assegh¢his as
scattering power of oxygen atonssmnore significant in this technique compared to otHeos
examplejn the study by Whittle et al. 20[70] it wasfound that oxygen has one indepertden
site in the cubicPm-3m structureof Sn.xZri-2NbxOs and two in the tetragonal, so this
technique is clearly auseful one to more clearly observe transgiarccurringbetween

structuralsymmetries.

A theoreticalpaper produced by Baket al.in 2018 was a study of the mechanisms
governing metal vacancy formatigimcluding A-site)in SrTiOz and BaTiQ and the effect of
doping with donor dopants Nb and Fe to craatgpe materialg’1l]. Cubic phases of each
material were studied for comparisdrne main differences between the metal vacancies that
formedin these two similar materialgerethat in BaTiQ the metal vacancy forms on the B
site (\Ai) whereasn SrTiOs it wason the Asite (Vsy). In oxidising conditions and in doped
samples Bsite vacancies can oc¢ut]. This tells us that it is more energetically favourable
for SrTiG: to lose a Sr atom thdor BaTiOs to lose a Ba atonin energetic terms it takes less
energy to produce an-gite vacancy in SrTigxthan BaTiQ because of differences in chemical
potential. The Asite vacancy in SrTi®is 0.60.8 eV lower in formation energy than in
BaTiOs, whereasthe B-site vacancy in SrTi®is 1.21.3 eV higher in formation energy
compared to BaTig)71].

SrTiOs has a predicted bandgap of 388 and a lattice parameter of 3.98landBaTiOs
has a predicted bandgap of 30 with a lattice parameter of 3.98(71]. Oxygenvacancies
are the primary vacancy BrTiOs/BaTiOsz as with most metal oxides. The have+acharge
and can be located in the band gap in both materials. If the oxygen vacancy transitions to the
Fermi level, and the Fermi level is near to the conductioml laen the oxygen vacancy can
trap an electron and change totacharge, and if the Fermi level is close to the valence band
then the oxygen vacancy can capture a hole and becost@aBy¢71]. A-site vacaneswere
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also found in the band gap of these materials bdtah2a charge and degenerate states also
exisied near to the valence band and multiple different charged statdd exist in these
materials such as/a-/5- etd71]. The 4 (B-site vacancy) has a dharge and can have many
different valences up to a neutral 0. As the reaction conditions cbaonge more oxidising
atmosphere the formation energy of @ ¥ompare to that of \&; dropssignificantly due to
changes occurring in phase stoichiomigtty. The authors describehat in SrTiQ, the energy

of formation of a \é waslower than both a ¥ and a \fi-Vo defect dipole, and this energy
difference increaskwith increasing TiQ excesf/1], which male the \4r the major metal
vacancy in SrTiG[71]. The authors discusd thatthe reasoning for thistermmedfrom how
A-site vacancies predominantly inteettvith the crystal lattice ionical[y1]. The lattice
parameter as stated previoushgs smaller forSrTiOs thanBaTiOs, so the ionic interaction
between the lattice and Sr atom shoh&e been stronger than that of Ba iBaTiOz[71].
However the Sr hd higher electronegativity than Beaeaning it hd more ionic characteristic
than Ba and as such behdwe a weaker less covalent way than Ba aadeasier to remove
from the lattice, hence whywaseasier to form & srthan ave471]. When explaining the W
however, one must consider the@ioctahedron. It is covalent in nature, and tkstgbes of
the oxygens present create a valence band, whilst thetates forma conduction barjdl1].
Titanium and oxygen have similar charges in both $h€iOs; and BaTiOs environment,
howeverBaTiOz has the larger lattice parameter which makes th® Tfiteractions weaker,
making a Bsite Vri easier to create iBaTiOz thanSrTiOg[71]. The DFT calculations from
this paper match this descript[@d]. This DFT-based paper also carried out calculations based
on donofdoping with Nb. It was found that whé&rTiOs andBaTiOs were doped with Nb, it
wasunlikely that Nb will dope on the Aite of both materialdue to high formation energies
They also found that NV o defectcomplexes were also not energetically favourable in either
material. The most common aerdergetically favourable location for the Nb dopant ion was
on the Bsite as Nbij, at which point the 4d electrons of Nb mdvgto the porbital of the
oxygen valence baifidl]. The existence of metal vacaggicompensatkthe increased level

of electrons in a donedoped material

A 2011 paper produced by G. Xiao et al. created a series of $Ssdiples deficient in
A-site cationswith Ga and Nb used as#®te donordopants where x=0.08.266]. The study
was conducted in order favestigate the conductivity properties observed in daloped
SrTiOs and the effect of Asite vacancies on the maximum donor dopants able to be added to

the perovskitesystem A Sr-deficiency was created in tihesample in order to minimise any

50



seconday SrOrich phaseSi.oTioexGaNbo 203, resulting in a single phase cubic perovskite
structurg66]. The inclusion of Ga in the NBopedSrTiOs samples created an increased level

of oxygen vacancies via the following reaction:

- "0 @Ok - * o-0 [66]

This has the effect of reducing the sample and influencing comituciThe Ga cedoped
sample was found to be twice as conductive as the solejoNed samp[€6]. The addition

of Ga to the NbdopedSrTiOs sampleincreasedhe lattice parameter of the material, but this
could be due to the reducing effect of Ga, and in particular the reducddand T
specief66]. The addition of Ga was also found to decrease the sinterability of the samples. As

such from these findingswas decided that Gaoping would not be stable for this thesis

Slater et al. in1996 andl997 producediwo papersvith La and Nb cedoped and singly
doped SrTiQ@ with compensating Swacancief57][38] and examinedtheir conductivity
relatiorship to oxygenpartial pressureThe Nbdoped samples were of particular interest as
they matclkedthe formula of some samples produced in thesis Sn-2Ti1xNbxOs, however
in the 1996 paper the samples after sintering were then reduced/iiratiospherevhich
will make the samples behave differently to those in this thElsesauthorsfound that for the
La-doped samples the unit cell decreased with increasing La tathtiento the smaller cation
size of La compared to [88]. Samples of Nb and La @oped samples were found to have
expanding unit cell sizes of 0.3 compared to more than 0.%5 for purely Nbdoped
samplep38]. With regards to conductivity, the purely dd@mped samples were found to have
good conductivity at low oxygen partial pressures and increasing conductivity withntent
up to x=0.6. When comparing Nibped samples to kdopedsamples, it was found that the
samples containing Nb, including both the purelyddiped sampleandthe Nb and La co
doped samples, appeared to have a resistameexidationdespite being held for a week in
an oxidising environmef88][67]. This was suggested to be an oxygen transport issue in
relation to high Nkcontents. This wasot as muchhe case with intentionally porous samples
Resistivity vs. temperature measuremenissamples that were reduced in aA# mixture
showed metallic behaviour with resistivity decreasing with decreasing temperature. A
Adeviation from |inearityo was wasatgibutedatp pr oac
grain boundary effec88]. The authors also naten this work that thergvasthe potential for

uncertainty surrounding the exact composition of the samples, adi@ be an impurity
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and there could also be-Bisses in excess of those intendedoca@mpositional Asite vacancy

from sintering38]. This will be taken intoconsideration in this thesi€onclusions from the
conductivity experiments stated that a change in oxygen concentration within the samples of
1=0.04 was enough to induce metallic behaviour through the introduction*ofofis in the

reduced samplg38].

Thisthesiswill initially attempt to recreate the work of Kolodiazhnyi and Petric by creating
samples ofSrTiOsz with up to Nbx=0.30 with intentional Sr vacanciesbefore carrying out
electrical measurements to attempt to determineltwatrical behaviour ahe samples, along

with ascertaining the existence of any defect diptiiascould be engineered.

2.3 Defect Dipoles

PZT ceramics doped with manganese are commonly used to provide the high mechanical Q
and low dielectric lossommonly used in high power glcations This avoids heat loss whilst

still delivering high powdi72]. The manganese acts as an acceptordopant cr eat e t he
piezoelectric effecandhas a lower valence than the ion whitcls intended to be substituted

for. The useof acceptor ions as dopants creairygen vacancies (positively charged) due to
charge compensation mechanisms that act to balance the nbatgdityof the lattice These

oxygen vacancieshen form defect dipoles with the negatively charged accegpant

ion[72]. Although the concentration of defect dipoles is often loanmaterial, theycanplay

a significant role in the piezoelectric behaviour as they act as pinning centres for ferroelectric

domains and stop them switching under aaphlternating electric fiei72].

During the ageing process of piezoelectric ceramics, the oxygen vacancies that are present
migrate to occupy the lattice site closest to the acceptor dopant ion[{&dielf we usecubic
BaTiOGzas an exampl e, the probability f iishd o0x
wherei=1-6 of the oxygen sites in the ABQ@nit cell. In the cubic BaTi®unit cell above the
Tcthe R of the six oxygen sites is equivalent as the oxyges sre equivalent within the
cell[72]. However, below thedfor BaTiOs following the transition to the tetragonal structure,
the dopant cation shifts along the 001 axis. This creategquimalent oxygen sites within the
unit cel[72]. It is of note at this point that the tetragonal phase of BalE@ ferroelectric
phase. It is in this phase that the defect dipole orients along the same axis as the direction of
spontaneous polarisation. This minimises the electrostatic enetfyy latticg¢72]. The defect
dipole that has formed at this point isr(XM o). Fhe orientation of the dipole may be different
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in different materials but will likely always be in the direction closest to the direction of

spontaneous polarisan.

Cation vacancies will be discussed in more detail later, but they are often generated through
sintering processes where volatile metals are lost such®4sNai or K* in BNT-based or
KNN-based ceramics. Oxygen vacancies are formed again ircabésin order to charge

compensate but they pair instead with theNf @iNjNjNj f or exampl e.

A seminal paper by Lambeck and Jonker in 1978 was the first to discuss in detail the
existence of defect dipole pairs and their effect on the electrical properties of a ferroelectric
ceramic. The work involved doping BaTiQ single crystals with % Mn-doping. In this case
it was found that the Mt ion was substituted onto the*Tisite, and paired with a doubly
ionised oxygen vacancy to form a defect difiad¢. This negatively chargeacceptor dopant
ion when paired with the positively charged oxygen vacancy crediat Lambeck and Jonker
termedan fAi nt er [26].IThel papemisofdiscedxidhé ageing effect which cause
a shrinking of the hystereslioop, a reduction itan deltaand increasd the piezoelectric quality
factor J26], but also that the existence of these defect dipoles could suppress the ageing
phenomenorAgeing is a result of a combination$égffects; a bulk effect from the relaxation
of aligned anisotropic lattice defects by the polarisation direction, heffaktt from the
diffusion of defects into the walls of grains, a boundary layer effect which fixes domain
structures because electric fields are cancelled out by the diffusion of defects into walls, and
finally the stress effect from which macroscopieefs can rearrange the domain stru¢26e
It is believed thathe existenceof defect dipoles stabilisageingas a result of the bulk effect

of a systematicepeatingdefect dipolealigningwith the polarisation directid@6].

The 1988 paper by Arlt and Neumaoaoveredthe internal bias in ferroelectric ceramics
caused by defect dipoleandsuggestd that they cause a hysteresis curveE(op) that is
shifted on the-axis, stabilise thderroelectric nature of thmaterial and stop the depolarisation
that can occur at moderate electric figfd. In similar agreement to Lambeck and Jonker,
Arlt and Neumann believed that the addition of acceptor dopants increased the presence of
defect dipoles in a ferroel ect [73,andrhattther i al ,
sintering step of ceramic processing created oxygen vacancies to neutralise the acceptor
dopants. Irthis work they doped BaTiwith 1 % Ni, with the Nf* ions substituting on the
Ti** siteg73]. They also found that thaegree of internabias formedvasproportional to the
concentration of dopant add&8]. The defect dipole in this case foeafrom the N#* on the
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Ti** site and the positively charged oxygen vacancy. Arlt and Neumann found that the unit cell
with this defect dipole present differed from that of thenmad BaTiQ unit cell by having a
different permittivity, and a distortion of the unit cell caused by an elastic dipole moment from
the defect dipolg3]. With regards to the movement of the defect dipole, Arlt and Neumann
found that at high temperatures the oxygen vacancy could swlag dther oxygen sites within

the octahedrarandthaton cooling through the d'a spontaneous polarisation ogearwith

the characteristic BaTletragonal distortioi73]. A closer look at the structure of the defect
dipole shoved that as with a typicaBaTiOs tetragonal distortio, the Ti ionwas shifted
upwards offcentre, but the substituted Ni israsnot. This meanthatbetween the Ndoped

cell and the next regul&aTiOs cell above, therevasa larger gap than there would be usually
and as such the oxygen vacan@uwd preferentially choose this spot in which to exapatially

and electrostatically3].

De Souza mentiad in his 2015 paper ro oxygen diffusion in SrTi@that the oxygen
vacancies found in SrT#€materials begn to interact with acceptor defects at lower
temperatures such as Mn, Ni and Fe on the -Eit8 and that this occurred in the nearest
neighbour location. This paper diss@l that some acceptatopants such as Ni have the effect
of changing the activation energies for diffusion across more than nearest neighbour sites from
the dopant ion, up to approximatelyeV from a 0.65eV average in wdoped SrTiQ[50].
Interesting work by Shi et §f4] showed Faedloped BNTFBT regarding the defect dipole (]

Vo) and its effect on reducing the conductivity and enhancing the fatigue resistance of
electroceramics This wasdue to the restrained migration of oxygen vacancies,bie.
Amoppgi upd oxygen vacancies in the | att,ice an
as described by De Soy28]. This could be useful in thighesiswith the attempt to reduce
conductivity across sartgs and manipulate defect dipoles.

Up until a paper produced by Warren et al. in 19886re had been no intentional alignment
of defect dipoles in ferroelectric ceramics, only the detection of them. In this work a
concentration of F& centres were fand in a sample aindopedBaTiOs single crystalvhich
were presumed to be due to impurity acceptor dgpsjgThe defect dipole identified in this
work was F& and an oxygen vacancy. Agathe Fé* wassubstituted onto the Tisitg75].
There were also signals present in the analysis that were thought to be either fréin-a (Fe
oxygen vacancy) defect dipole or a {FeVga") defect dipoleThis work thenattemptedo
align these defect dipoles and dsfectron paramagnetic resonance spectros¢gpR to

analyse the result¥he regime used by Warren et al. was to apply a DC biab0# for one
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hour at a temperature of 110 to the materid¥V5]. Single crystal BaTi@had threeprincipal
directions for alignment; parallgberpendicularand antiparallel, and EP$§pectroscopy was
used to determine the alignmeunit these defect dipoles with the magnetic fiéldm the
fluctuations in the local environmeiftor example, a perpendicular alignment to the magnetic
field yielded a dipole signal whickvastwice as strong in comparison to a parallel[@Bg It

was suggested in this particular paper (yet disproved in the subsequenbydpersame
autho) that cation motion and defect dipole alignment could be possible in $ideéCause
thereorientation of oxygen vacancies to align the dipole in the Badii@le crystal occued
over atomic distance# test was performed to see if the defects wererientable after an
initial alignment, by flipping the DC bias at temperaturetfoeeminutes when the defects
were seen to be partially randomised, and then the bias continued for another hour and the
defect dipoles were mostly aligned in the new dire¢fibh

The 1996 paper by Warren on defect dipole alignment and tetragonal strain was a
development on the earlier paper by the same aathdrprevious works on defect dipole
alignmenf26], [73] and looks at the alignment of defect dipoles in BaJ®TiOs;, PZT and
PLZT[76]. Therewasa suggestionby Warren which could be problematic for this project if
found to becorrect whichwasthatit is only possible to align dipoles in the ferroelectric fion
cubic phase of these materials and in the ferroelectric dir€t@prsimilar to the work in the
1995 papdi5], a small concentration d¥e** impurity acceptor centres were also found in
SrTiGs. Another development on the 1995 Warren payssthe confirmation of the existence
of an Fé*- oxygen vacancy pair in BaTiDwhichwasalso able to be aligned like the3Fe
defecf76]. Another development in this papems the alignment of defect dipoles in a
polycrystalline material.This was much moredifficult to do because each grain in a
polycrystalline material fetha different pricipal axis of direction relative to the field, and as
such the alignment of dipoles tattto form a Gaussian distribution curve around the field
directior[76]. High temperaturgin the presence of an electric fieltkre used toalign the
dipoles, andt wasthought hat it wasthe oxygen vacancies thatere moving around the
oxygen octahedraand that the cationvacancieswere much less mobileeven at high
temperaturg$6]. This movement of dipolesnly occuredbelow the Curie temperature when

ferroelectric distortion (for tetragonal BaT§Cand spontaneous polarisation o¢¢af.

After the discovery of the same ¥and Fé* oxygen vacancy defect dipslexising in
SrTiOs, there was an attempt to orier@ahem similar to the work done on Bati@ field at

1000V at 100°C was applied to the samples for three days and the sample cooled to room
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temperature with the voltage left [@6]. Some degradation resistance was observed but no
defect orientation occurred baseud rotational studies carried out before and after treatment
showing no difference. This suggedthat defect alignment under this treatment regime d
not align defect dipoles in SrT{O

Warren also repogtithe presence of defect dipoles in PZT. fliean Fé&'-oxygen vacancy
pair, and Ti*, PB* and Cd* lone centresthe lone centres locating on the"TB-sitgd76]. The
Ti%* lone centre haa larger radius than ¥iand a greater negative charge, as suslagmore
difficult to move around the lattice and therefore harder to [@&]nA study of PLZT was also
carried out in this paper and the®Plone centrevasidentified. This constitutka hole inthe
place of the PB ion. The Pb ion as previously discussed has tRdofe pair of electrons
which m&esthe defect highly polarisable, as such poling at room tempenaagsufficient
to induce alignmefif6]. A Cl?* ion observed in the sample was not stable istade of
alignmentollowing poling for 12 hours at 141 and 100/ due to its large radius and doubly
negative charge with respect to the original lattice, repelling oxygefr&jn¥he Fé* lone
centre in the PLZT sample could not be aligned under any poling regime andgbigygested
to be because oftalf-filled 3d® orbital and its placement in a distorted unit[@&].

