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Abstract

This present work is focused on bagdp engineering of solidolutions based on
KNbOsz, which was proposed aspromising photoferroelectri¢Grinberg et al., 2013)

The strategy to narrow the bagdpof the parent KNb@(3.22 eV) relies on replacing
Nb>* by lower valencédransition metal§Me®*) and K'! by cations which maintain the

compositions stoichiometric.

Ceramic processing of KNk®y conventional route was optimised in ordeminimise

K losses, which leads the formation of a hygroscopic secondary phEgblbeO17. This
phase impairs the strtural integrity of the samples. In addition, singleaseKNbOs
ceramics have the tendency to absorbisture from the environmenincreasing its
conductivitynear room temperatur8ubsequently, all solidolutionspresented in this
work, (1-x) KNbOsz-x Bao.sBio.sNbo.sZno.s03 and(1-x) KNbOs-x BiMeOs (Me= Mn, Co
and Ni)systems in a compositional range dp0@.25 0.90KNbOs-0.1 BaNIp sNio.503
and 0.98 K.sNao.sNbO:-0.02 BaNhy.sNiosOs compound, were prepared by the same
route aKNbOs. X-Ray Diffraction (XRD), Ramarspectroscopyand $anning Electron
Microscopy(SEM) revealedcompositionally inhomogeneities, suggesting difficulties in

cation diffusion for low concentration of soluteg conventional routes.

Thesystems evolve from orthorhombic (x=0)seudecubic symmetry witlanincrease
of x, suggested by XRD, Raman spectroscopy, ferroelectric and dielectric response
Indeed, these two symmetries seem to coexist for intermediary concentrations. A
solubility limit for orthorhombidKNbOs phases deternmedfor each systenin addition,

a continuous bandap narrowingvas observeth all systems.

Nevertheless, ¢x) KNbOs-x BiFeOs (0 x @.25)system maintaied the polar phase up
to x=0.25and its banejapwas narroved down to 2.22 eV. Indeed, a photocurrend &4
HA/cm? was measured fd.75 KNbQ- 0.25 BiFeQ which is higher than reported for
the controversial 0.90 KNk&D.1 BaNR.sNio.s0z compoundGrinberg et al., 2013)The
literature does not agree about its bagag valuewhich varies froml.3 eVto 3 eV.
Hypothetically, he impossibilityof preparing bemicallyhomogenised sampléy solid-
state reaction may leadtheoccurrencef intraband statesvhich can be misinterpreted
Similar conclusions are reached for 0.98%Mao sNbOs-0.02BaNMR sNio50x3.
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Chapter 1 Introduction

1.Introduction

1.1Perovskites

1.1.1 Structural characteristics

Perovskites have the chemical formula AB@here the Asite cations are typically larger

than the Bsite cationsand similar in size to th@ aniors.

The name of this structure derives from the mineral Cadabed perovskitewhichwas
discovered by the geologist Gustav Rose in 1839 from samples found ldréhe

Mountainsand named after Count Lev Aleksevich von Pera\skazen, 1988)

Figure 1.1 shows the structure of an ideal cubic perovsliteations are locateal the
corners of the cube (blue spheres), and the B catitive centre (orange sphere) with
oxygen ions (red spherea) the facecentred positions in octahedra coordination. The
space group that describes the crystal symmetrytné perovskites is Prdm (No 221).

Table 1.1details the atomic positions in cubic perovskites.



https://en.wikipedia.org/wiki/Cation
https://en.wikipedia.org/wiki/Anion
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Figure 1.1: Cubic perovskite unit cell. Blue spheres represent the A cations, the orange sphere sepresent
the B cation, and respheres represent oxygen ani¢@3in octahedral coordination.

Site Coordinates
A cation (0,0,0)
B cation (0.5,0.5,0.5)
O anion (0.5, 0, 0), (0, 0.5, 0), (0, 0, 0.5)

Table 1.1: Equivalent positions of the atoms in cuperovskites.