A paper by Liu and Cohen 20[7] usal DFT and a first principles study to further
understand defect dipoles and their efiecBaTiOs. The first principles study produced by
Liu and Cdnen proposed that dipolar defects codplgth ferroelectric domains through long
range electrostatic and elastic interactj@iis The DFT study consisted of placing a pair of
Adummy atomso of opposite charge and equal
the number, position and charge of atoms was varied in order to replicate changing defect
dipole concemaition and orientation, which provided a simulation for defect dipgblkehad
not previously been carried ¢ut]. These DFT calculations were modelled on a tetragonal
BaTiOs structure and found that the defect dipoles do increasevérall polarisation but that
the type of dipole species does not affect the magnitude of the polarisation iffcfpdse
and Cohen descridehe defect dipoles that commonly form from the inclusiomafeptor

impurity elements in samples. For example:

(CuriNiNfo )"
(MniNNfo )"
(FeriNj Vo)~
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The addition of 0.5t% Mr?* on the Bsite ofBaTiOs, was found teenhane the mechanical
quality factor [77]. The authorsthen went on to discuss donor doping in lebdsed
perovskites which are often then charge compensated by lead vacancies to form a cation dipole

pair which can form from sintering losses:

(Nbri=V P b NjNj) Nj

However this cation pair appeadto have no orientation preferendéiis could be due to the
lack of cation mobility observed in these studies making it difficult to orient the diploée.
auttors notel that leadvacancy dipolesveremore likely to orient randomlizavingthe effect
of reducing the coercive fieldthilst maintaining a symmetric hysteresis loop profidich

would be consistent withfas o f t ened d77f erroel ectri c

KNN systems in leadiree piezoelectric ceramics are known for their highlarge ds and
low hysteresis SHoopd72]. Therewasan example of a Cu@oped KNNsystem where a
defect dipole forrad between the Cii on the NB* site and an oxygen vacancy @NjNjN;
Vo )i8]. The presence of this defect dipole crddtee expected effects of domain pinning
and an increase insQ however, when extra amounts of Cw@re added this causkethe
formation of extra oxygen vacancies. These excesgaesxyacancies then combined with the
pre-existing defect dipole creating an electrically neutral defect with no polafity CunoNiNjNj
Vo), hence lessening the hardening effect as the concentration of dasantreasef¥a].
This study showdthat each defect dipole reaction case is individual and based on the chemical
profile of the materiahnd that there can be an optimum dopant level to maximise the effect of
defect dipolesA KNbOz-based system ded with CuO was also studied by Yin et al.
202779], with materials of the formula KNCuO. In this system two possible defect

complexes form:

o# 60 FFor 66 o

These complexes both contribdt® the overall polarisation when aligned either parallel or
antiparallel with the polarisation directipand depending on the composition, the external
field and the temperatures used, superior piezoelectric propeeiesbserved

A recent papeby Maier et al. 202[80], useal a variety of analytical techniques to attempt

to characterise the defects and defect dipoles presentdopkd SrTiQ. The techniques used
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were EPR, DFTand XAFS (Xray absorption fine structure; gives local structure and
unoccupied electronic states). This paper gtbihiat a combination of techniques must be
used in order to arrive at a complete picture for the defect states of a material. For example,
EPR does not detect the presence of Mons, whereas XAFS and DFT does. However each

of these techniques also has a detection limit, be it low or high, for example 0.05 mol% Mn as
a lower limit of detection for XAFS, and 2 mol% as an upper limit for [BBR Another
interesting conclusion was the discovery of a linear defect by DFT, which was detected as a
possible defect energetically, and yet the likelihood of its formation under irgoeal
conditionswas questionable. The M#i ion substitution on the Ti site resuled in charge

compensation in the form of oxygen vacancies to prothedeear defect complex:

0e % 0& X

However, the likelihood of two Mn defects existing in neighbouring cells with random doping
wasdependenbn the concentration of Mdopant in the system; the more dopant, the increased
chance of this defect complex occurringwhsunlikely, especially de to the slow mobility

of cations in perovskite structures. Ther@salso the probability that the complex could form

and then dissociate at high temperatures when the mobility of oxygen vacancies greatly
increasd[80]. This prove that it was necessary to consider the defect species present in
varying dopant concentration samples as opposed to assuming that theaddheccur in

each sampleln this case the more likely defesasthe below defect dipole due to nearest
neighbour defecf80]:

D& wFA

2.3.1 Defect Dipole Effect on Properties

Zhao, Dai and Huang in 20[[/2] corducted a review of studies of lead free electroceramics
that contain defect dipolehis review paperas dd the paper by Liu and CohfgiT], discussd

the effecs of defect dipoles othe followingelectrical properties
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2.3.1.1 Large Permittivity

A paper by Pan, Cao and Qi in 2088] conducted research into a Srgidased system
investigating the effects of defect structure on dielectric pt@sefhe system in questiomas

SrTirx(ZnyaNbz/3)xOs, wherebytwo Nb** ionswereacting as donor dopanand compensating
for oneZn?* which was acting asan accepto Dopant concentrationseresuch that charge
neutralitywasmaintainedvithoutthe addition of oxygen vacancidiswasthought that through

a series of defect equations that two possible defect dipeleforming in this system:

0 & "Y'Qformed by the electron from a Rthion and weakly localised by a“fiion and
Nb°>* ion. In this case the electron edts a polaron and hppdamongt said T and NB§*

ions.

"Y'Q o "Y'Q this defect dipolewas thought to be the cause of enhanced dielectric
propertiesn the systemit wasthought to tangle and form clusters which localiaa active
region of electronsyhich decreaedthe loss tangent caused by condudgdh

These defectavere thought to interact electrostatically and cause Zmé"/Ti®* - O
octahedron to shift offentre which createdpolarisation in the lattice resulting inthe
improvement of dielectric propertieln this research, a peak in permittivity was seen at
x=0.015 @9100)accompanied bthe lowest tan value @0.03). The permittivity increased
up to this dopant concentratiomeal to the larger number of defects that began ordering,
lowering the local symmetry resulting in improved dielectric properties. Above this dopant
concentration (x=02) the effects of ionic conductivity took over due to the higher content of
impurity ionsand local polarisatiowassuppressed due to theZZand NI5* ions being closer
to one another with increasing dopant concentrf8idnThis work was developed on by Pan
et al. in 202(B2], where the group varied the valence states in order to attempt to defect
engineesimilar materialsThey shovedthat the increasing valence states of the dopanuisl

increase lattice parameteejativepermittivity but also tan.

A second SrTi@based system, this time-doped with Al and Nb, was studied by He at al.
2017183]. Material compositions of the formuBa(Nky. sAl0.5)x Ti1-xO3 (SNAT) were thermally
treated in environments of air,@nd N and their dielectric properties compared. The air
SNAT6 sample was found to have the highest permittivity (10500) and the lowed{a#3).
This giant permittivitywasthought to be due to an etentering ofTi* in theTiOs octahedron
identified by Raman spectroscopgind the movement of electrons betw&eh and T ions
The air sintered samplesda higher permittivity over the £sintered samples due to the
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increased number of Fiwhich causegbolarisation of the latticcSamples sintered in2Nhad
too many oxygen vacancies which resulted in ionic conductiVite low tant was again
caused by the defect dipole formed from the oxygen vacancies introduced by the acceptor

dopant AbOs on air and Q-sintering:

YQ o YQ

Another paper snilar to the previous two is that by Zhong et al. Z83]) consisting of
research into SrTigco-doped on the Bite with Mg and NB*. Permittivities of 1.5 x19and
tant values of 0.1 were se@espite sintering in atfue to thalistortion of the cubic unit cell
to pseudecubic. As seen with the Al edoping system above, the acceptor dopant?(Mg
supplied oxygen vacancies to suppress thaocalised electrons resulting from the donor
dopant (NB").

2.3.1.2 Asymmetric P-E Loops

In someacceptor doped piezoelectrics after ageing the usual ferroelectric PE loops appear to

be Apinchedd whi ch eaatiferroelectdd pbased tansigoi?]f(Figure o e | e c |
2.4). The applied alternating electric field switches the polarisation of the ferroelectric by
displacing the ion, in the case of Bati@ong the 001 directiqmoff centre with the fielfr2].
Thisprocess s qui ck, easy and doesndt require much
an appliedalternating fieldcould switch orientation, but this takes more tiared energy as it

involves the diffusion of vacancies which is a more difficult process thaingan ion off

centre.When measuring a ferroelectric with PE loops, the defect dipole will often remain in

the starting orientation as the alternating field is switching too fast for the dipoktdc72].

The dipole remaining in its original orientation also pins the host ferroelectric domain and
prevents it from switching as well. This results in a higher switching éietdss the sample

The higher the concentration of defect dipoles the greater theahteas field and the larger

the switching field required to flip the polarisation direction of the sgmp]jeA lower applied

electric field results in a fall in polarisation so-R¥steresis loops for acceptdoped aged
piezoelectrics show pinched loogenerally the rate for oxygen migration around an acceptor

centre should be much slower than that of the dorsaiiching rate, this results in the

Api nchedo HAsWhenrthe sltersating electpc field is removed after testing, the
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defect dipole and host domain in the origina

for the rest of the material to return to the spontaneous polaristtsmtiorn]72].

The ideal PEhysteresis loops for @efectfreeferroelectric material would be symmetrical
over the y axis showing equal coercive fields, (E+ = E)[72], this indicates an isotropic
response to the applied electfield[77]. PE loops for samples that have been acceptor doped
and aged are often asymmetric. This is due eariternal bias field (& that is caused by the
presence of defect dipoléghis isan internal field that is formed by the macroscopic collection
of the defect dipoles which all normally follow the direction of spontaneous polarisation. If the
sample wih an internal bias field is subjected to an alternating electrictfieldield needs to
be higher in order to overcome the internal bias field switch the orientation of the domains.
When the applied field is in the same direction as the interndidlicsthe remaining domains
switch into alignment easily and quicklsesulting in a low field strengttWhen the applied
electric field isin the opposite direction to the internal bias field the domains are much harder
to switchorientation, needingmuch higher field strength. This is what causes the asymmetric
PE loop along the field axis. This value is by the equation:
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2.3.1.3 Electro-strain performance

The electrestrain performance of piezoelectrics is an important factor for application in
actuatorsThe interaction between defect dipoles and ferroelectric domains has a eféeked

on the electrestrain property oferroelectricsThe previ ously discussed
that the defect dipoles provide to the material after the electric field is removed reduces the
electrastrain to 0%. For tetragonal ferroelectrics suat BaTiQ, the maximum the electro

strain can reach is c/a=1. If there are no defect dipoles in a ferroelectric material, there is no
hindering of the domain switching under an applied electric field, and the strain vs. field curve
slowly rises and follow linearly with the field with a sudden increase in strain at a critical
electric field. With defect dipolesn aged sample and appliedfield that is opposite to the
internal bias field the defect dipoles pin ferroelectric domains hindering the swgcbf
polarisation direction. As such only a partial or incomplete switch occurs, limiting the electro
strain of the sampleA concentration of 0.;t% of defect dipoles in a sample however is

enough to create the restorative force in stragovery77].

Lietal[85] describela fngi ant str ai n a rbdsedceramichiywhicle r e s i ¢
defect dipoles existl between Asite vacancies and oxygen vacanci€kis facilitated the
nucleation and growth of the ferroelectric phase imthagerial andesutedin the redation of
the electric field during relaxeto-ferroelectric transitionThis in turn lead to the increase of

theelectrestrain of the material.

Mn-doped KNN systemwerediscussedy Zhao et aldue to their potential for creating
very large electrosiin with PE/SE loops varying in shape according to different treatment
conditions such as sintering regirf@8. Oxygen vacanciesvere often formed from the
volatile losses of K/Na in KNMbased cemics whichwas thought to cause the observed
asymmetric SE curves and high electrostrain at low electric fg&liZhen et b [87]showed
that the valence state of Mn when substititadan effect on properties, for example single
doped low valence M showed high electrestrain whilst doping KNN with M# andMn**

resulted in a highergitemperature stabilifg7].

Another example of electric field induced strasnshown by Zeng et al. 20[BB] who
substitute F&** for Fe** in BiFeQ;, inducing the formation of oxygen vacancies that go on to
form thedefect complex:"OQ &% This defect dipolelisrupedlocal structure symmetry

and resukdin an electric field induced strain of 0.84. The F&" ion creatd a tilting of the
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Ti-O/Fe O octahedron thus changing the structure of the material from cubic to ps¢hido

and creating a polar nderrodectric phase, drancingthe piezoelectric properties.

2.3.1.4 Switching Defect Dipoles

The orientation direction switching of defect dipoles is slow and difficult. This is because it
involves the migration/hopping process of vacancies and cations which catolemocess
depending on the specjég], [77]. This slow reorientation of dipoles must be balancéat w

the fast diffusion of oxygen throughout ceramic oxide mat¢ridlsDespite this it is possible

under certainenvironmental conditions, such as low frequencies of measurement, a large
applied electric field, electric field cycling and high temperatures. Fast measuring frequencies
during PEhysteresis loop testing do not allow for the required time it takes dadijoles to

switch orientation, however if the frequency is much lower the asymmetry previously described
is seen to decrease suggesting the dipoles are able to switch orientation with the polarisation
direction, leading to an increase in remnant polaosalncreasing the electric field strength

has a similar effect, but essentially overpowering the strength of the internal bias field and
forcibly switching the direction of the defect dipole orientatias is the effect with electric

field cycling High temperatures are effective at switching defect dipole orientation because
they provide the thermal energy to overcome the potential energy barriers and activation energy
for switching. High temperatures are a balancing act however, as if the tempessguies

high, they can break the bonds that hold defect dipoles togethes.being said the high
temperatures and fields used to reorient defect dipoles suggest that the binding energy of the
oxygen vacancies to the cation is high enough to maintanfipghée bond whilst other species

are diffusing quickly through the material arourf@i.

63



3 Research Methodology
3.1 Motivations

A basicschematic of cubic perovskite Sr&if3 shown below ifrigure3.1. It is not this simple
however, as discussed $ectionl.3: dl ceramics naturally havehemicaldefects throughout

the material. The can be from sintering losses, impurities, dopants etc. These defects carry
chargeseitherpositiveor negative and have been shown to naturally form defect dipole pairs,
often between a cation defect and oxygen vadaegybut others exist as described in Section
2.3. What ifit was possible toreate a macroscopic dipole across a cubic, paraelectric material
by orientingdefect dipole pair&/ith an electric fieldFigure3.2 belowshows two pssibilities.
Optiona (left) is thatthe defects pawmp, either a cation vacanajopant defect pair, or dopant
defectoxygen vacancy paignd orient themselvesith an applied electric fieltesulting in an
overall net polarisatiarOption b (right) is asituation where the individual chemical defects
migrate through the material when an electric field is applied to create a negative and positive
end of the sample. Both of these scenarios would be considered to be a macroscopic dipole.

It has beemrovento be possible in ferroelectric materials in the ferroelectric phase, but has
not yet been achieved in a material without a spontaneous polarisation djg&gtiQation
vacancies irperovskite structures have very low diffusion rfE8§ and as such would be
necessaryo pole the samples high temperaturand for along time in order to orient the
vacancies with the fieldlf samples are too conductive, the applied electric field will be
screened by free charges and oxygen vacancies which move déneuladtice much more
freely. As such, it is important to find samples which are suitably resistivis. is why the
materials proposed below are an attempt at investigating chemical defects whilst observing
electrical conductivity. If it is possible tdign defect dipoles with an electric field in a
paraelectric material, the next challenge would be locking their position in place once the field
and temperature are removed in order for the material to be useful in a device application
setting. If succegsl, this could result in a new branch of piezoelectric material which is non
ferroelectric. There is the potential for optimising the engineering of chemical defects to create

a material with high electromechanical coupling efficiency in relatively inesipe ceramics.
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Figure3.1: SrTiOs cubic perovskiteGreen centres Sr, blue centres Ti, red centres O.
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Figure3.2: lllustration of macroscopic dipole concept(left) andb (right). Green centres Sr,
blue centres Tipurple centres Nb, red centres O.
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3.1.1

Materials Selection

SrTiOs samples with both excesses and deficiencies of Sr, at the amounts of 1.020,
1.010, 1.005, 1.002, 0.998, 0.995, 0.990 and OtB8dvestigate the role of Sr/Ti
excesses and deficiencies on the conductantydefecbehaviour otin-dopedSrTiCs.
Compositons of SrTiQ donordoped with Nb and compensated by Sr vacanwers
madeaccording to the following formula: Sg2)(Ti1xNbx)O3, wherex=0.10, 0.15,

0.20, 0.25, 0.30, 0.35. Additions bib were made to initially investigate the solid
solubility limit of Nb in the perovskite structuraongside Swacanciesip to 30%Nb

before electrical characterisatiowas carried out toinvestigate defect species
behaviourThe inclusion of large amounts of @cancies were to balance the’NMbi**
substitution.

Samples of SrTiewere made witldonordopantNb on the Bsite without Svacancies
includedfollowing the formula Sr(TixNbx)Os wherex=0.002, 0.005, 0.010 and 0.020,

to investigate donor doping on thesie without the inclusion of Sfacancies.

Samples of SrTiewere made with acceptor dopaie and Cofollowing the formula
Sr(Tii-xCo)Os and Sr(Ti-xMnx)Oz, with x=0.01, 0.02, 0.05, 0.10, 0.26 investigate

the effect of acceptor doping on thesBe without the presence of &candces.

The presence of high concentrations of either free (or hopping) electrons or oxygen
vacancies isound to bedetrimental to the conductivity of the samples. Hence, it was
considered whether it was possible to reduce their concentratidxaigythe number

of Srvacancies and changing the donor dopant concentration.

000 ©cl @ o b

Assuming thathemechanism above does not fully compensate foa&ancies by Nb
doping, then reducing the Nb concentration whilst legwtive Sr deficiency constant,

may result in a reduction of the free electron concentration. As such the sample set
Sn.oTi1xNbxOswas createdsamples o6rTiOs donordoped with Nb and compensated

by Sr vacancies but with a fixed level of ®acancies aarding to the following
formula: Se.o(Ti1xNby)O3, wherex=0.19, 0.15, 0.10, 0.05, 0.01, 0.005. This will be to
determine the effect of S1acancies electrically compensating for Nb substitution on
the Tisite.
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SrTiO3

SITiOs

Table 3-1: Sample list

Sr-excess | Srdeficient | g, Ty ,Nb,Os SrosTi1ND,Os STi1NbyOs SrTi1xC0:0s SITi1Mn,Os
SITiO3 SrTiOs

Sri002l110s  Sro.00sli10s  Slo.gsTio.edNDo 1003 Sho.oTi0.81NDo 1903 SrTio.90dNbo.0003 SrTio.98C00.0103 SrTio.9dMINo.0103

SroosTi1Os  Sro.gsT110s  Sto.025T0.88N00.1503 Sho.oTi0.83\D0.1503 SrTio.999\bo.00803 SrTio.ofC0.003 SrTio.odMno.003

Sro10li10s  Sro.geol110s  Sto.goTi0.8NDo 2003 Sio.9Ti0.90Nbo 1003 SrTio.edNbo 0103 SrTio.esC00.0503 SrTio.eVINo.0s03

Sro20T110s  Sro.gsol110s  Sto.g75Ti0.78N00.2503 Sio.9Ti0.98\D0.0503 SrTio.edNbo 0203 SrTio.odC00.1003 SrTio.odMnNo.103
Sto.g5Ti0.70NDo 3003 Sho.9Ti0.90NbD0.0103 SrTio.sdC00.2003 SrTio.sdMno.203

Sio.9Ti0.999\Do.00403
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3.2 Ceramic Processing
Polycrystalline samples of the previously mentioned proposed matsgedssynthesised by
the mixed oxide solid state reaction technique. Stoichiometric fractions of oven dried, raw
materials SrC@(99.9+ %), TiQ (98%), Nb20Os(99.9 %) CoO (99%) and Mn&X99%)were
mixed and ball milled for 24 houis isopropylalcohol(IPA). The mixed wet powders were
then dried for approximately 90 minutes using a Kenwood indutteated mixer to remove
the IPA; samples were then placed in an oven overnight to be thoroughly dried. The dry sample
powders were then sievéldrough a 30@ m m® semove any large solid agglomerations
before being separated and calcined at 2T0fdr 4 hours in a furnace. The resulting powders
were then examined underrdy diffraction to confirm the perovskite structures and note any
phase separatiomgth the addition of increasindppantcontent. After the crystallography was
determined, the calcined powder samples were then mixed with 2 wt.% polyvinyl alcohol
(PVA) binder, ball milled in distilled water for 24 hours, dried and sieved algafore bang
pressed into pellets with a diameter of approximately 10 mm and thickness of approximately 3
mm using a uniaxial pressd 1 tone pressureThe pellets were then subjected to a sintering
regime which consisted of an initial ramp up to and dwell at®& order to burn off the
PVA binder, followed by an 8 hour sinteetweenl200-1500°C depending on the material

The volumetric densities of the pellets were measured before and after sintering in order to
monitor the change in density and the ssscof sinteringA fully sintered pellet of each
sample composition was then examined usiagyXdiffraction in order to note any clges
from the calcined samples. The remainpales were then ground down to approximately
1mm thickness anthen hadheir surfaces painted with a silver/glass mixture and placed in a
furnace to fire at 550C for 30 minutes in order to form electrode surfaces. Electrical
characterisationf each sampleould then begin.

3.2.1 Calcination

Calcination of the samplpowders was carried out in order to react the starting materials
together to form théeginningof the intended material product€alcination serves as a
method of homogenising the material by diffusion of i¢imluding dopants)prior to
sintering4] and is a form of preeaction that promotes phase nucleation that encourages strain
free grain growth during the following sintering pro¢898%, ensuring maximum densification

Ball-milling is an important step to carry out before calcination as it ensures that all reactants
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are equallydistributed and agglomerates broken up to reveptimum surface areas for
reaction. Calcinatioralsoinvolves reacting and burning off amxcess arbon and oxygen
atoms in the form of C&br Oy, along with any solvents that were used in the processing up to
this point such as IPAAs such the weight of the powders decreases after calcination, and this
can be an indication of a successful calcinat@aicination is often carried out at temperatures
lower than sintering of the same material by a few hundred de@reegesulting calcined
powder will be carser as a reaction has begun between starting materials, and as such ball
milling is repeated after calcination to break apart agglomerates before simtegngure a

homogenous reaction

3.2.2 Sintering

There are different types of sintering, but this work uses solid state sinteritggmddy the
ceramic sampledBefore sintering the calcined and batllled powderwith added binders
shaped and compresseddan pressure into a petlerhe first stage athe sinteringregimeis
carried out at approximately 55€ and serves to burn out the bin@grd any remaining
solvents for approximately-2 hours The second stage of sinteringcurs at temperatures
anywhee between 200-1500 °C, depending on the material, aisdthe grain growth and
densificationprocessof ceramicproduction The driving force for sintering is the decrease in
surface energy of the reactant partipl¢sas the atoms in the grain boundary have a higher
energy than atoms in the graimg)ich means that grain growth and decrease in grain boundary
volume in the ceramic decreases the free energy of the $96lemlass transport occurs
through the diffusion of atoms and charged spemiesssthe ceramic, with the reduction of
poresand the growth of grains as the reg&ili. The type of defect present in the lattice is
influential on the success of sintering. For example Jaffe stadié that Asite vacancies, as
intended in this SrTi®Nb work, aid diffusion within a lattice, whereas oxygen vaassican
actually inhibit lattice diffusion, which can hinder successful sint8iné\-site vacancies can
decrease the overall size of the lattice but provide sites for ions to diffus&ratn.growth
occurs when atoms diffuse from one side of a grain banyrtd another, resulting in the growth
of one grain and the decrease in size of the previoug@ohiisome ceramics, depending
the melting point of their reactant components, hawe their sintering accelerated by the
presence of a liquid phase that facilitates mass transgfadns into poregjuicker than the
solid state wouli21]. A bulk liquid phase is stable at higher temperaturesagswhcts to wet
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grain boundaries at lower temperat(4d$. This increases diffusion in sintering as the liquid
phase is easier for species to move throlBfTiOs is a good example diquid sintering
wherebya Ti-rich phasdorms a liquid phasand promotes densification of the ceramic

Sintering times and temperatures can be used to modify the grain size of a ceramic, for
example at increased temperatures and sintering timesr [grgns grow absorbing smaller
grains which maintains the conservation of mg@®r This can control the electrical and
mechaical properties of the ceramia order for high density ceramics to be achiemess
transport diffusion occurs froitihe grairs to the pores which act as a sink for the incoming
mattef90]. Sometimes poresanget trappedn the ceramicnormally from abnormal grain
growth and long diffusion pathways in abnormally large graiasulting in a lesslense
cerami¢90]. The theories surrounding sintering and sintering studies that have been carried
out on the production of electroceramics are plentiful and complex and is its own field of

research.

3.3 Structural Characterisation

3.3.1 X-Ray Diffraction

X-ray diffractionis atechniqueusedin this workto characterise theamplesacross the range

of compositions andan determine the phase/structure of the sample, the purity, the crystallite
size, the cell parameters, and the orientation among other tiXags: radiation isused
because the wavelength ofrays is similar to that of the interatomic distances of atoms within

a crystal structuf@1].

X-rays are produced in an-pdy diffractometer by heating a tungsten filament which then
emits electrons. These electrare @celerated andollide with a cooled metal plate, in this
case copper, and interact with the copper atoms, exditivey electrons to a higher energy
level causindhigherelectrons to fall into these empty energy levels resulting in the emittance
of X-rays[91]. These Xrays are directed at the sample stage through divergent slits as the
sample is tilted through a range of specified ang\sen the Xrays pass through the sample,
they either interact with thelectrons of thetoms within the sample and aeattered in all

directions ortransmit through it. If the scatteredrdys constructively interfere by scattering

from two planes separated by an integer numb

a peak will be seen on the XRD spectriig(re3.3).
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Figure3.3: Di agram of constructive interference
University of Cambridge DolTPoMs webdi®4].

Each pek is representative of a plane within the crystal sample and gives information about
the structure and chemistry of the sample. For example, the 100 peak in cubig(&iJuce

3.4) represents th200 planeof the crystal. In norcubic structures, some peaks split into two

or even three peaks according to the crystal structure. For exangleagonal crystal such as
BaTiOs will cause splitting to the 100 into a doublet, because the lattice paranseterequal
toaandb, i.e.a = b fesulting in anultiplicity stemming from the reflection of theaxis.
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Figure3.4: Example XRD spectrum produced on CrystalMaker of cubic StTiO
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Br a g g & showndelow and is the equation thiadws the conditions that must be fulfilled

for constructive interference of reflectedrays to occydO]:

3 ¢ i Qe —

Whereni s t he order of reflecti on, o id tle lattidee wa v ¢

spacing size, and d is the angle of {flB8le i nci

The Bragg equation can be rearranged to findattiee spacingl, which in turn can be used
to find the unit cell parameter which in the case of a cubic unit cell such as Sg18O
Q ——

78]
Where: 00 ¢ ¢ &

Thedatain this workwerecollectedon a D8, Bruker Diffractometer, using ®w radiation to
characterise the crystallographic structure. A Braggrentano configuration was used to
produce scans w£20t- 80°, astep dize ofd.03B%eandf arscamtim®.86
sec/step These parameters were put in plaxe a compromiséetweenscan speed and

resolution.

3.3.2 Rietveld Refinement
Rietveld refinement is a technique used to analysayXdiffraction data and compares the
observed data to a crystallographic model of the material, often from an ICDCaridle
minimises thedifferences between the twdVhen this is achieved it can be viewed as a
representation of the structure and reveal information about the njfa&ridhe tool exists to
deal with errors in powder diffraction such dsom the inherent nature dahe random
orientation of grains in a polycrystalline sam@ad alsanformation loss from peak overlap
The loss of information from peak overlap is overcomeising profile intensitiesnistead of
integrated intensities of the overlapping peaks in the scan in the refinement.

In order to carry out refinement of these structures longer XRD scans were carried out to
providebetter signal to nois d r a n 20e80% a steprsize @.0339. Refinement of the
structures in this workinitially SrTiOs doped withNb, both the Bsite doped, and Sr vacancy
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compensatedyvere carried out in the cubic P8m space grouplhe software used to carry
out the refinement was High Score by PaneiftiThe refinement was carried out in a specific
order unless stated. All compositions weséned against bothnaundopedSrTiOs file, and
also against a SrTgaoped with Nb file, and the best fitting data takeb.wWwas added as a
dopant atom when refing toundopedsrTiOzs and all occupancies were adjusted to match each
intended compositiofequipment based physical parameters sucheasdackground, zero shift
and scale factors were refined, followed by tHe W, (positively constrainedand V
(negatively constrained) halfwidtharameters Theseconsiderpeak variations caused by
particle size variation and scattering angle. Peak shape was then refined as Heséstab
before each composition wésenrefined individually. Peak shape refinemectnsiderghe
ratio between Lorentzian and Gaussian peak profile shEfgaental occupancies were then
freed.

3.3.3 Electron Microscopy

Electron microscopy (both scanning and transmission) use accelerated electrolyséothea
surface and subsurface of a sample specimen. The wavelength of the accelerated electrons is
much smaller than that of visible or UV light (used in light microscopy) and therefore much

greater resolutions can be achieved.

Scanning electron microscod$EM) generates electrons by heatinquagsten cathode
filament, which are then collimated to a beam size of approximatelgn3ith an accelerating
voltage of approximately-30 kV[93]. There are a range ahalysistechniques used within
SEM including secondary electron, backscattered electron, and Auger electrays/X
analysis Seondary electrons are those escaping from the sample from ionised material close
to the surface. They have a high signal level combined with a high lateral and depth
resolutiof93]. Backscattered electrons are primary electrons wimclergo large deflections
and leave the surface with very little change in kinetic erf@8jyyThis technique can be used
to differentiate phases and atomic composition, and inpedithed samples can distinguish
between orientations. Auger electrons are produced when higher level electransodoyper
shells emptied by ionisation from the electron beam, resulting in charactesisiys being

produced which can be used for elemental ang83jis

Samples for SEM analysis were mounted in resin and polished in order to remove scratches

and surface dirt. The polishing regime consisted of grinding both clockwise and anticlockwise
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with p800 SiC papeirom Beuhlerat a pressuref 4 Ibs per sampland speed of 150 rprfthis

was then followed by a using diamond polishing agents&h93 em (TexMetP) and 4m
(Trident), finally followed by MasterMet Colloidal Silic&amples were then mounted to an
SEM stub and carbon coated to prevent charge build up. Images were produced on a Hitachi
SU8230.The samplegrain size vascalculated using imaging softwalmageJto calibrate to

scale bars anthenusing theaveragegrain boundary intercept methaasing the correction

factor 1.56rom Mendelsof94].

Transmission electron microscopy (TEMgas carried out on ultrdhin slices of material
produced by a focusin beam and/asanalysed by electrons produced by a ¢aBgsten/field
emission gun with an accelerating voltage of-#00kV, such that the electron beam passes
straight through the sample interacting with the material on thg§9®pyThe increased
penetration athdecreased electron wavelength results in much improved image resolution. The
transmission of electrons through the material resultisarthicker or denser areas appearing
darker in contrast due to the greater scattering of electrons and this iselétbaal sample
types, both amorphous and crystallg®y. TEM of crystalline materials, as well as images,
can also produce a diffraoti pattern of spots and rings that appear after the diffracted beams
satisfy Braggbés | aw and crayndsfractiom.dtis pogsbleto i nt e
measure these diffraction patterns and match them with the XRD spectra pracheg&EM

analysis in this work was carried out on a FEI Titan Themis Cubed 300 TEM.

3.4 Electrical Characterisation
3.4.1 Impedance Spectroscopy

Impedance spectroscopyite simplest terms, ithe application of &oltage to a sample arad

measurd current respons®5]. These measuremerasecarried out at a range of frequencies
between 167 10’ Hz. They should also be carried out across a range of temperatures as most
electrical processes are thermally activated, leaving $pewiindows of observable
effect§96]. Impedance spectroscopy can be carried out in two ways. The first; @ejpeedent

approach with a step function of voltage applied and a tependenturrent response is
measuredThese results can then be converted into the frequency déifjairhe secon@and
mostcommonvay t o measure I mpedance is in the fre

have to be maa A timedependenvoltage is applied and the amplitude and phase shift of the
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current response is measy&d. The voltage signalU, that is appliedhas & angular

frequency of y¥:and an amplitude of

Y1 YAT 0 0[97]

and the current response is measured by the equation:

QMM TCATVO | [97]

The current responses are eitlreor out of phase by the following amount for e&gbe of
materia]97]:

1 Resistor: in phase with the applied voltage

1T Capacitor: out/ 2f phase by 0 =
T I'nductor: out of phase by 4 = +"~/ 2

The angleby which the current response is out of phase time independent, and as such
impedane is a time independent complex nunj®é}l. Impedance is represented by the
equati oinZ NN[,ZNyhE [ by i =

an

In this work, impedance measurementyetaken at a range of frequency decadesiHz
to 100mHz at 1V) through a range of temperatures in order to assess the relaxation periods of
the materials tested'he electrical properties of titanate ceramissich as SrTig) can be
modified by changing the relationship between grain boundary vs bulk proertatso by
changing the defect chemistry of the matetiathe case oBrTiOs, which is used for several
high temperature applications, bulk vs grain boundary conductivities may be affected by high
temperaturg98]. Impedance spectroscopy is a good method to investigate the separate
contributions from bulk, grain boundary and eled&®.
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Figure3.5: lllustration of the contributions to impedance from grain (bulk), grain boundary
and electrode interface by Waser 1[2].

There are assumptiortbat are made when using theimplisticA b r i ¢ k | amhiehr 6 mo d
describs bulk, boundary,and interface componenté impedance contributio(Figure 3.5).

These are that all grain boundary areas display similar properties to one anotineit tedr

impedance can be averaged out, and secondly that the grain boundaries have very distinct
properties in comparison to the interface or b@K]. However, these generalised assumptions

must be taken with care, because compositional variation across a sample and between grains
can lead to false interpretations based on averaging. For examplknt will pass through

more composibnally conductive grains and bypass more resistive areas, in which case the data

is only a representation of the more conductive zones.

Equivalent circuit modelling is a technique used to analyse impedance data, by simulating
electrical circuits to fithe measured data in order to determine the most lgagariothat
best represents the dielectric relaxations that are taking place in the material. There are a variety
of contributors to the impedance behaviour of a material, such as the bulkejrauidur, the
grain boundary behaviour and the sample/electrode interface behaviour and each of them must
be analysed individually in a heterogeneous sai@plelin an ideal, well made, homogeneous
sample, each dielectric relaxation process can be described by an RC circuit (eesidtal
and capacitor in parallélseeFigure3.6) [97]. The impedance of the sample as a whole is then
calculated by summing each individual contributing impedance in the circuit. In an RC circuit
when describing an electroceramic, the capacitor represents the insulating dielectric properties,

and the resistor descri bes the | eakage cur
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i ns ul94.tExammles of contributions to impedance analysis capacitance are shown in
Table3-2 below.

Table3-2: Table of capacitances of relaxation contributions taken from Scl@mrjavho
took it from Irvine Sinclair and WeSi0].

Specific Capacitance (F/cm) Origin of the RC Element
1012 bulk
101 minor second phase
101" —10% grain boundary
10— 107 bulk ferroelectric
109 - 107 surface layer
107 - 1073 sample — electrode interface
10 electrochemical reaction

A nonrideal impedance response results in the use of more complicated circuits such as the
Debye circuitfor modelling(Figure3.6), which consists of a resistor atwdo capacitors both

in series and in parallel.

— 3

Figure3.6: lllustrationof RC circuit (left) and Debye @uit (right).

The Debye circuit acts to fit data at both the high and low frequency regions of the data set, eg.
afrequency dependent dielectric consfanit. A nonideal impedance response can also be fit

with a CPE (constant phase element) in place of the Rigakhpacitor.

| mpedance data can be plotted in two for ma
semicircle diameter provides the resiste Figue3.7bel ow) , or a UNj vs. U
the semicircle diameter gives the high and low frequency limit of the real part of the relative
permittivity[97]. The shape and number of setircles produced helps to determine physical
effects and processes happening within the electroceramic under certain conditions such as in
the bulk or at the grain boundaries, or in multiple phases that could be present which can help

to identify homogeneityvithin the sample at various temperat(i8e$. Multiple semicircles
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can exist, and each semicircle is descriptive of the contributor to impedance and there are often
cases where the semicircles overlap one another, making it difficult to analyse, in which case

electrical circuit fitting software must be employed.