The perovskite structure enables a wide range of physical phenaepeading on the
atomic specig occupying the A and-Bites. Indeed, piezand ferroelectric, magnetic,
catalytic, photovoltaic, ionic and electronic conduction properas be observed in
materials with this structur@ogan, Lin, GuillouxViry, & Pefia, 2015) Consequently,
perovskites can be agted to a wide range @pplicationssuch as electromechanical
devices, trasducers, capacitors, actuators, fuel ¢ett@morydevices, transistorand

SEensors.

The first reference found on the design of perovskite compounds was published in 1927
by Goldschmidtwho is consideretb bethe founder of modergeochemistryandcrystal
chemistry. Goldsmith introduced important concepts such as the tolerance factor.
Assuming an ideal cubic phasa relation between the ionic radii and the lattice
parameter, a, can be expressed=ak t 4z E t 4,, going through the centre, and as

=L % :t4e E t4 ;, through the diagonal. The relation between these expressians

indicator of the stability and distortion of perovskite structures and it is expressed by

Equation 1.1.
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4 E 4o Eq. 1.1.
Yi:4z E 4, ;

Where t is the tolerance factor and, Rs and Ry, correspond tthe ionic radii of A, B

PL

and & ions, respectively. A perovskite structure is considered stable when t varies from
0.75 to 1. Many possible combinations of cations and anions have been designed using
this expressioliBhalla, Guo, & Roy, 2000)

Most compounds with the perovskite structure present distorftiomsthe ideal cubic
structurethat lower the crystal symmetry. Theseviitionsmay have different origins,

as for examplajisplacements of A or B catiof3affe, Cook, & Jaffe, 1971An example

of B-cationic displacement can be found in BaJi&@ room temperature and it is
accompanied withhe appeance of spontaneous polarisatibmdeed, one of the most
studied properties in perovskite oxides is the ferroelectricity, which will be described in

detail below.

1.1.2. Solid solutions

Solid solution is a soligtate solution where one or more solwesxistin a solvent. The
solutesolvent coexistencis considered a solutipvhen thesolventstructure remains
unchamged by addition of solutemndit is still single phaselThere are two types obbd-
solutions: substitutiongFigure 1.2 (a)), where the atoms of the solvent are replaced by
the atoms ofhe solutes, and interstitiéFigure 1.2 (b)), where the atoms of the solutes

fit into the space between solvent atoms.

Figure 1.2: Types of solid solutions: (a) Suldstional solid solution and (bhterstitial solid solution

J c -
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Both types of solid solution modify the properties of the material by distorting the crystal
lattice and changing the physical and electrical properties of the solvent material
(Groover, 1997)After the discovery and development of lerovskitesn the 1950s, R.

Roy and colleaguesnoved the research on these materialsthe next levelby

synthesizing the firsgubstitutionabkolid solutions with perovskitdrsicture(Roy, 1954)

Later, this researchgroupcreated mapswith regions of stability, where it is possible to
carry out ionic substitutions and correctly predict which polymdopims. These maps
are still usedoday, in order to validate or discasdbstitutionsof a specific pesvskite
phasgBhalla et al., 2000)

9HJDUGYYVY ODZ LV DQ DSSUR[LPDWH HPSLULFDO UXOH Z
constant temperature, between the lattice parameters of the solid solution asidtthe s
content(Denton, 1991 In this work, it was used to study the formation of the solid

solutions.

Often the creation ofsolid lutions is motivated bythe improvement of specific
propertiesof the solvent compound. Arxample is the solid solutio x PbTiGs-(1-x)
PbZrQ (PZT), which showsigh piezoelectric @efficients(Cao & Cross, 1993 his is
also the case of thenateials prepared for this thesis, wheteetimpactof different
chemical substitutianinto KNbOs (KN), a welkknown perovskite oxidas investigated

in particulartheferroelectric and optical properties.