@ R R
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(n ] ® 2 &
2 o
15 unu o -
2l
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Z'{Mohm) R =R,

Figue3.7:ZNj vs. ZNjN30p! ot of BaTi O

One of the recurring problems with circuit modelling is that it is possible to choose the wrong
circuit to fit the datdeading to an incorrect interpretation of the datad as such it is necessary

to compare multiple circuits against each other in cwenake sure that the entire frequency
range of data is fittgd@6]. The presentation of impedance data is often in the fofm
logarithmic plots due to the wide range of frequencies across which data is colieead

plots cancausecrucial smaller magnitude data to be mi$86§l The correct presentation of
data is important in order to identigny experimental errors and to be able to accurately
identify the physical processes that are occuf@isg

In single crystal materials, impedance graphs often appear as a singiformel
semicircle, because there are no grain boundary contributiahe twerall impedand87].
Often with single crystal impedance analysis, one RC circuit is enough to analyse the bulk
grain contributiorwith a narrow distribution of relaxation times due to the absence of extended
defects in the samgi7]. In polycrystalline ceramics howevtrere are multiple semicircles
to consider because of the variety of contributors to impedance previously distussedt

electroceramics the graboundaries have a greater resistance than the bulk grain, leading to a
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larger second semicirclédeally the semicircles would be clear and distinct feswch other,

but this is not always the case and fitting software and CPEs must be used.

Impedare spectroscopy produces large amount of data, and there are a series of
formalisms that can be converted between using equations in order to present the best data to
i nvestigate the el e cTableB3-8belbw ppesenteddysRaineo 3chnadh e 6 s

illustrates this

Table3-3: Table of complex impedance formalisms presented in Impedgmaetroscopy of
Electroceramics by Rainer Schmidt pp324].

VA y* C* M=
1 1 M *
7%= z7* —
Yy* iwC* ioC,
= m o o,
Z* M *
C*= : re c* Co
iwZ * iw M *
M*= iwC,Z * i, G M*
4 o Y * ( * 4

An ideal impedance data set as previously discussed can be fitted and analysed by a simple RC
circuit. From theimmediate electricaflataoutput,it is possible to determingy analysis the

capacitance, and the resistance:
1 YO p[9€]

wherg ¢“'Q  [96]

andfmaxis the frequency at the top of the arc of the semicifidie. resistivity and therefora
plot of conductivity, can also be calculated from the plot semicircle by taking the resistance
from the point at which the semicle crosses the-axis for the second time and inputting into

the following equatiosi
6 € &'Q6 w0, QU NAIMQI 6 QL QO W

YQI Qi 690 8]0
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ag,ag — [99]

A graph ofthe natural log otonductivity vs 1/T provides vital information regarding the
activation energies of the conduction mechanisms taking place in the material under analysis.
The data lines from this analysis should be linear, with the excegtpirase transitions, order
disorder transitions and curvature associated with defect dissod@@iprit is worth noting

that unexpected deviations from a linear plot, or surprisingly higlalies are both indicators

of the wrong equivalent circuit being picked in the fitting phase of data analysis.

Another way to present impedance data is a graph of frequency wsagmary part of
i mpedance (ZNjNj), and al @)jNfeach cpsedhese graphisshowe | e ¢
a Debye peak, but the ZNjNj gr aptheintesse dthal ed kL
capacitancdor a parallel RC elemefit00]. These graphs can be compared to one another or
presented next to each other, and highlight different points in th®@lgta* graphs tend to
give more information about the grain boundary effeethereas M* graphs give more
information about the bulk propertieBSlectric modulugs the reciprocal of permittivity and
corresponds to diectric relaxations within the materjaD1]. Complex electric modulus can

be represented as folloj#91]:

e L
The peak in graphs of frequency veatg highars t M Njl

frequencies with increasing temperatures which illustrates a decrease in the dielectric
relaxation timedue to adecreasén resistance with increasing temperaf@vg. The modulus

value at the peak maximum can icatie the temperature independent capacif@igeThe
capacitance is also temperature independent inferooelectrics in generalAs this work

relates primarily to the doping of paraelectric SraifBequency vs. modulus/impedance graphs

wi || be constructedsf @NNaamaadysiosdualtonmgtwi ph
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3.4.2 Permittivity vs. Temperature

The relative permittivity, or dielectric constant of a ferroelectric material, is the time delay seen
for the dipoles to switch by 180° when an electric field is apfl@?)]. As the frequency of the

AC supply is increased, éhdipoles may reach a point at which they cannot switch quickly
enough to match the field, and this results in the dissipation of energy from the system. This
critical frequency isdependenbn the material and the type of dipole presémn 4, or
dielectic loss, which is also extracted from this experimental technique comes from losses
from resonant processes or dipolar logH@2]. These are either elastic displacement of ions
and/or electrons caused by the fluctuating field (resonant), or from the reorientation of the
dipole or moement away from equilibrium of ions (dipolar Id4€)2]. Similar to dielectric
losses, ferroelectric materials can suffer from polarisation decay, or ageisgan be caused

by a variety of factors which include; thermal excitations at temperature causing dipolar
reorientation or the drifting of charges, aasido the freeing of space charges resulting in an
overall increase in conductivi02]. In typical ferroelectric materials there always
competition between the conduction of charge carriers and the dielectric relaxation. That is
why the study of permittivity is useful, and can also tellabsut the presence of oxygen

vacancies which arene ofthe most mobile charge carrier iarpvskite oxidgd.02].

Measuring the permittivity of a sample is a good way to get a representation of the physical
and chemical processes taking place during the reorientation of the dipoles with the applied

field, and it can be expressed by the below equdiday.

-1 -1 Q1

w h e eethelteatomponent and is the imaginary component, ands angular frequency.

The relative permittivity or dielectric constant can vary in ceramics according to processing
factors such as grain s[2€3].
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4 Results
4.1 Structural Characterisation
4.1.1 X-Ray Diffraction
4.1.1.1 Non-Stoichiometric SrTiO3

The samples of the formulrTiOs where Sr/Ti=0.980, 0.990, 0.995, 0.998, 0, 1.002, 1.005,
1.010, 1.020 were subjectedXeray diffraction analysis as sintered pellets. It is noted that k
stripping was carried out on the data before plottiftie peakswerelabelled on the black
patten representingndopedSrTiOs. Theoretical densities were calculated from tigpdcing

of the (200) peak of the XRD data and compared to geometric values, and densiti8§%f 94

for this sample set were achieved on sintering.

The XRD pattera (Figure 4.1) show a single phase cubic perovskite structure for all
samples. There are no apparent impurity phases present, as evideRipad®.2 which is a
pattern of Logo of the yaxis for SrTiQ for the most deficient and excess samples (0.980 and
1.020). This would more clearly illustrate any impurity peaks so if there ard&® RP
phases present in the samplegasnotata significant enough concentration to be represented

in the XRD pattern whiclvasexpected due to the minimal excess and deficient Sr levels.

T T T T
T T T T ——0.998

] SrTiO,_excess Sr e ] SrTiO,_deficient Sr — 0095

IR

]

Intensity (counts)
1

100 110 llﬂﬂ 210 1 211 l 220 300 4 30 _- 100 110 1 111 Loo 210 Nlll lzzo 300 |310
T T T T T T T T T T T T T T T T T T T T
20 30 40 50 60 70 80 20 30 40 50 60 70 80
20° 20°

Figure4.1: XRD pattern ofSrTiOzexcess and deficient samples where Sr/Ti=0.980, 0.990,
0.995, 0.998, 0, 1.002, 1.005, 1.010, 1.020.
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Figure4.2: Logio XRD pattern ofSrTiOsexcess and deficient samples wh&r&'i=0.980, 0
and 1.020.

4.1.1.2 A-Site Vacancy Compensation of Donors

Srax2)TiaxNbxOs Samples:
The samples of the formuBrix2)TiaxNbxOs where x=0, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35

were subjected t§-ray diffraction analysis as sintered pellgitss noted that i stripping was

carried out on the data before plottirigigure 4.3). Peaks are labelled on the black pattern
representingindopedSrTiOs. Theoretical densities were calculated from tkspdcing of the

(200) peak of the XRD data and compared to geometriesahnd densities of 3B% for

this sample set were achieved on sinterlbgvas originally intended to make &fx=0.35
sample but this was difficult to produce consistently as it repeatedly cracked on sintering
(Figure 4.20). The work byKolodiazhnyi and Petr[89] shows an XRD pattern for SrTiO

with Nb additions o&=0.4 andx=0.6 which shows phase separation afT#tbsO15 (Figure

4.4). According to Kolodiazhnyand Petrig39] the defect chemistry model for-8eficientn-

doped SrTi@ sintered at low oxygen partial pressures can create a multiphase material, such

as the presence of-fich secondary phases. Sintering in air, sucth@asamples in this work,
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should result in single phase cubic materials andiasgenerally seen in the XRD data up to
Nbx=0.30.
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Figure4.3: XRD pattern ofSrux2)Ti1xNbxO3 where x=0, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35.
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Figure4.4: lllustration of phase separation with increaditgcontent in XRD pattern of Sr
x/2NbxTi1.x0O3 wherex=0.4 andx=0.6 by Kolodiazhnyi an@etrid39].

The study by Slater et f87] showed a tungsten bronze impurity phase 0f.&iio.2Nbo sOs

with a tetragonal unit cell appearing at concentrations ablye0.4. The spectrum of the
samples analysed Figure4.3 showeda clear single phase cubic perovskite strucfling is
promising, because it supports the work done by Kolodiazhnyi and[B@}titatNb solubility

in A-site compensate8rTiOs is successful up tat leas Nbx=0.30. Of note is the absence of
the (100), (210) and (300) peaks for the yN8©.100.30 samples in the XRD pattern. To
examine this further a graph was made of the XRD pattern for SER@®NR=0.30 samples
with the yaxislog-scaledto accentuate safl peaks in order to determine if the peaks had just
decreased or disappeared entirélig(re 4.5). This pattern shows that the (210) and (300)
peaks have disappearegimpletely from the Ni=0.30 sample and that the (100) peak remains
but is much smaller therefore almost imperceptible on the lin@arsypattern, in contrast to

the log graph irFigure4.2 for the nonstoichiometric SrTi@samples.
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Figure4.5: Logio XRD pattern ofSra-x2)TiaxNbxOs samples where Nb 0 and 0.30,
illustrating reduced or missing (100), (210) and (300) peaks.

To furtherinvestigatehe missing peaks, a model diagram was madedbpedSrTiOz using
CrystalMaker software, which is able to construct the XRD crystal planes (shown in red). A
diagram ofundopedSrTiOs was used for initial illustrative purposes ais ihard to predict and
accurately demonstrate the location of-8idpant ions and Sracancies. lllustrated below is

the (100) plane which represents the (100) XRD peak that greatly decreases in the XRD pattern
as the Nb content increasdsgure 4.6). However not only does the peak disappear as Nb
content increases, more importantly it decreases-@aacancy concentration also increases and

it is this that is thought tcause the decrease in (100) peak; due to the interactiorap$ xvith

Sr-O planesin the extendedoerovskite structure which are systematically being removed. As
the Sr content is intentionally decreased, there are less Sr atoms for diffraction tm dlceur

(100) plane, resulting in a reduced peligure4.7 is an illustration of the (210) plane in the
SrTiOs crystal structure, representing the (210) peak in th® ¥Rttern which goes missing

with increasing Svacancies and Nb dopant. As can be seen the (210) plane diffracts as a result
of the presence of SD bonds within the SrTi@crystal structure, and as the &rcancies
increase, this wilfeduce the amounf a&-rays diffracting from th¢210) plane containing Sr

O bonds therefore reducing the height of the peak.
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Figure4.6: lllustration of the (100) plane in the SrEONIt cell, where the green ion is Sr,
blue ion Ti and the red ion oxygen.

Figure4.7: lllustration of the (210) plane in the SrEOnit cell, where the green ion is Sr,
blue ion Ti and the red ion oxygen

Figure4.8 shown below of the (211) XRD peak of tBew-x2)Ti(1-xNbxOz samples is of interest

for two reasons. The first is the observed shifting of peaks to lower angles with increasing Nb
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and Srvacancy concentration suggesting an increase in lattice parameter. This was investigated

further with Rietveld refinement below.
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Figure4.8: (211) peak of XRD analysis &f1-x2)Ti(1-xNbxOz samples.

The second reasdfigure4.8 is of interest is that it is expected from the literature review for
these samples to remain cubic with single peaks ygMW4#40. However, as seen in the (211)
peak the Np=0.10, 0.15 and potentially 0.20 samples appear to have a slight
splitting/asymmetry present. The initial fitting of the XRD data indicates that only cubic
structures are present, despite the doublets seen. The doublets are seen from the (200) peak
onwardsthroughout the rest of the pattern, unlike if the splitting were due to a rhombohedral
or orthorhombicsplitting yetwere present despitepksplitting peak removal via the program
Highscore Plus. Initially it was thought that there could be two diffecabtc structures
coexisting with slightly different @pacings in order to accommodate the large Nb additions.
However, this was investigated further on a second XRD diffractometBrANalytical
Empyreandiffractometer Sample of SrTiQ and NB=0.20were run at 40mA, 40 kV with

Cu radiation andran a 2 bounce monochromator with 1/32 degree fixed divergence slits with

a0.013 step sizeand2000 seconds per st@pan attempt to rule out any potentiak peaks
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The results are shown below kiigure4.9, including a focus on the (211) peak. This pattern
illustrates that there are no secondary peaks, meaning any doublet peaks on the initial pattern

are due to fe splitting.
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Figure4.9: XRD pattern of cubic SrTigon PANalytical Empyreanliffractometer usin@
bounce monochromator with 1/32 degree fixed divergence slits

Rietveld refinemenof the Srix2)TiaxNbxOs samples Table4-1) was carried outdgainsta

SITiO3z ICDD file (04-002-6528)for the SrTiQ sample and three Nioped SrTiQICDD files
(Sr0.99Ti095Nbo 0503 file for Nbx=0.10 and 0.15 samples, a & i0s80Nbo 2003 file for Nbx=0.20

and 0.25 and $soTios0Nbo 4003 for Nb=0.30). Thecorrect stoichiometries of Sr, Ti and Nb
were assignedccordinglyfor the initial refinement, before freeing up the occugyafigure

4.10is a graphical representation from the Rietveld refinement data of the increase in lattice
parameter of the cubic phase of each sample in the fitting.black marker is the lattice
parametefor undopedSrTiOs. The elemental occupancies showT able4-1 present slightly
different values than those in the intended formula, however, it is known that there could be
discrepancies from the fitting model due to the number of variables used in the fitting process.
As such, the similarity to the intended formidaonsidered to be good.

As Figure4.10 shows, the lattice parameter continually increases along with increasing Nb
content. The unit cell parametaicalculatedrom the Rietveld refinement data was found to
increase with increasing Nb content by an average of 6.7 1fer percentage of Nb from

the Rietveld refinement lattice parameter data, vsx4.6* A per percentage of Nb for the
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raw XRD data. Notablytiis not just an increase per % of-fdbpant, but also the increase in

Srvacancies, as this is key to the flexibildlthe structurdeing able to absorb large amounts

of Nb on the Bsite (64pm Nb vs 6Qom Ti) due to the large Sr ionic radius (1) and the

spacecreatedoy vacancie§l6]. The raw XRDresults are very similar to those found by Slater
et a[38] discussed earlier that states that the additidwbdb SrTiOz increases the size of the

unit cell by 4.5 x 18 A per percentage of Nb added for the,&iTi1.xNbxOs samples. N. Wang
et al[40] note that in the XRD pattern of Nlbped SrTiQ@ peaks shiftdto a lower angle

illustrating the increase in Nb content and therefore the expansion of the unit cell, from

incorporating the Nt ion into the lattice to substitute for the¢*Tiwang et al. explain that the

Ti** couldbe substituted instead of theSd u e

to

a

il ower

Table4-1: Rietveld refinement data f@r1-x2) Ti(1-xNbxOz samples.

SrTiOs

Sro.e5Ti0.90Nb0.1003

Sro.925T10.83NB0.1503

Sro.goTi0.80Nbo.2003

Sro.g75Ti0.79NDo.2803

Sro.gsTi0.70\Nbo.3003

04-002-6528

04-016-4809

04-016-4809

04-018-5303

04-018-5303

04-017-9089

14.048

9.158

11.567

14.102

12.576

14.215

4.112

4.133

4.292

4.154

4521

3.928

90

11.671

9.382

7.262

11.524

7.736

13.091

3.906%
0.00010
3.914+
0.00014
3.917+
0.00017
3.920+
0.00011
3.923%
0.00010
3.925+
0.00009

0.917

0.948

0.928

0.901

0.875

0.852

0.940

0.894

0.822

0.781

0.734

0.676

dopant f

0.098

0.138

0.192

0.243

0.290

or
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Figure4.10: Changing lattice parameter with increasingédimtent forSrax2)TiaxNbxO3
samples from Rietveld datarror bars smaller than data points)

Sto.oTiaxNbxO3z Samples:
The samples of the formubr.oTi1-xNbxOs where x=0.19, 0.15, 0.10, 0.05, 0.01, and 0.005

were subjected to Xay diffraction analysis as sintered pellets. It is noted thatskripping

was carried out on the data before plottiRg(re4.11). Peaks are labelled on the black pattern

representingindopedSrTiOs.

Figure4.11shows asinglephasecubic structure of the samples up toNB.05. From there
to Nb=0.005 there are small impurity peaks observed (highlighted by asterisks) which, when
analysed using Highscore Plus software, were found to represent TH{ suggests that
between Np=0.10 and Np=0.05 when the Sr concentration is held at 0.90, the $i@ps
being fully absorbed into the SrTibased perovskite structure. Initially this was confusing as
the Nb concentration is decreasing in these sampledabueslly leaving more room for the
Ti on the Bsite, but actually it is thought that the BifS not being absorbed because there is
not enough Nb present to electrostatically compensate for the large concentration of Sr
vacancies in this sample set, vehihe relative Ti concentration is increasing. It is in the sample
Nbx=0.10 where th&i andSr concentration are in a 1:1 ratio, with the Nb compensating for

the Srvacanciesresulting in a charge balandg@elow thisNb content there starts to become

91



too much TiQ in relation to Sr to be absorbed into the perovskite system, and as such it appears
as impurity peaks in the XRD pattern. From the Rietveld refinement Taitded-2) it can be

seen that approximately% of the NR=0.05 to 0.005 phases fitted is Bi@d-or the samples
Nbx=0.15 and 0.10 approximately O phase percentage is Bt is also possible that the
secondary phase is Nloped TiQ, but this is novisible in the XRD data.

As seen with the previous sample set, for the=lIl19 and 0.15 samples have the (100) and
(210) peaks missing but less so the (300) peak. It is thought that this could be related to the A
site vacancies present in these saragts, which can be confirmed by examining the upcoming
B-site doped samples which do not possessté vacancies and are not missing the same

peaks.
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Figure4.11: XRD pattern ofSr.oTi1-xNbxOs where x=0.19, 0.15, 0.10, 0.05, 0.01, 0.005,
asterisks indicating Tigphase.
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Figure4.12: 211 peak of XRD analysis &fo.9Ti(1-xNbxO3zsamples.

Figure4.12 showsthe 211 XRD peak and illustrates the same observation &ythe)Ti-
»NbxOz samples; that the addition Nib increases the size of the unit cell. This was found to
be by an averagof 10.3 x1¢ A per percentage of Nb, with a fixed concentration of Sr
vacancies (0.9)This is seen by the shift to lower angles of the samples compaveddped
SrTiOs as the Nb content increases. As seen in the Rietveld refinement data Taited{(2),

the x=0.005 and x=0.01 samples have an almost identical unit cell size to thatopfed
SrTiCs.
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Table4-2: Rietveld refinement data f@ro.oTi1-xNbxOs samples.

Sample Rexp | Goodness| Phase% | Phase% Lattice T|
P of Fit (STO) (TIOz) Parametera

SITiOs 14.800 6.605  5.021 3.906+
0.00010
ShocTiossNboosDs  13.263 6.031  4.835 97.2 2.8 3.907+
0.00009
StedTiooNbooOs  13.633 6.073  5.039 96.4 3.6 3.907+
0.00013
StodTiosNbooOs  14.185 6.216  5.207 97.2 2.8 3.911+
0.00009
StodTiosdNbBo1Ds  15.998 6.035  7.026 99.4 0.6 3.914+
0.000096
StodTiosNbo10s  13.055 5.691  5.261 99.5 05 3.916+
0.00010
ShoiTioaNbo1Os  14.045 3.772  13.861  100% 0% 3.919+
0.00011
3.930 — : :
m SITiO,
® Sr,,Ti,,NbO,
3.925 - 1
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© 3920
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Figure4.13: Changing lattice parameter with increasingédmtent forSro.oTi1-xNbxOs

0 937

0.927

0.937

0.922

0.900

0.903

0.902

0 961

0.947

0.945

0.917

0.869

0.823

0.789

samples, according to Rietveld refinement dateor bars smaller than data points)
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4.1.1.3 B-site Nb-Doped SrTiO3

Samples of SrTixNbxOswere analysed by RD and thepatterrs areshown below irFigure
4.14. Theoretical densities were calculated from thepecing of th€200) peak of the XRD
data and compared to geometric values, and densiti8g@8 % for this sample set were
achieved on sieting.

As can be seen frofhigure4.14 a single phase cubic perovskite structure was maintained
for each sampleThe approximate unit cell expansidar the SrTixNbxOs system was
calculatedrom the raw XRD dat#o be 13 x 10 A per percentage of Ndopant thought to
be due to the larger ionic radius of Nb (f4n) in comparison to Ti (6Pm)[16]. This isa
greater increase in unit cell size per %iNlcomparison to th&rix2)TiaxNbxOs samples.
This illustrates the impact of S\acancies on thaccommodatiorof Nb into the perovskite
structure and suggests that significantly less Nb would be able to be addednattsl
system before secondary phases would apgeas. noted that this increase in unit cell
parameter calculation is potentially much less accuratethi@S 1«2 Ti-xNbxOsz equivalent
because the concentration of-&tdition in this sample set is much smaller and therefore the
change in lattice parameter and peak position is small relative to the XRD stepigize (
4.15).

T T T T T I ! I )
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r
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I T I T I T I T I T I I
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Figure4.14: XRD pattern ofSrTiu-xNbxOs where x=0.002, 0.005, 0.010, 0.020.
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Figure4.15: 211 peak oBrTi1xNbxOs samples.

4.1.1.4 Acceptor-Doped SrTiO3

SrTixMnxOz Samples

Samples oB6rTizx»MnxOs were analysed by XRD and the pattern are shown beldugire
4.16. Theoretical densities were calculated from the&pdcing of the (200) peak of the XRD
data and compared to geometric values, and densities-@ 80 for this sample set were
achieved on sieting.

As can be seen froffigure4.16 a single phase cubic perovskite structure was maintained
for each sample. Unit cell sizes were calculated from raw XRD ddtdé awas found that there
was an average decrease in unit cell size of 2.08%A1per % of Mn dopant substituted. It
was intended for the Mhto be substituted for Tion the Bsite as described previously. The
decrease in unit cell size, observedfigure4.17 as a shift in peaks to higher diffraction angles,
is unexpected as therf¥t cation size (0.64\)[16] is larger than that of 17 (0.60A) just as
Nb is in the previous donaloped sample set, and yet this sample set sees a decreaseein latti
parameterThis is thought to be due to the lower charge on the ion, resulting in weaker covalent
bonding and a larger unit cell. It could however be the case that the Mn actually substituted
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onto the Sr site, and as the Mion is smaller than 3¥(1.44 A)[16], this could explain the
decrease in unit cell size. Another possibility for the decrease in unit cell size was proposed by
Pan et al. 201/81] who discovered a decrease in lattice parameter due to an increase in oxygen
vacancies in the sample, which could be the case here due to the large concentration of acceptor

dopants.

! ' ' ) ' IiSrTiO;
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Figure4.16: XRD pattern ofSrTi1-xMnxOs where x=0.002, 0.005, 0.010, 0.020.
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Figure4.17: 211 peak oBrTia-x»MnxOssamples.
SrTinxCoO3z Samples:

Samples oBrTi1xCoOsz were analysed by XRD and the spectrum is shown beldvigimre
4.18. Theoretical densities were calculated from thepdcing of the (200) peak of the XRD
data and comgred to geometric values, and densities eB8%6 for this sample set were

achieved on sintering.

As can be seen fromigure4.18 a single phase cubic perovskiteusture was maintained
for each sample. Unit cell sizes were calculated from raw XRD data and it was found that there
was an average decrease in unit cell size of 2.49%A1per % of Co dopant substituted
represented by a shift in peaks to lowespdicngs (higher diffraction angles) as seelfrigure
4.19. It was intended for the Cbto be substituted for Ti on the-8te as described previously.
The decrease in unit cell size is strange as tRéd@ton size (0.6R)[16] is marginally larger
than that of T#* (0.60A). Again, as with the Mn example, this is thought to be due to the lower
charge on the ion, resulting in weaker covalent bonding and a larger unit cell. The exception
with this sample set for unit cell size decrease is at the@20sample. This could be due to
the larger atomic radii finally overriding the lower charge at some point between x=0.10 and
x=0.20, causing a shift to larger lattice parameters, notably the peak position is still only in line

with undopedSrTiGs. It is unkrown if greater concentrations of Co would cause a shift to
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larger unit cell sizes or would just cause phase splitting as the saturation point of the cubic

perovskite is reachett.could also be possible that this sample was mixed up, but it is unlikely.
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Figure4.18: XRD pattern ofSrTiw-xCoOs where x=0.002, 0.005, 0.010, 0.020.
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Figure4.19: 211 peak oBrTii1-xCoOz samples.
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It is of note that albf the B-site doped material systems maintain the (100) and (210) XRD

peak, confirming the loss of those peakgarlier samples related to Asite vacancies.

4.1.2 Scanning Electron Microscopy
4.1.2.1 A-Site Vacancy Compensation of Donors

The electrical propertiesf SrTiOz-based materials are known to vary, as with many dielectrics,
with the microstructure of the material and as such it is important to investigate these samples
alongside any electrical measurements in order to draw meaningful conclusions from the
datd104]. Samples of SrTig) Si.9s5Ti0.00Nbo.1003, Sto.90Ti0.80Nb0.200z and Se.gsTi0.7dNbo. 3003

were mounted in resin and polished before being imaged by a scanning electron microscope,
shown belw Figure 4.21. The images produced aneredominantly those using the
backscattered electron technique which provide a good contrast between either grain
orientation or compositiolndopedSrTiOsz has normal grain growth with an average grain
size of 2.63em (Table 4-3). The S¢.9sTio.00\Nbo.1003 sample appears to show bimodal or
abnormal grain growth whereby some grains have grown much faster than the smaller grains
surrounding it, in which case tlaverage grain size displayed in is not particularly accurate.
An average measurement of the larger grains results in a grain size of approxineately 2
whereas the small grains have an average size of approximateiy.0A&hough only samples
Nbx=0.10, 020 and 0.30 were analysed under SEM, it is thought that tkeONI5> sample

could have the same bimodal grain structure as the\NtOsample because the colour of the
pellets was the same as one another. Samples higher in Nb content all turned aedgréybl

colourwhereas the Ni0.10/0.15 samples were a light blue/beige co{batow).
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Figure4.20: Picture showing sintered pellets of Srfi@hd Stx2Ti1xNbxOs where x=0.10
0.35 increasing in dopant concentration from top left to bottom right

Rheinheimer et dll05] state that bimodal grain growth is common in Selg@ramics
between 1350 and 140C, however both the NB0.10 andundopedSrTiOs samples were
sintered at 1460C so this cannot be the direct cause. Most literature stateselditfdrence

in grain growth comes from either starting particle size or sintering time/regime and these
sampl es, apart from varying in temperature ¢k
regime and processed at the same time and therefore thee soluthe differences in
microstructureare likely tobe compositional. Work by Wang et al. 20A® presents SEM
results with a similar bimodal grain growth structure in a sample ob &Nho 1203, the Nb
content of which is similar to that of ¢gTio.odNbo.10Oz however without the nen
stoichiometric Swvacanciesbut unfortunately no explanation for the effect is gividb. is
known to impede grain growth in BaTi©eramic§l06] which could be the cause of the small
grains seenni this sample, however this effect is caused by Nb segregation to the grain

boundaries; the opposite appears to be the case in these samples.

Samples Nj=0.20 and 0.30 both appear to have a lighter coloceatteof the grain and a
darker outer rim. e back scatter technique is capable of highlighting differences in elemental
composition which suggests that this contrast in colour could be due to material segregation.

Elemental analysis was carried out in the form of E&f&rgydispersive Xray speatoscopy)
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on the S§wTiosoNbo2003 sample and the image shown belofigire 4.22). It is not
immediately obvious as to a higher concentration of any element frorortit@reed mapping,

until a specific directed scan of individual spots was carriedragti(e4.23). The results of

the elemental mapping from spectrum 1 anBigure4.24) show that the ratio of Ti and Nb is
inverted between the lighter core and the darker shell. pénerum of théghter core section

of the grain the aacentration of Nb is higher than Ti, and the reverse is true in the darker outer
section of the grain. Although not shown here, the same is true across each grain analysed in
Figure4.23 i.e. pattern 1, 3, 5 and 7 all present higher Nb concentrations and pattern 2, 4, 6
and 8 all present higher Ti levels towards the outsides of the grains. The same effect is true in
the SbssTio70Nbo3003 sample. This is in agreemenitiwthe paper by Chung et al. which
suggests that there is-3egregation at grain boundaries in air sintereeibired SrTiQwhen
examined by STEN64] but is in disagreenm¢ with work by Baurer et 4lL07] which reports

that in furnacecooled NbdopedSrTiOsz samples the Nb segregated toward the grain boundary

the opposite of which is clearly evidenced in this case. It is thought that this is due to the excess
of Srvacancies in the chemistry of this sample set as opposed tegitstddnordoped SrTiQ

which is known to encourage -@liffusion. It is possiblghat Nb is diffusing into the grain
boundary as seen in BaTi@Geramics from the shell, leaving the shell area around the core Ti

rich but the corétself still relatively Nbrich.

The paper by Cho et al99436] as discussed iSection2.2.3 researches a Nioped
SrTiOs system. Samplear-sintered above the eutectic temperature had larger grains, samples
sintered below the eutectic had a fine grained structure due to a compensation of Nb by Sr
vacancies which increases the solubility of ZiCarger grain®ccurwhen sintering above the
eutectic because any excess Ji@ms a liquid phase which promotes grain growth. However,
a lack of TiQ excess resulted in SrO RP phases and poor densities. In this work there is an
excess of Sr relative to Ti due to the large amount of Nb dopant,veowreere are still a
significant amount of Sr vacancies the materiawhich makes this sample set different to
many ser in literature that use a simpled#te substitution doping regime. The large number
of Srvacancies could be increasing the soltpdif TiO2, yet there is less TiKdo form a liquid
phasean each sample as Nubstitution increases. It is also concluded from this research that
Nb reduces the sintering temperature of SgTa® the Np=0.2 to 0.3 samples all had to be
sintered at tempatures lower than the eutectic temperature (4%){B6] to avoid cracking
or melting (14001430°C), this effect was also seen by Pan et al. f&118
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Figure4.21: SEM image®f samples (a) SrTiG, (b) Se.950Ti0.90Nbo.1003(C)
S1o.900T 10.80Nb0.2d03, (d) Sb.8s0Ti0.70Nbo.303, Sem.

Table4-3: Table showing the calculated average grain size efidfied SrTiQ@ samples.

Average Grain Size(em)

SrTiOs 2.63
Sto.95Ti0.9dNb0.1003 0.83
Sio.90Ti0.8dNb0.2003 2.23
Sto.s5Ti0.7dNb0.3003 1.41

Sio.90T10.993\D0.0003 2.33
Sio.90T10.99Nb0.0503 9.36
Sto.90Ti0.90ND0.1003 3.67
Sto.90T10.99Nb0.1503 3.34

SrTio.999\b0.00803 2.56
SrTio.99dNb0.0103 4.65
SrTio.98dNb0.02d03 4.55
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Figure4.22: EDS image of SfooTio.soNbo 2003 sample.
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Figure4.23: EDS image of SreoTio.sd\Nbo.2d03 sample showing directed elemental analysis
locations.
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Figure4.24: EDS elemental analysis results.

Figure4.25below shows the SEM images of the 8ii1.xNbxO3 samples where x= 0.005, 0.05,
0.10 and 0.20. The Nb0.10 and 0.20 samples both show the same type ofsbeleTi/Nb
structure as the previous-gite vacancycompensated samples. Interestingly the30k0
sample does not show the same bimodal grain growth asdbdi%s0Nbo.1003 sample, the

key difference between the samples being approximately 0.05 at% of Sr. There are also brighter
areas locatedetween graing1 some areas of the micrographs of the x=0.05 and 0.10 samples
(highlighted by red circkein Figure 4.25). Examination of elemental mapping dakag(re

4.26) shows this to be a concentoet of Nb, which has presumably formed a liquid phase
during sintering The Se.9Tio.9sNbo.0s0s sample shows much larger grains that the other
samples confirmed by the average grain size (©m3p6shown inTable4-3 probably due to an
optimum amounof Nb-liquid phaseto encourage grain growth without impedingEither

side of this composition the grain size reverts to a smaller size closer to that of. SifileO
same sample also shows what appears to be a dark pore (circled in yellow) indirel&ifbtt

of the image. Elemental mapping was consulted agBigule 4.27) and this used in

conjunction with secondary electron imagicgnfirmedthat ths area is in fact Fich. The
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secondary electron image would have a brighter ring around the edge due to charging it if it
was a pore which does not exist and is probably dark in shading due to the topography of the
sample. This matches and supports tiRDXpattern for this sample set which has secondary
phase TiQ present. From this and also the XRD data it is clear that there is much less
compensation balance within these samples resulting in separation of phases from the
perovskite.

LEMAS 15.0kV 9.7mm x3.01k PDBSE(CP) 10.0pm LEMAS 15.0kV 7.8mm x3.00k PDBSE(CP) 10.0pm

‘
LEMAS 15.0kV 8.8mm x4.50k PDBSE(CP) =~ 10.0pm LEMAS 15.0kV 10.9mm x4.50k PDBSE(CP) 10.0um

Figure4.25: SEM images of samplés(a) Sb.ooTi0.005Nbp 00503 (b) Sk.90Ti0..sNbo 0503 (€)
S1o.90Ti0.90NB0.1003, (d) SbooTiogsNbo.1503, 10em.
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Figure4.26: EDS image 06r10.90Ti0..sNbo0sO3 sample illustrating Nb concentration between
grains.

Sr Lal O Kal

'10um'

Figure4.27: Secondary electron image and EDS elemental mapping 8t i0.ssNbo 0503
sample separating each element, highlighting Ti.

4.1.2.2 B-Site Nb-Doped SrTiO3

Figure 4.28 below shows the SEM images of the of $kNbxOz samples where x= 0.005,
0.010, 0.020 top to bottom. It is clear from these images that there is not the same core and
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shell structure seen to the grains as with the previousidfied samplesnor the same Nb
concentration in between grain boundariesomthese images the average grain sizes were
found to be 2.5, 4.6 and 4gfn, respectively Table4-3). This shows that between @& and

1 % Nb dopant th average grain size changes from approximately 2.5 terd.&where the
average grain size of the ®6Nb sample resembles the average grain size afiibleped

SrTiOs. The samples appear somewhat porous, but the density of this sample set was calculated
to be 9798 % theoretical density, indicating that the pores could have developed in polishing,
where grains are removed from the sample as material is removed to create a polished surface
which could happen with a softer material. There appears to bg rainmal grain growth

across this sample set, but this is expected with such low levels of Nb addition to otherwise
undopedSrTiOs. This sample set was amtered at lower temperatures than thesi#
vacancy sample sets (13%0 8hrs) and as such the ailmraverage grain size is expected from
sintering below the eutectic temperature, again as explained by Cho et al. due to a compensation
of Nb by Srvacancieg36]. The porosity of the samples was a¢een in the 1.0 at¥db doped

SrTiOs samples by Cho et al that were sintered at lower temperatures (1420 V<380

g 4
e - - 2 L B )

LEMAS 15.0kV 9.9mm x2.00k PDBSE(CP)

LEMAS 15.0kV 10.3mm x1.99k PDBSE(CP) 20.0pm

Figure4.28: SEM images of SrTkNbxOs samples where x= 0.005, 0.010, 0.020 top to
bottom, 20em.
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4.1.3 Transmission Electron Microscopy

TEM was carried out on a sample ofo&fio.soNbo20O3 when it was still considered a
possibility that there could be two cubic unit cell sizes coexisting, as a way of confirming or
ruling out this idea. Shown below is the FiBepared sample from a sintered pelk&ggre

4.29). It shows the granular structure of the sample, with a slightly amorphous region at the
surface of the pellet below the coating which could exist due to volatility of material from the

surfa@ on sintering.