1.2. Dielectrics

1.2.1 Definitions

A dielectricmaterialis defined asnelectrical insulatothat can sta¥chargeby applying
anelectric field(E). The polarsationvector,P (uC/cn?), that is inducedn the material
is given by Equation 1.2.:

2L Y101 Eq. 1.2.
where i (F m?) is the dielectric susceptibility of thenaterialand Y, is the dielectric

permittivity of vacuum and it has a constant valu8.854 10%? F m*. The totalquantity
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of charge densitgccumulated on theurfaceof the materibwhen E is applied, is defined

asthe dielectric displacement vectdd, (C m*®) (Equation 1.3.):

&L YI"E2 Eg. 1.3.
Equation 1.4. is obtained by combinikg. 1.2.andEq. 1.3.:

&L Y, 1" EYIil" LY, I1:sET; I Eq. 1.4.
where YL sEi is the dielecic permittivity of the material. Ris value gives
information about howeasily a materialis polarisedunder an electric field. When a
dielectric material is not able to withstand an electric field and electricity staftbow

through the material, hasreachedhedielectric breakdown limit.

1.2.2 Piezoelectrics

Among dielectrics, there is a group of materials that develop electric displacements (in
other words, spontaneous polarization) by the application of a mechanical pressure and
they are known as piezoelectric materials. Piezoelectricity is an intprogerty related

with the crystal structureThere are32 crystallographic point group@able 1.2)
depending on their symmetry characteristics, 11 of thessess a camt of symmetry

and are noipolar. The remaining 2 point groups ar@orncentrosymmetric grougbut

only 20 exhibit piezoelectricity. Neoentrosymmetric @int groups are further divided

into polar(10) andnonpolartypes(11).

Materials that present temperature dependence of the spontaneous polarization are called
pyroelectics. In these materials, a change in temperature of the crystal produces electric
charges on the surface of the crystal corresponding to a change of spontaneous

polarization.



https://en.wikipedia.org/wiki/Polar_point_group
https://en.wikipedia.org/wiki/Chirality_(mathematics)
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Crystal System
Rhombo- | Ortho- | Mono-
Polarity Symmetry | Cubic Hexagonal | Tetragonal | hedral |rhombic| clinic |Triclinic
Centro _ _ —
(11) _|m3m| m3 |6/mmm| 6/m|d/mmm| 4/m | 3m | 3 | mmm 2/m 1
Nonpolar
(22) 432 622 422
23 6 3| 32 222
Noncentro | #3772 bm2 42m
(21)
Polar 2
(pyroelectric) 6mm| 6 | 4mm | 4 | 3m| 3 | mm2 1
(10) m

Table 1.2: Classification according torgstal centrosymmetryand mlarity. Inside the bold line are
piezoelectricgUchino, 2009)

1.2.3 Ferroelectrics

Ferroelectricmaterials have all these properties explained above and furthetimeare
spontaneous polarization can teversedoy an eternal electric fieldFor determining
ferroelectricity, it isrequiredto apply an electric field to pyroelectric material and
experimentallyobserve the switching of the spontaneous polarisation without exceeding

the dielectric breakdown limit.

1.2.31 Historical background

The first ferroelectric materialRochelle salt, was discovered in 1922 Yglasek
Development of ferroelectric materialas driven bymilitary applicationsduringWorld

War Il in the early 1940s. Theswitchable orientation dBaTiOs was reported fofirst

time in 1949(Grey, 1949)and by the midl950s Pb(ZkTi1x)Os (PZT) was already
known. Since then, continuous innovation and improvement of materials and
technologies has led sdarge number of indusal and commercial applications, such as

capacitors, actuators, sonars and transducers, among (éthertling, 1999)
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1.2.3.2. Phenomenology

The polarisation response undereectric field can be plotted as a characteristic curve
known as ferroelectric hysteresis loop. It is possible to observe an exankjeiia 1.