Figure4.29: TEM image of FIB slice of SpoTio.sdNbo.2d03 sample.

The image belowHKigure4.30) is a greater magnification of one of the grains in the above
image. The red circles indicate the two areas from which the following diffraction patterns
were producedHigure4.31). The darker area with the circle numbered 07 is on axis with the
electron beam and clearly shows the cubic structure of the perovskite. The second circle
labelled 08 is tilted off axis away from the beam and shows other directional planeghéthin
crystal lattice. For clarity, the sample was not tilted in order to achieve the second diffraction
pattern, this is just orientation variation within the sample itself. This is also evidenced from
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the changing brightness of the diffraction spots,hightest spots being closer to the central

axis of the beam. This is typical for a polycrystalline material.

Figure4.30: TEM image of Sy .90Ti0.80Nbo.2d03 sample, 07 red circle refers to left diffraction
pattern below and 08 circle refers to right diffraction pattéfigure4.31.

Figure4.31: TEM diffraction patterns of Spolio.sd\Nbo.2d03 sample and measurements
identifying crystal miller indices, left image is 07 area, right image is 08, from above.
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In order to assign the diffraction patterns above to the relevilat mdices for the material,

the scale bar was calibrated in the software ImageJ, and an average distance between diffraction
spots taken by dividing the overall distance by the number of spots, and then inverted due to
the pattern being created in imge space. This number was then compared t&av/&riance

in the dspacing of the XRD peaks for the same material due téaeEor in the accuracy of

the TEM and allocated to the relevant pe@kable 4-4). The only plane not to fit precisely

within the 5% error of the XRD espacings was the diffraction pattern for the (210) peak,
which coincidentally was of very low intensity in the XRD datapesviously discussed,

resulting in a potentially inaccurate XRBs@acing value to begin with.

Table4-4: Table of TEM diffraction pattern-dpacings and XRD peak assignmfemt
Sio.90Ti0.80\N b0 2003 sample

XRD d- 5% variance TEM d-

NRIDITISES spacing (A)| in XRD (&) | spacing (A)
(100) 3.891 3.6961 4.085 4.015
(110) 2.760  2.6221 2.898 2.848
(111) 2.256  2.143i 2.369 2.337
(200) 1.955 1.858i 2.053 2.011
(210) 1.749 1.661i 1.836 1.651
(211) 1.598 1.5171 1.677 1.629
(220) 1.384 1.315i 1.453  1.429

The TEM diffraction patterns showed no evidence of two separate cubic unit cell sizes which
encouraged a second look into the XRD data, revealing the causeetubrenk(R peaksit

is of course noted that with this technique only a handful of grains/unit cells are examined in
detailwhich is notnecessarilya completeictureof the material as a whole
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4.2 Electrical Characterisation

Frequency dependent measurements highlightribartions from the bulk, grain boundaries

and electrode effed08]. Impedance measurements are often taken across a range of
temperatures in order to highlight all of these effects because exp&irfrequencies are
limited to a particular chosen rang@ne of the main pieces of information to determine from
electrical measurements is whether the bulk electrical response is due to long range
conductivity mechanisms or short range dipole relaxdtl®8]. Gerhardt identifies possible
ambiguity in the fact that localised and delocalised conduction are both bulk processes which
can result in the same capacitdd®8]. So, in order to better interpret the datahis work

plots of impedance, electric modulus (hereafter referred to as modahgpermittivity
(includingtant ) datawill be examinedn order to better understand the electrioachanisms

taking place. Gerhardt suggests that ionically conducting materials are generally best
represented by impedance/modulus analysis because long range conductivity is the dominant
mechanism in these materials, whereas dielectric materials araskessed by permittivity

and loss data analysis because localised relaxation mechanisms dominate. However, an issue
arises if a material has both mechanisms occurring. A major question is how to identify when
a localised relaxation mechanism ends, and lamge conductivity takes over or vice versa

This can be difficulto answemecause both of these phenomena are bulk effects which are
proportional to the geometrical capacitance of the maganghit is important to note that some
mechanisms can be overshadowed by dominating factors for example resistance, therefore it is

important to use all techniqgues combined to see the bigger picture

Impedance measurements of all samples were takenSwlartron analytical impedance
analyser with a frequency sweep of Bi¥1to 100mHz at 1V between 10600 °C. Complex
impedance plots are representative of the most resistive contributions of the. $antiuie
caseit is thehigher temperaturethatoften result in complete or near complete seimiles in
impedance analysidhese semtircles are representative of relaxation processes and the size
and shape relates to the strengtid typeof the relaxation process at the experimental
frequenciepgl08]. Temperatures abob0 °C aretypically used to analyse ionic conductivit
and analysis of dielectrics are carried out at temperatures beld@. 2his is because above
room temperature DC ionic conclivity effects take over and mask any AC relaxafibd8].

AC measurements taken at intermediate temperatures make it possible to differentiate between

localised defect relaxations from lorenge conductivitp 08]. The presence of any electronic
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semiconductivitycould also bénidden by resistive components that domirtageimaginary

part of impedand&00].

Impedance data is dominated by the circuit element with the gresgesanceand this can
often overshadow other effects that are happening within a material, as discussed in the
ResearchMethodology chapter, particularly for room temperature measurements. As such,
plotting electric modulus alongside impedance plots can be informative. Electric modulus is
said to be dominated by conductivity contributions and the smallest capacitances of a
materiaJ109] as the height of each peak is proportional to 1/C for each RC e[@d@nt
Modulus data (NflyINjbin be effective at supressing grain boundary and electrode effects and
provides more information about grain effects. This is because the capacitance of the grain
boundary is orders of magnitude larger than that of the gibliid. Peaks in a plot of Mys)
frequency are due to the grain response as the peaks representing the grain boundary are too
weak to be resolvgtl09]. Modulus measurements can be a good way of estimating the
migration and association enthalpies of defect complexes in a way that is not possible using

impedance data alofiel 1], such as ion hopping rate and relaxation t[dE3).

When examining localised and delosalil conduction, both are bulk processes and result in
the same capacitance, which can be difficult to interfdetore being able to separate the
difference between long range conductivity and localised relaxation mechanisms it is important
to consider riaxation times {J. Relaxation times can be calculated by the following Arrhenius
equatiofll11l]:

(o
ttAGR:,

According toGerhardil08], AEach dielectric function has
relaxation times are identified at different frequencies according tdutietion used to
examineit[108]. For example, modulus (M*, MMNjNj)) appear s at hi gher
compl ex p e risrsedrst thevidwer yreq@elcg\jThe general orderequencyof
appearancerovided by Gerhardtis where U is permittivity, )

and M is electric modulus)

WU Wn z_m
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Whereby a peak in permittivity is normally found at the lowest frequencies and a peak in
electric modulus appearat the highest frequencies. For examplepeak in complex
permittivity is normally not found in the experimeditthe same timas a peak in complex
Modulus (IVNjBij the same temperature because the range of frequencies to incorporate both is
not large enogh108]. However, relaxation times examined bygkijd MNjitjctions appeaat

similar frequencieso can be plotted together, hence the creatiorNpRIMplpts as a way to
attempt to distinguish when localised relaxation mechanisms are taken over by long range
conductivity mechanismsRelaxation ratios (r&/(y) reflect the strength of a relaxation
mechanism, and it can also be used as a way to estimate how close or far apart peaks that are
plotted together will be. It is stated that a relaxation ratio of 200 is enough to lead to overlapping
peaks and this is due to long range conductivity mechafi®@is However localised
relaxation mechanisms result in a small relaxation raticsapdrat&Z NMINpegks.

In this analysis, rather than attempt to model impedance spectra with a ceppladent
circuit, representative information for each contributit be extractedy analysing features
of the spectra (e.g. local maxima in the imaginary components of impedance and modulus by
referring to the behaviour of a single RC elemEnt.aparallel combination of a capacit@)(

and resistorR), the complex impedanc&¥) is given by99]:

Where~ is the angular frequency ands the square root ofl. Separating into real and

imaginary parts gives:

®w —— and ®

The complex electric moduluMf) is given by:

0° Q6 &

whereCy is the cell constant -

The real and imaginary parts are thus
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0 ——0 and 0 —0

When plottingtdo andd as a function of frequency, peak in their behaviour often lies in

the experimental ranges discussed and this can be interprétetinding the peak functions

and their characteristic frequenci€®lving— mand— Tfor ¥, gives pf 'Y 9,

which when substitied back inteequations above forNgxd MNgWjes:

&) - and 0 —.

4.2.1 Complex Impedance Analysis

Equivalent electrical circuit fitting was carried out on the impedance graphs that were produced
using MTS Modulalsoftware. The ntercept resistance valR) of each component part of
the graph, be it grain or grain boundary when sepéFageire4.32), was recorded alongside

thetemperature at which the measurement was takenseparate Arrhenius plot (R1/R2 etc)

R1 R2 R3
Figure4.32: lllustration of resistance measurement from impedanc¢@ta
Using these values and the pellet dimensions, values for sample resistivity could be calculated.
The inverse of this data was used to produce an Arrhpluusf the natural log of conductivity

vs 1/T. This was achieved by the below equations (where A is electrode area, L is pellet

thickness and R is resistance):
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From these graphg& was possible to extrach range of information includingelative
conductivities and activation energy of conduction mechanisrfrem the following
equatiof99]:

agE,ag —

Conductivity graphs were madem the coolingdataof experiments, so as not to besled

by any effectdrom the liberation of trapped charge carrieisring the heating cyclélhis
information can help to painnanitial picture of the behaviour of the chemical defects within
each sample under this specific electrical environment and temperaturamdregeqrovides

a simple way of comparing thelaéve conductivities of each sampleis noted that on most
occasions the impedance plots at low to intermediate temperatures do not actually meet the x
axis in perfect sengirclesas shown above iRigure4.32, but as circuit fitting software was

used the information provided can be interpreted as largely correct, Waisiedwith
caution.This data igprovidedknowing that the latemorein-depth analysis ahe impedance

and moduluglata isamore accuratevay to interpret the defect species behaviour

4,2.1.1 Non-Stoichiometric SrTiOs

Impedance measurements were taken, and the corresponding Arrhenius conductivity plots
created in order to build a picture of thdeets of excess and deficient Sr/Ti ratios on
conductivitybehaviour Figure4.33 below shows theatural log ofconductivity vs 1/T graphs

for the nonstoichiometric TiO3 samplesandundopedSrTiOs. The first observation is that
theplotsfor the two impedance contributioRdl (square markergnd R2(circle markersare

the same shape #® two seen foundopedSrTiOs plot (black markers). This shows that the
same mechanisms of the same speciedikaly taking placeacrossall samples. The main
difference between the -Seficient(left) and Srexcessamplegright) is that the Sdeficient
samples argenerallymore condative thanundopedSrTiOs, being higher up the-gixis, but

that there is no significant difference in conductivity between each of the individual Sr
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deficient samples themselydke plots overlay each othétowever, when examining the-Sr
excess graph, éne is a wider distribution in the conductivitgtweeneach of the Sexcess
samples. This indicates that the variation oaSanexcess in SrTi@has a greater impact on
conductivity than an excess of Ti (/Sr defrag).

Activation energies extcaed from the gradient of the plots as described above, can be used
to help toidentify the conduction mechanism occurrigs shown below inTable 4-5, the
activationenergy of the R1 component for thedgficient samples is approximately @8,
as is that foundopedsrTiOs, whereas the activation energy for thedRheSr-excess samples
is approximately £V. According to literaturgl13] both of these Vaes relate to the diffusion
of doublyionised oxygen vacancies and bulk contribution to conduction in Sbli@brantes
(0.9 eV]98]. The slight difference between the two values feex8ress and deficient samples
suggests the barrier height for this mechanism to occur is slightly higher in-theess
samplegdue to the higheactivation energyThere are two different R2 values for all samples
due to a change in gradient at approximately 30D0presumably caused by a change in
conduction mechanism, and as such separate activation energies were calculated. R2 values for
all sanples between 66800 °C areapproximately 1.71.8 eV, which matches the activation
energy datafor the grain boundary contribution found by Abrantes 288[for polycrystalline
SrTiOs (1.7 eV). The exception is the 1.020-8xcess sample which has a slightly lower
activation energy for R2 between 6800°C (1.4eV). Jose et dl113] attribute thisvalueto
the movement oélectrons ionised from S&acancies but this seems unlikely as this sample has
the largest amount of excess Sr. In the paper by Abrantes there is no change in gradient for the
R2 value with temperaturas there is in thithesis however their impedance measurements
ceased at 308C and this observation is noted between-300°C. The strange observation
in this sample set is the slightly negative activation energy (positive gradient) for the lower
temperature section of the R2 plo#his could be explained by proton conducfi@0]. The
numbers are so lgwhoweverthat the eror in them could be such that theguld beslightly

positive numbers agvenzero.
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Figure4.33. Graph of the natural log of conductivity vs X6F Sr excess and deficient

Table4-5: Activation energies of nestoichiometric SrTi@samples.
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4.2.1.2 A-Site Vacancy Compensation of Donors

Sr1x2Ti1xNbxO3

Below in Figure4.34 is the conductivity plot for the Sx.Ti1.xNbxOs sample set. As can be
seen the shapes of the plot for each sample magdiynresemblethioseof SrTiGs, with two R
values and a change in gradient for the R2 values at approximatetZ 3Ue resistivity of

the R1 components slamples Nj=0.20-0.30riseswith increasing dopant content, whereas
the R2 element decreases in resistivity asadbmcreases but only slightly and the difference

is barely discernible. Surprisingly the conductivity of samples, despite the large addition of the
donor dopant Nb, is similar to that wfidopedSrTiOs.

The activation energies for the R1 compondrihese samples (approx. 23 eV) relates
to electron or hole transport through the samples, as does the low temperature range for the R2
component for all doped samples. The high temperature range for the R2 compasents
values of approx. 1:6.7 eV which again could relate tdatafor the grain boundary
contribution found by Abrantes 20[@8] for polycrystalline SrTiQ(1.7eV).

The anomalyto the above descriptias the NR=0.10 sample which only has one R plot,
which changes gradient at 30G. As it is normally the R2 plots thabsene a gradient change
with temperature it could be that the R1 plot for#10 is actually the same conduction
mechanism as the R2 plots in the other samples, and that the R1 mechanism is missing or
shielded. The activation energies for the R1 plot alswmthose of the other R2 values, which
is further evidence that the same conduction mechaassRR2is occurring. If the R1 and R2
components are the grain and grain boundary contributions of each sample, then the more
conductive plot of R1 is likely toéthe grain contribution, and the lower more resistive
contribution (R2) that of the grain boundary contributdfhenanalysingthis dataalongside
the SEM images shown in Sectidrl.2.] it can be seen that the §0.10 sample has very
small abnormal graind=igure4.21), which could mean dominatingaverage grain boundary
contribution as opposed to a grain contribution, which matches the observation above. The
Nbx=0.15 sample is also slightly anomalous vathR1 plotthatonly exists between 66800
°C andhas the same activation energy as that seen in the high temperature window of R2 for
the other samples.
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Figure4.34: Graph of the natural log of condudgty vs 1/T for Srix2Ti1xNbxOs samples.

Table4-6: Activation energies for conduction mechanism$Snfix2)Ti1xNbxOz samples.

Sampl e

Sr T4 O 0.28 148 0.07
Sk oshh. MR P 127 0 .23 ;

S§. olabs. N Ps 1.57: - 1.77 0.28
SE. Jdobo. MNP O 052 1.61 043
S§. gl Ny Os 0.72 1.56 0. 48

SE. &b NP . Do 0.28 1.68 0.34

Sro.oTi1xNbxO3

Below is the conductivity graph for theoSFiixNbxOs sample set. The &oTio.eodNbo.2dO3
sample from the Sk Ti1.xNbxOssample set is includesb a referenc@lue markersas italso
has a Sr concentration x£0.90 This samplaés a goodcomparisorto the Sg.ooTi0.81Nbo.1903

sampleor the effect of decreasing the Nb content whilst maintaining the same Sr concentration
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to explore the charge compensation scheme at play in-giee Aacancy sample sets. It was
found from XRD datgFigure4.11) that there inot enough Nb present to efiexstatically
compensate for the large concentration ov&rancies in this sample set witle increasing

Ti concentration, resulting in a secondary Fihase,also evidenced in the SENmages
(Figure4.25). As such this is presumably responsible for the increased number of R plots (or
impedance senwircles) for this sample set as the Bimtentincreases. Some will represent
contributions from pure Ti@that are notn other sample set®r even Nbdoped TiQ. The
samples with the excess TiPhase in the XRD pattern (h0.01 and Nj=0.005)(Figure
4.11) present more than the usual two R plots per saniplelé4-7). It is noted that the R2
componert of the samples do not have tkemeacute gradient change observediimoped
SrTiOz at approximately 300C butshowa moregradualcurved lineThe resistivity seems to
increase with decreasing Nb content for the samyl®s0.100.01 for both the R1 and R2
plots. The NR=0.19 and 0.15 samples hawaly R1 componenishut that agaimesemble R2

components as seen in the above set for &3 .9oNbo.1003 sample

The activation energies shasamilar values to other samples with the exception of the R4

component of the $ETio.999Nbo 00803 Sample which had a value of approximateg\2
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Figure4.35: Graph of the natural log of conductivitg &/Tfor Sro.oTi1.xNbxOz samples.

121



Table4-7: Activation energies for conduction mechanismSnkTiixNbxOz samples.

Sro ToixN O3

Sp.Td. MR Ps
SEIEYPLLYEYN 1 3 0. 3 - - .
SEY LYY 1 51 0. 4 - - ;

St bdooN R1Os 0.47 0.9 044 - ;
St TdoNRoOs 0 .75 112 0. 4 - ;
St ThdoNRBoOs 0. 65

1

96 040 16 = =

SE. Voo BooQs . 0.5059 0.6 1.30.2 2.1 -

4.2.1.3 B-site Nb-Doped SrTiO3

Below is the conductivity graph for the SrIINb«Os sample sefThe SrTh.o9d\Nbo.0o O3 sample
is the most resistivélb-doped samplefalling between the two SrT€OR plots. This was
expected as it was thought that small levels of dolopantNb would annihilate any holes
present without donating a larggmber of electronsresulting in a higher resistivity.hg
conductivity begins toisesignificantlywith only small increases iNb after this the x=0.005,
x=0.010 and x=0.020 samples being the most conduicjiug to ten times in comparison to
undopedSrTiOs. This is in contrast to the work by Dro4@2] (Figure4.37) displaying results
for similar samplesvhich show SrTi@to be the most conductive samplath risingresistivity
with increasing\Nb dopantThe Srvacancy compensated materiassdiscussed earliappear
to have greater resistivity than the majority ofsiaB-site Nbdoped SrTi@samples, despite
having upto ten times the amount of Ntpping, or more in some casé@dicating that the Sr
vacancies in that sample set are key to reducing condugtiviti-doped SrTiG.