3. This behaviourdg directly related with the switching of the domains. Once almost all
domains are aligned, polarisation achieves its maximum val)eudd it is maintained
constant. It means the ferroelectric material is saturated. However, it is not possible to
achievecomplete alignment of the dipoles due to defects and impurities in the ceramic.
At zero field, the ferroelectric material exhibits remament polarisatigraff he field

necessary to bring polarization to zero is called the coercive Held,

Figure 1.3: Ferroelectric (PE£) hysteresis loop. Spontaneous polarisation (Ps), remanent polarisation (Pr)
and coercive field (Ec) amoted in the figurgPascualGonzlez et al2016)

One of the characteristics of ferroelectric materials is the formation of ferroelectric
domains.These domains are crystetgions where the spontaneouslgrization is

orientated in the same directiofhe interface between domaisscalled a domaiwall.

In the case of a weknown ferroelectric material, BaT§®BT), that will be examined in
detail in the next section, domain walls of 180 ° and 90°beaabserved, which means
the polarization vectors are either in completely opposite directions or at 90° angles,

respectivelyFigure 1.4 shows an illustration of 90° and 1808main wallgFang et al.,
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2013)and a SEM (backscattered electron detector) image ohiBiiostructure where
ferroelectrics domains can be detedi@teng, Ho, & Lu, 2008)

(a) (b)

180° domain walls

Grain boundary
|

>

180° domains

90° domain walls

Figure 14: (a) Representation of ferroelectric domains (180° and 90°) in different grains. (b) Backscattered
electron SEM image of the BT polished. Ferroelectric domains of 90° and 180° are pointed in the image
(Cheng et al., 2008)

When cubic BT is cooled down, it acquires a ferroelectric phase and the polarisation
vector could be oriented in anyrection along the cubic axis of the structuireg(re 1.

5). The electrical and mechanical boundary conditions are what really determine the
direction at which the smtaneous polarisation will be established. In the phase transition
when spontaneous polarisation starts to appear, some charge is accumulated on the
surface of the material. It generates an electric field, also known as depolarisig;field
and its diretion is opposite to the spontaneous polarisation, Ps, as shéigune 1.5.

It may be the case that the depolarising field will be strong enough to fragment a single
domain energetically unfavourable into many domains with oppositely oriented
polarization(Damjanovic, 1998)This phenomenon is related with the creation of 180°
domain wallsOn the other hand, when a crystal is mechanically stressed along the [100]
cubic direction and cooled dowthe long axis eaxis inFigure 1.5) of the tetragonal
distortion will develop perpendicularly to the stress in order to minimize the elastic
energy.
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creation of 90° walls

stress __ ar ar
‘- Cr
+ aT
CT Ps Ps
——
cubic 7 ar a Cr
T
Ac| phase \++++ + - + -

e

—_—— - 4+ -+
creation of 180° walls

Figure 1.5: Formation of 90and 180 ferroelectric domain walls in a tetragonal perovskite ferroelectric,
such as BaTi@(Damjanovic, 1998)

The ferroelectric domains are randomly oriented due to the complexity of electric and
elastic conditions in each gra{frigure 1.6). Even if materials exhibit spontaneous
polarisationlocally, the net polarisation is zero. In order to reorient all domains and bring
the ceramic to a polar state, it is necessary to appilectric field strong enough to
switch all dipoles. This process is called poling and usually is done at high temperature

for increased domain wall mobility.

Figure 1.6: Ferroelectric ceramic with random orientatidrgaains before and after poling.

1.2.3.3. Origin of ferroelectricity

The origin of the ferroelectricity in perovskites may arise from different sources as:

0] Cationdisplacements
(i) Lone pair electrons

(i)  Geometry
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(iv)  Charge ordering

(i) Cationdisplacements

Barium titanate BaTiOs (BT), is a classical ferroelectric material. From its discovery
the present, it has been extensively investigated, being possible &ddnge number of
works about its structure and properties in the literatfihm, Rabe, & Triscone, 2004,
Cohen, 1992; Merz, 1954)

With a tolerance factor df.06 BaTiOs has a typical perovskite structure with a tetragonal

distortion, space group P4m(No. 99) as shown iRigure 1.7 (a).

(b)
.)L 010A Ba ,

Figure 1.7: Displacement of the A and B cations in BaZiGreen spheres represent the A cations (Ba),
the blue sphere represent the B cation (Ti), and red spheres represent oxygen anions in octahedral
coordination(Tazakiet al2009)

Ferroelectricity arises by Ti effentering, generating distortion and the appearance of

spontaneous polarization in the material.