The shape of the R1 and R2 plots for eatthe B-site doped samplese similar to those
of undopedSrTiOs with the exception that most of the R2 plots only exist betweer3600
°C. The R1 plot for the N&0.005 sample appears to be the most anomalous in that it is the

122



most conductive despiteeimg in the middle of the sample/dopant composition windiothe
Nbx=0.0050.020 sampleshere were up to three impedarsemicircles present (R plots)
indicating three RC circuit contribution¥here is only one R plot for the most resistive
Nbx=0.002sample This difference indicates that the initial theory of very small levels of Nb
Amopping upo charge carriers without contri
hold true. As the Nlconcentrationincreases the number of contributions to idgee
increases, which represent charge carriers and their relaxation mechdaiisms.expected

from the donor dopant behaviour of Nb with no compensation scfidraectivation energies

for conduction for the Sk Ti1.xNbxOs samples aralsogenerally lower than the SrLNbxOs

samples.
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Figure4.36. Graph of the natural log of conductivity vs 1/T fnTi.xNbxOz samples.
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Figure4.37: A conductivity graph taken from a 2017 papeypzdz for SrTi.xNbxOs
sampleg62].

Table4-8: Activation energies for conduction mechanism&ofi.xNbxOs samples.

4.2.1.4 Acceptor-Doped SrTiO3

Below are the conductivity graphfor the acceptordoped SrTiixMnxOsz and SrTi1xCoO3

sample set(Figure4.38). The colour othe markers foeach sample darkens as the dopant
amount increases. As can be seen, there are multiple R values in th Ideped samples
(Mny=0.01 and 0.02), and only onevRlue for the higher doped samples, indicating there is
only one conduction mechanism occurring across all temperatures and frequencies measured
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or that others are being shieldddis thought that as the acceptor dopant increases and the
conductivity ofthese samples rises significantly, one highly conductive mechanism will hide
others, for example the movement of electrons or oxygen vacancies. Interekgriglgircuit
element from the M@F0.01 samplas actually more resistive thathe R1 componenotf
undopedSrTiOs at low temperatures (between 1200°C).

As can be seen again, there are two R values in th€todoped samples (¢&<0.01 and
0.02), and only one R value for the higher doped saniR&} In the case of the ¢=0.01,
0.02 and 0.05amples there is not much difference in the conductivity of some of the separate
R plots per sample, (e.g. &®.02 R1/R2) yet two separatesemicircles were seen in the
impedance data for these samples. This could mean that two separate mechanisms are
happening but with similar activation energid$e activation energie®r the conductivity
data(Table4-9 andTable4-10) of the lower doped Mn/Co samples resembled those of oxygen
vacancy activation energiespf@ox. 1eV), and theactivation energiesf the higherdoped

samples resembled that of electron/hole hopping (approX.Bed/).

As can be seefiom Figure4.38 the Cedoped samples are more conductive than the Mn
doped samples. Both acceptwped sample sets are more conductive tharNb-doped
sample sets. It is of notkat theacceptordoped samplesgenerallyappearto havestraightR1
plots, which in previousamplediscussions correspond with conductive grain behavids.
is in contrast taundopedSrTiOs and Nbdoped SrTiQ@ which all show either Rand R2
componentspr an R1 component vergimilar in behaviour to the R2 components with a
gradient change at intermediate temperat(lsasically an R2 component by another name)
The activation energies for the higkdpped samples from both sets showsly R1 plots with
activation energies @pproximately 0.8.5eV, showing the very conductive behaviour likely
caused by an excess of electron$olesin the samplg400]. The conductivity is so high in
these samples that they will not be analysed in any greater detail in the next sections as the aim
was to create samples that are as resistive as possible in order to be able to manipulate any

defects that are preste and this is not likely to be possible with such conductive samples.
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Figure4.38: Graph of the natural log of conductivity vs 1/T #nTii-xMnxOz andSrTi.
xCoOz3 samples.

Table4-9: Calculated activation energies from conductivity plots of SiWnxOs samples.
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Table4-10: Calculated activation energies fraranductivity plots of SrTixCoOz samples.
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4.2.1.5 Oxygen Annealing

Sintered pellets of the §¢-Ti1-xNbxOs sample set (N0, 0.10, 0.20 and 0.30) were placed in

a tube furnace for approximately 9 hours purged with a supply of oxygen at a range of
temperatures, ramp times and dwell tim€alje4-11): oxygen runs 1, 2 and 3 (blue, pink,

green markers respectively). This was to determine if oxygen annealing would affect the
concentration of oxygen vacancies in each darapd in turn affect the conductivity. Due to
health and safety restrictions at the university, the oxygen supply to the furnace had to be
switched off at the end of every day. As such the temperature at which the oxygen was switched
off at varies in théable below according to the ramp rates and dwell times of the annealing run
and the lowest temperature that was redcm cooling the furnace. This was done whilst still

trying to ensure the oxygen was supplying the tube furnace for as long as pobkdibdlinev
samples were cooling. Impedance measurements were then taken of each of the pellets and
conductivity plots were made in order to compare any changes to the conductivity following
the oxygen annealing treatmehiqure4.39) . A Ai r 0 samples are the <c
samples simply sintered as per the usual regime with no oxygen annealing treatment (red
markers). It is noted that no colour change was obsgetio any of the pellets after any of the

annealing runs.

From Figure 4.39, the conductivity plot for the SrT€samples show no significant
difference between agintering and those which were annealed in oxygen. There was no real
pattern to the increase or decrease in conductivity across all sample compositions according to
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the oxygen annealing regime used. The difference to the conductivity plots forth@ b
samples was the introduction of the R1 mechanism peak (square markers) to the samples
annealed in oxygen at low to medium temperatures, which was not present in the air sintered
samples. It is noted from the SEM analy&igjure4.21) that the original aisintered Nk=0.10

sample had bimodal grain growth with a large proportion of very small grains, it is possible
that the annealing process afforded the smaller gtéms to grow larger, affecting the
impedance behaviour of the sample thus affecting the conductivity, platghis was not
confirmed The NRk=0.20 and 0.30 samples displayed very similar shapes to the conductivity
plots to the aksintered samples. Thanly observable difference was to the low temperature
end (350100 °C) of the R2impedanceslements (circle markers), which show a dispersion
between oxygen annealing regimes, but again there was no significant trend as to which
annealing regime resulted the least or most conductive samples. The R1 element for the
Nbx=0.20 and 0.30 samples appeared to show that samples fraomQ had the same
conductivity as the aisintered samples, both of which were less conductive thaam®2 and

3, and that tb samples from £run 3 were more conductive than @n 2. This wasurprising

as it was hoped that the increased temperatures and lower cooling ratesung @ and 3

would decrease the oxygen vacancies in each sample, thus decreasing the conductivity. It could
be possible that thesbservedlifferences are just due to minor sample differences and not as

a result of the oxygen annealing process, in whade longer times and higher temperatures
may be required. An effect of resistance t@xealisation was observed in Nloped SrTiQ
samples by Slater et al. 1998] and was attributed to an oxygen transport issue atioel to

high Nb-contents in dense ceramic sampldewever in a paper by Maier and Randall the
conductivity changes very little irrespective to annealing environmentdoped SrTiQdue

to the dominant charge carrieeingfifixed by the dopand{114].

Table4-11: Oxygen annealing regimes.

Ozrunl 800 300 400

300 1000 2 300 300
600 1000 0.5 200 100
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Figure4.39: Ln Conductivity plots vs. 1/T for samples annealed in oxygen.
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4.2.2 Bode Plot Analysis

4.2.2.1 SrTiOs3

Shown below is a series oNBlINjtaplots forundopedSrTiOs (Figure4.40). Each of the
peaks are normalised to the maximum in the data set. The plots in tiegvtopgraphs in the

figure arethe heating dataand the bottomow is the cooling dateequivalent temperatures are

above and below one anoth€he green triangular markers represent the impedance data and

the red square markers represent the modulusCanabined plots of KININjNj

we

re

pl otte

data as close to 100, 250, 400 and 85Qvhere possilel from the timedneasuremerbops

within each experiment in order to compare mechanisms at similar temperaturesaficross

sampls. The normalised plots are @nlog scaleso as to bestee ay hiddenminor ZNpdiaks

corresponding to the jaa M" peak. Thiswill then indicatewhether the M" and Z" peaksed

later to calculatecapacitanceare from the same mechanisiihe plots at 100C for SrTiG

(approx. 37K) show no peaks and the plots appear close together. Gerhardt, when discussing

TiO2, attribuies this to the current dissipation being minimal at this tempeifdio8§ the

sample is very resistiv@he plots at both 250 and 400 (520 and 670 Kshow a single peak
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Figure4.40: Normalised peaks of Ma¥jd MNjol SrTiOz on heating and cooling.
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Figure4.41 belowshows the complex impedance plots for the cooling data of Srifi€hows
largeincompletesemicircles for théower temperatureneasurements with tfecsdecreasing

in size and becomg complete with increasing temperature as conductivity incré€asesnon
interpretation of complex impedance plots would suggesthibdatgeisemicircle represents
the grain boundary element of the RC circuit for this sajrgrid the smaller seraircle the
grain contributions, which are better expanded upon with electric modulus arBfsis.is a
slight tail appearing on the end of some of the sgmles which according to Gerhardt can be
attributed to either grain boundary effects or the onsBtconductivityy108].
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Figure4.41: Complex impedance plots for cooling data of Silt@tween 10400 °C (380
900K).

Figure4.42 below represents theomplexelectric modulus pldior the cooling data of SrTi©O
between 1000°C. The image on the right is a magnified image of the smallsiaé from

the image on the left highlighted by a red circle. The two s®rmlies indicate two relaxation
processes. As noted @arlierdescriptions of electric modulus, the largest contionin this

caseis that of grain conductivity, and the smaller arc from the more resistive grain boundary
contributions. The small seraircle fromthe grain boundary contribution stops appearing on

coolingin the lower temperature winddvetween 36€100 °C.
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Figure4.42: MNjs. MNjblj SrTiOs at temperatures of 16800 °C (380-900K).

Bode plotswere produced of LogM|Nj v s . L dqRiguré4rdbelawefor bogh heating
and cooling dataThe frequeng at which the peak of ¥pdcurred In fmax ZNjMjas taken for
each temperature measurement for both heating and cooling data and emuaridraph
produced representing the activation energy of conduction relaxation mechaRigme (
4.44) from the following equatidd7]:
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Figure4.43: Frequency dependence of Loiyj&lj f osrhealimg &nd Epoling between 100
600°C.

132



The conductanceArrhenius graph produced from theNjNjx data below shows two clear
relaxation mechanisn{gndicated by Z1/Z2 irFigure4.43) occurring on both heatingd) and

cooling (C) with very similar activation energies, indicating that the same relaxation
mechanisms occurr@troughheating and cooling, at the same frequesi@nd temperatures.
There was also no apparent change in the gradient of these relaxations, indicating the

mechanisms did not changgthin thesetemperatures or frequencies.
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Figure4.44. ConducainceArrhenius plot from ZfpMj data for SrTi@ heating (H) and cooling
(C).

From theZNjBhde plotabove inFigure 4.43, it was then possible to plot cagi@nce vs

temperature for each samig the following:

0 pfc¢tQ Y

where’Y coeex

The below capacitance data fordopedSrTiOs (Figure4.45) is similar to that for BaTi@in
the paper by Irvine, Sinclair and Wg4990[30] which shows a temperature independent
capacitance and a temperature dependent capacifdreenage on the right & magnified

version of the image on the left so as to best illustrate contributions with lower capacitances.
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Figure4.45: Capacitance vs temperature for Sr3iO

Table4-12 below shows the activation energasd preexponential facto(tio) calculated for
the relaxation mechanisms occurring from #reheniusconductance graph abovEigure
4.44). An approximate capacitance value for each mechanism is also displayedréake

Figure4.45, and the temperature range over which each mechanism occurs.

Table4-12: Calculated data for relaxation mechanisms fraxihg data forundopel SrTiOz,

Peak Temp. Rang Approx.
(°C) Capacitance (nF)
Z1C 600-400 2.11 1660 3
Z2C 600-100 0.88 340 0.07

According to Jose et aJj113] who have assinated activation energies from literature of
SrTiOs-basedmaterials, the relaxation mechanisms showkigure4.43 for the Z1C/H peaks

(approx. 2.2eV) relate to either the migration of acancies (approx. 2e8/) or the ionisation
of electrons from Svacancies (approx. 1V):

Vsrl 1 ér‘%l
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Unfortunately the Z1 activation energialls in the middle of these two values. The value for
the Z1peaks is a little different to that produced by Jose et al. but said paper relates to a Bi
doped SrTi@ Aurivillius phase so some variation may be expectesl.identified in the
complex modulus plot, the smaller seonicle represents grain boundary cdmtitions and
stops appearing past approximately 400 This is confirmed ifrigure4.45 andTable4-12,
identifying the smaller modulus sewircle as relaxation mechanism Zktracted from
imaginary impedance dat@he relaxation mechanisms shown in this graph for thpezks

for heating and coolin¢approx. 0.9 eV) relate well toeidiffusion of doubly ionised oxygen
vacancies (approx. 0X.2eV). The energy barrier for the mobility of Vacancies is very high

and unlikely to be seen in these experimental cond[tid8% Kolodiazhnyi Blennow et al.

and Wase[39], [115]45] all discuss the slow Sracancy diffusion up to teperatures as high

as 800°C, and as such reaching an equilibrium could take considdmigytimes anchigh
temperatures, so the act of moving the cation vacancies around the material structure may have
its challengesThis supports the analysis that heit contributioris as a result of mobile cation

species.

4.2.2.2 A-Site Vacancy Compensation of Donors

Sr1x2Ti1-xNbxO3

Shown below is a series of normalised heating and cociMiNjidjots for the
Sro.95Ti0.9d\Nbo.1003 sample Figure4.46). Unlike the undoped SrTigsample, there is noNgN;j
peak in the graph measured at 260 The 2Np¥pk is much broader when it appears1e0400

°C measurement suggesting an electrical heterogeneity, and moves to a higher frequency at
550°C. The modulus data shows a small broad peak in thé@@ot which almost aligns

with the 2Npépk but not quite, which indicates a localised relaratiechanism of longange
interaction§l01]. There is only one peak in both th&NEKp 2Ngdja for this saple, in keeping

with the previously presented modulus and impedance data for this sample. The behaviour of
the Nlk=0.10 sample could be attributed to the bimodal grain growth observed in the SEM
analysis of the Ni=0.10 sampleRigure4.21) and an overall electrical heterogenefygreater
proportion of very small grains could lead to a much higher grain boundary contribution due
to the greater ratio of gralvoundaries to grairt.he main difference in this sample compared

to undoped SrTi@is the MNjNj p e ahHas mowetbff the scale shown at high frequency,
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indicating the presence of a seoanducting core. The blue colouration of the pellets also

indicatesthe presence of T, reduced from Ti by an excess of electrons.
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Figure4.46: Normalised peaks of Mgdd MNjblj Sio.95Ti0.90dNbo.1003 on heating and cooling.

Impedancedatafor the Sio.9sTio.9dNbo.1003 sampleis shown below Kigure 4.47). The initial
observation is that most of the measurements up to approximately 700K (approg.) 436
incomplete sermcircles. This suggests that the frequency range is not sufficientleaotigese
temperatures to result in a comptetec, indicating quite resistive behaviour, although the
maximumof the ZNineasurements result in values of approximately 3xfl@vhich is 23

orders of magnitudkess resistive thanndopedSrTiOs.

Prentation of the modulus data for they &fio.od\bo.1d0z sample shown belowF{gure
4.48) shows a completely different picture to that of undoped StTi@e arc of the largest
contribution to modulus is an incomplete sancle and consists mainly of lower temperature
measuremds. The smaller modulus seftircle is shown expanded on the righFajure4.48
and shows a much more temperature dispersed circle of the medium to higher temperature
measurements compared to the smaller modulusaecte of SrTiQ. It is clear that some of
the higher temperature measurements do not have two contributions only one clear short arc.
It is noted from the SEM imageBiure4.21) that the Sy9sTio.9d\bo.1d0z sample had bimodal
grain growth with a large number of very fine grains and as such this could lead to a greater
grain boundary contribution to the electrical pedjes on average, resulting in only one clear

modulus semcircle. In samples with a greater dopant content and a more normal grain growth
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with larger grains, two clear seircles are seen in the modulus ddtas expected that
samples with lower dopé& concentrations will behave more electrically heterogeneously

compared to those with a higher dopant concentration.
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Figure4.47: Complex impedance plots for cooling dataSafgsTio.od\bo 1003 between 100
600°C (380-900K).
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Figure4.48: MNjs. MNfblj So.9sTi0.90Nbo.1003 at temperatures of 16800 °C (380-900K).

Below is thefrequencydependentheating and coolind.ogio ZNjdita (Figure 4.49) for
Sro.95Ti0.90Nbo.1003. Thisshowsthe Z1peakwhich is broader thathat ofthe equivalent peak
in SrTiOCs. There isalso an extra peak appearing the low frequency end at only high
temperatureghereafter labelled Z0.55hown in the KN} conductance graph belowigure

4.50) in yellow and green (heating and coolingspectively) This peak persists in all samples
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up to Se.ssTio.7dNbo.3dOz and remains unchanged in the high temperature range and at lower
frequerties for all samplesThere is also thehange of the Z2 peak froomdopedSrTiOs in

the higrer frequency end of the grapb a more temperaturadependenvariationcompared

to Z1; the Z2 peak is much more compressed thandopedSrTiOs (Figure4.43). This high
frequency peak becomes much more apparent in theONt90.30 sampleshown laterWhen
comparing the Arrhenius conductance graph below for theeONDO sample taindoped

SrTiOs it seems that the gradients of the plots are much steeper, however this is due to the
absence of the Z2 peak which has a much shallower gradient in the; ldti©ut could not

be plotted in the Ni=0.10 sample as the Z2 contribution did not display pestke examined

frequency range.
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Figure4.49: Frequency dependence of LotyjRj St.o€Tib.odNbo.1003, heating and cooling
between 10600°C (380-900K).
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Figure4.50: ConducanceArrhenius plot from RijiNj data for S#.osTio.0d\bo.1003 heating and
cooling.

It is noted that, asdicatedin the structural characterisation chapi8ection4.1.2.], the
Sio.925T10.88Nbo.1503 sSample behavedectricallyin a very similar way to the &sTio.90d0Nbo.1003

sample. The graphs below of capacitance vs. temperate for the Nk=0.10 and 0.15
samples Figure 4.52 and Figure 4.53). They both show a strong temperatulependent
capacitance for the Z0.5 peaks, and mewhat temperature independent capacitance for the
Z1 peak. The only significant difference in the two samples is what appears to be a hysteresis
effect in the capacitance data on heating and codhigi(e4.53) which is also visible in the
conductance Arrhenius plot of theNij (Figure 4.51) where the Zlpeak umler heating
deviates significantly from theoolingZ1 peakat low temperature#\ possible reason for this

is the evaporation of water from a sample on heating vs. cooling.
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Figure4.51: Conductance Arrhenius plot froniNgj data for S¢.o25Ti0.85Nbo.1503 on heating

and cooling.
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Figure4.53: Capacitance vs temperature £16.05Ti0.0sNbo.1503.

Table4-13lists the calculated activation energies for the conductance graph produced from the
ZNjdatafor the Sro.esTio.9d\Nbo.1003 sample The Z0.5 peaks that appear at high temperatures
and low fequencies on heating and cooling have activatiorgesaf approximately 2.3 eV
(heating and 1.7 eV ¢ooling). The heating plotouldbe inaccurate due to the gradient being
calculated from only 3 data points. As such, if the cooling data (1.7 esfkes to be more
accurate, according to Jose et al. 2018, this peak cattriimitedto the electrons that are
ionised from Swacanciefl13][51] with an approximate activation energy of 1.5wkichin
literature are found todnsfer across gralmoundariefl16] but this cannot be guaranteed from
this experimenalone It could also relate to a Schottky barrier at the electrode/sample interface.
This peak appears for the first time in the &Fio.od\bo.1d0s Samplewhere Sivacancies are
introducedand becomes more prominent with each sample as thiac@ncies increase to
compensate for the NibopantFurther sample sets will have to be analyssfdie conclusions

can be drawn.

Table 4-14 shows the calculated activation energiésyaluesand capacitances for the
Sro.o5TiossNbo.1s03 sample. It showsearlythe samaemperaturganges for each pealas the
Nbx=0.10 sample, but lower activation energies @ndluesfor each peak. This could indicate
that there are more of tlebargecarrierspecies availabldue to the increase in donor dopant
and a bwer activation barrier foeachrelaxationprocessThe capacitances for the pNi).15
sample are higher.
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Table4-13: Calculated data for relaxation mechanisms fi&pyj data for

Sro.95Ti10.900Nb0.1003.
Peak Peak Temp. Rang| ZNjNk Ea Approx.
(°C) (eV) Capacitance (nF
60D75 . 18.0
Z1C 608300 1.83 18.60 150

Table4-14: Calculated data for relaxation mechanisms fradp datafor

Sto.o25Ti0.86Nbo.1503.
Peak Peak Temp. Rang| ZNjhk Ea Approx.
(°C) (eV) Capacitance (nF
Z0.5C 6 O-8% 0 00 (
Z1C 6 0-®00 1.60 17.00 50

Shown below are the normalisedANMINjidjots for both the SroTiosoNbo200s and

Srogs Ti0.70Nbo 3003 samplesigure4.54, Figure4.55). Both samples show one peak iNg&id
MNyijich overlap at 100 and 28C and develop a second smaller peak in the 400 antd:50
plots for modulus, and a second larger peak in impedance. The peaks move to higher
frequencies withncreasing temperature, and both sets of peaks for both samples overlap,

indicating long range conduction mechanisms.
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Figure4.55: Normalised peaks of Maxd MNpWjts for Se.ssTio.7o0Nbo 3003 on heating and
cooling.

Impedance analysis &fio.00Ti0.8dNbo.2d03 (Figure4.56) shows incomplete sergircles for the

low to intermediatéemperature measurements, with high temperature measuremenitsgshow

semtcircleswith tails coming off(right hand imagejvhich again indicates the onset of DC

conductivityf108] from the semiconducting core evidenced in the SEM d@tmure 4.21).

The modulus plot for Seolio.sdNbo.2dOsis shown inFigure4.57. There are two senraircles

presentagain similar to that of undoped SrEi®ut the modulus values for both seenicles

are significantly smaller in comparison to Sr§i®he arc for both the grain and grain boundary
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contributions are slightly asymmetrical, indicating more complex relaxabiehaviour
occurring. Two complete modulus seaicles are also seen for the remaining#b25 and

0.30 samples.

STO_20Nb 14308Hr Cooling STO_20Nb 14308Hr Cooling
70000000 0675
1 BT 1000000
65000000 A A 833.45]
60000000 A bl 1 i &
] k- 73785
55000000 4 A~ 70655 800000
50000000 J 05
45000000 | 495 ] &
4 A 5 5
40000000 ] = i
£ 35000000 4 25 E
S 30000000 N itle 1 A a
= ] BENes R
7, 25000000 /// ‘/ a-ess 5 400000 - / A .
20000000 - é A (- 380.65| A, "
4 -4— 367.05
15000000 //A //A/A/“A 1 /A/ b
10000000 &7 A 4
] 7 /g“/ i N 200000 - Py
5000000 A Ay a—A addy
0] T YV ] 4
5000000 - 0
T T T T 1
0 5000000 10000000 15000000 20000000 0 500000 1000000 1500000
Z' (Ohms) Z' (Ohms)

Figure4.56: Complex impedance plots for cooling data af &6Fio.sd\Nbo 200z between 100

o
600°C (380-900K).
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Figure4.57: MNis. MNfdlj Sih.c0Ti080Nbo2003 at temperatures of 16800 °C (380-900K).

The compleximpedance datandthe 2NPgjde plotsfor the Nk=0.20, 0.25 and 0.30 samples
arealmost identical to each othso only the Np=0.20 samplealatais shown below(Figure
4.58). The graphs forconductanceéArrhenius plots of the MM} datafor each sample are

illustrated in Figure4.59). Theonly difference between the sampsesems to be a change in
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mechanism to the Z1 pedieatingdata for theSro.g7sTio.79\Nbo.2s03 sample, shown by two

significantly different activation energies for the Z)lot and a deviation away from the

cooling data
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Figure4.58: Frequency dependence of LoiyljRlj Sr6.afTibeoNbo200s, heating and cooling
between 10600°C (380-900K).
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Capacitance plots for the k.20 and 0.30 are shown bel@gure4.60, Figure4.61). They
show a temperature independent capacitart2H/C) and two temperature dependent
capacitancg(Z0.5H/C and Z1H/Q for both samplesThe behaviour of the Z1H/C plots for the

Nbx=0.2/0.3samples have a-shape with a drop in capacitance at approximatelyStarC
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before increasing again up to the maximmeasuremertemperaturelt is clear in both cases

that there appears to be an element of hysteresis in the Z0.5 peaks in both samples.
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Figure4.60: Capacitance véemperature for Ss0Ti080Nbo200s3.
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Figure4.61: Capacitance véemperature for S8sTi0.70Nbo.300s.

Table 4-15 and Table 4-16 below show the calculated activations energiésyvalues and

capacitancefor the Ni=0.20 and 0.30 samples. The activation energies for theO\3D

sample are higher than those for the#b20 sample, as are tlig and capacitance values.

The Z1H/C capacitance plots for these samples are much more temgeeaendenthan the

equivalent plots for the Nb0.10 and 0.15 samples. As shown in both of these samples, the
Z0.5 and Z1 peaks have approximately the same activation energies but very different
capacitancesAgain, this suggests that the same relaxativechanism is occurring but across

a different part of the microstructure e.g. grain vs. grain boundagyactivation energies for
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the Z1 peaks shown for both samples varies betweeh. 1. &V approximatelyand is thought

to representlectron transporcross a grain bounddiyl 6] from ionised Sr vacancie¥heZ?2

peak again repeatedly returns a value of approximatel.8.8V whichaccording to Zhong

et al. and Pan et al. can be attributed to the first ionisation of oxygen vacancies that result in
electrons which couple with an efentre Ti iofi84][81]. Howeveraccording to Higuchi et al.

it could be the result of hole hopp[6@] so there is more information needed to determine

which mechanism is the most likely explanation

It is noted from thé&SEM imaging of this sample sgectiond.1.2.) that the Nk=0.2 and
0.3 samples show a ceskell typeof structure, and it is consideréhtthere are actually 3
areas within the microstructure of those samples: the core, the shell and the grain boundary. It
is possible that the three main peaks seen in the impedance data could be allocated to those
three areas of the microstructure, althoiigé not the intention of this work to be so stringent
with the allocation of RC elements to microstructure,tbutnderstand that a more complex

defect mechanistitype of approach could be more appropriate.

Table4-15: Calculated data for relaxation mechanisms frdp datafor
Sio.90Ti10.80ND0200s.

Peak Temp. | ZNjhkEa o
1. 42 14. 06

Z0. 5C 60900 70, 00C
Z1C 6 0-800 1 .55 145 1 125
Z22C 60-D0O 030 -1. 03 3

Table4-16: Calculated data for relaxation mechanisms frddp datafor

StossTi0.70NB03003.
Peak Temp. | ZNjhkEa o
Peak Range (C) (eV) Ln uo
Z0.5C¢C 6 0-D00 1.70 18.61 600, 00
Z1C 6 0800 1.72 17.21 300
Z2C 6 0050 0.38 -0.50 8

Permittivity vs. temperature readings were taf@rall sampleon heating and cooling up to
650°C (Figure4.62). All readings showed an element of hysteraesithe peakswhere there
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is a difference between the peak on heating vs. coofngall peaks were seen in the

permittivity of the NR=0.10and 0.15 samples at approximately 48D °C accompanied by

a barely discernible peak in tanFigure4.63, right). The permittivity of these samples then

acceleratesipwards to very high permittivities of approximately 220,000, accompanied by

very high loss values. The N0.200.30 samples have slight peaks in the permittivity at

approximately 25600 °C, but the corresponding peaks in tamare at lower temperatures

(100-200 °C). These samples also then increase to very high permittivities (approximately
100,000 for Nk=0.20 and 0.30 samples, and 200,000 for the=Bl25 sample) as temperature

continues to increase but a second peak is seen at approximatey &%0e tant again rises

steeply All samples have a smaller tarpeak tharundopedSrTiGs.

Work by C. Wang et al. was carried out on the dielectric properties of Sc&@mic and

single crystal samplgkl7] across a sweep of frequencies and at temperatures up €300

They showed two clear peaks in the petimtly similar to those seen in the N.20:0.30

samples but at approximately 28D and 690A C .
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Roomtemperatureelative permittivity and tah measurements were taken and plotted against
composition Figure4.64). As can be seen thelative permittivity increases with Nb content
and theras a peak at the NB0.20 and 0.25 sampleszcompanied bg drop in tan for the
Nbx=0.25 and 0.30 samples.
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Sro.9Ti1-xNbxOs3

Below are the normalisedNNMINpNpts for the SgaoTios1Nbo.1903 sample Figure 4.65). This

figure is again significantly different to the nearly equivalepbslio soNbo 200z sample. There

is only one normalised modulus peak and one impedance peak (except ‘@)5kbich
increases with temperature and moves to higher frequencies with increasing temperature, as
does the impedance peak. There is not complete overlapping of peals®me, indicating

longer range conduction mechanisms. The main difference is that it is the major modulus peak
and the major impedance peak that are overlapping in contrasi#€i&oNbo 2003 sample

which had the major impedance peak overlappirigminor modulus pealhere is also an
MNjpgak moving out of the assessed frequency rauggesting a bulk response semi

conducting core as with the previoussie vacancy sample set.
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Figure4.65: Normalised peaks of MEXd MNfblj Sto.g0Ti0.81Nbo.1903 On heating and cooling.

The complex impedance data is shown belowigure4.66 for the Sro.oTiosiNbo.1903 sample
and shows a similar pattern to that of 81ew Ti080Nbo 2003 samplebutwith more curve arcs
In addition, they do not appear to have the same taiteptat the end of themicircles
when completeBelow is also the plot of complex electric modulus for3meoTio.e1Nbo.1903
sample Figure 4.67). Unlike the Sr.aoTiogodNbo200s sample, there is only one observed
completed semgtircle followed by a tail similar to that seen in B gsTio90Nbo.1003 sample.

A temperature dispersiatcurs at the top of the sewircle at high temperatures (6d60°C)
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which is not present at low and intermediate temperatuaest can be seen the data plots are

very close together for the darker lower temperature measurements.
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Figure4.66: Complex impedance plots for cooling dateSaf o Tios1Nbo.190z between 100
600°C (380-900K).
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Figure4.67: MNis. MNfdlj Sih..0Ti081Nbo.1903 at temperatures of 16800 °C (380-900K).

Shown below is th®ode plotof Log ZNp\j heating and cooling for the ¢S§Tio.siNbo.1903

sample. These graphs are markedly different from the abewd BroNbo 2003 samplgFigure

4.58) that was previously examined despiteonly differencebetween the compositiobging

1 at% moreNb and less Ti content. The main difference is that the Z2H/C peak at the high

frequencyend of the plot is missing completddyt the MNp¥jak is still presentThere is good
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similarity between the heating and cooling data for this sample however, just as there was for
the Sb.oTio.eNbo200s sample.When comparing the M} Arrhenius graphs for the two
samplas (Figure4.59 aboveand Figure4.69 below) there is a gradient change to the Z1H/C
peak for the SbwoTiosiNbo1d03 sample at approximately 400°C, whereas the
Sro.oTio.eoNbo2003 sample had no gradient chaném this peak There was a similar
mechanism change in the Z1H plot foe Sps7sTio70Nbo 2503 sample heating data at the same
approximate temperatur&his could relate to the temperature dispersion that occurs in the

above complex modulus plot aboagure4.67) asit occursat a similar temperature
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Figure4.68: Frequency dependence of LoiyljRlj Sr6.afibs1Nbo 1903, heating and cooling
between 10600°C (380-900K).
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Figure4.69: Conductance Arrhenius plot fronNghj data for Sg.90Ti0.81Nbo.1d03 heating and
cooling.

The capacitance graph beloRiqure4.70) was produced from the impedance datd shows
a high capacitance temperatalependenplot (Z0.5)which has a hysteresis effect between

heating and coalig, and a slightly moréemperature independent plot for the Z1 peak

160000 - 0.19Nb 300 0.19Nb
140000 | e e
120000 \ A ZiH
L& 100000 T 1L 2001
© ©
£ 80000 4 =
= & 150 -
3 3
60000
j= 1 O
0o o
o © 1004
40000 //
20000 504
04 L e
T T T T T D - T T T T T
200 300 400 500 800 200 300 400 500 800
Temperature °C Temperature °C

Figure4.70: Capacitance vs temperature fos ot iosiNDp190s.

Comparing thevaluesbelow in Table 4-17 to the activation energies for th&rhenius

conductance plot for th®rn .o Tio.seNbo2003sample above ifiable4-15, it can be seen that the
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activation energies fdyoth the Z0.5 and Z1 peaf® theNbx=0.19 sample are slightly higher
than those for the NbB0.20 sampleWhenattempting taassign the actiten energies, it can

be seen that the initial slope for the Z1 peak betwl&®rd40 °C relates to the diffusion of
doubly ionised oxygen vacancies (0.7)efom there it changes to a value of @&8whichas
discussed previouslselates to electron condiion across a grain bounddinpm ionised Sr
vacanciefl16]. As can be seen from the table, the Z0.5 peak, which only exists between 600
450°C, hasvery similar activation eneigs andlo valuesto the section of the Z1 peak between
600-450°C, yet they have vastly different capacitance valliags againsuggests that it is the

same mechanism occurring but in different parts of the microstructtine eample.

Table4-17: Calculated data for relaxation mechanisms frddp datafor

Sio.0Ti0.81NB0.1003.
Peak Temp. ZN]N;( Ea Approx.
Range (C) e e
600450 16 0 150, 00
ZlCBO(AD4A)§: 1.71 164 4
. 600-200 175
Z1& 408AL 0.76 -1.40

Analysis of the SroTiossNbo1s03 sample again shows vast differences in the electrical
properties in comparison to the previous sample set with a samplmitdr composition
(Sro.25Ti08sNbo1503). The compositional difference in this casguit 2.5 at% Sr content. The
complex impedance plot for this samgfegure4.71) is similar to that 010 Tiog1Nbo.1903,

buta wider temperature rangé measurements successfutlyming complete sengircles.
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Figure4.71: Complex impedance plots for cooling dateSafeoTio.ssNbo 1503 betweer600-
100°C (380-900K).

The electric modulus data is very similar to the previous sar8ple {i0.s1Nbo.1903) with both

the shape of the complex modulus plot, andehgerature independent capacitance, so neither
graphs were showmere This was surprising due to the significant differencdsoth the real

and imaginary parts aimpedance data.

The LogZNPBdjdeplots for theheating and coolindata(Figure4.72) show differencs, with
the heating graph showing one narrow peakNigfl the cooling data showing a much broader
peak with the beginning of the previdpobserved Z0.5 peakppearingat low frequencies
and high temperatures. &ldifferences aréurther illustrated with the respective Arrhenius
conductance graplrigure4.73) showing the deviation between the heating and cooling plot
for Z1 along with a change in gradient indicating a change in mechawsien examining the
calculated activation energies from this pldalfle 4-18) it shows an apparent transition at
approximately 350C from either electron/hole hopping smgly ionised to doublonised

oxygen vacancies.
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Figure4.72: Frequency dependence of LotyjRj Stb.oTib.ssNbo.1503, heating and cooling
between 10600°C (380-900K).

Figure4.73. Conductance Arrhenius plot fromNgNj data for S¢.ooTio0.8gNbo.1503 heating and
cooling.

The capacitance graph is shown below for $itgoli0.8sNbo.1503 sample(Figure 4.74) and
illustrates theseparatia between the heating and coolingheZ1 plotsat about 40600 °C.

It also illustrates the lack of Z0.5 peak, which was present isithiar Sro.o5Ti0.85\b0.1503
sample in the previous section.
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