BT undergoes a series of phase transitions with temper&igree 1.8 illustrates these
successive phase transitions (Rhombohedralthorhombic, orthorhombito-
tetragonal, tetragondb-cubic) which are accompanied by dielectric anomalies. Above
130°C, theunit cell acquiresa cubic form and consequently, spontaneous polarisation
disappears. Overall, the transition from polar to-potar phase in ferroelectrics occurs

at certain temperature, also called Curie temperature and it is characteristic of each
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matrial. At this temperature, dielectric permittivity presents a maximum yabre&
Shirane, 1962)

| | | |
Rhombohedral | Orthorhombic | Tetragonal | Cubic
e | \ = ]\ e 1
g P /‘ |
£ 10,000 , = x oL [
» |
[ =
o
[&]
©0
8
> 5,000 |- -1
a
o | | | | | |
-150 -100 -50 0 50 100 150

Temperature (°C)

Figure 1.8: The temperature dependence of the dielectric constant for Bafi® the various phase
transitiong(Ito & Uchino, 2005)

Lead titanate, PbTi§) is also a welknown ferroelectric perovskite oxid@rlt, 1990;

Jaffe et al., 1971; Moulson & Herbert, 199T)e ferre to paraelectric phase transition
occurs at higher temperature than Bagli@ound 490°CSani, Hanfland, & Ley, 2002)

This compoundiresents tetragonal structure (P4mm) at room temperauce it is
characterised as having high tetragonal distortion withvalae of 1.064 (BaTig)
c/a=1.01)(Cohen, 1992 The high tetragonality of this structure suggests a remarkable
displacement of the cations, generating the appearance of a dipole moment in the direction
of this axis(Rabe & Ghosez, 2007)

(ii) Lone pair electrons

BiFeGs is possibly the only material thas both magnetic and a strorigrroelectric at
room temperatur@and it was one of the first multiferroic materials with perovskite

structure to be studied

BiFeQ: exhibits a rhombohedral structure (point groUg3c) at room temperature
(Moreau, Michel, Gerson, & James, 197E)jom the electrical point of view, the main
problem of this materias its high conductivity. First measurements gave small values of
polarisation, between-3 & HPeague, Gerson, & James, 1974@pwever, an order

of magnitude higher has been reported later on high quality thin {ifesenstein,
Mathur, & Scott, 2006; J. Wang et al., 2003; Xie et al., 20diAgle crystalg¢Lebeugle

et al., 2007pand ceamics(Shvartsman, Kleemann, Haumont, & Kreisel, 2007)
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Ferroelectricityin BiFeQ; is originated by the lone pair electns (£) of Bi®*, which shifts
Bi*3to give rise to @pontaneous polarization along the [111] direc(®atalan & Scott,
2009) The lone pair is visualized bed surface ifFigure 1.9.

Figure 1.9: Schematic representation of BiFe€§howingthat thelone pair (red surface) promotes the
appearance of spontaneous polarisatioéabig, Lottermoser, Meier, & Trassin, 2016)

(iif) Geometry

Other mechanism that generates ferroelectricity is due to geometric fé8paislin,

2017) Spontaneous polarisation in hexagoRMnOsz (where R= Sc, Y, Inor Dy)

compounds arises from a tilt and def@tion of Mn@bipyramids, which shift the rare
earth ions as pointed by the arrowsFagure 1.10.

Figure 1.10: Schematic representati of YMnQ;. Spontaneous polarisation (P) arises when the MnO
pyramids (yellow and red spheres represent manganese and oxygen respectively) tilts and therefore the Y
ion (grey sphere) shifts towards one of the oxgd&iebig et al., 2016)
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(iv) Charge ordering

Furthermore, the occurrence of ferroelectricity LuFeOs is explained by other
mechanism, chargerdering (lkeda et al., 2005)Fe’* and F€** ions are arranged in
alternating chains in a superlattidéhe spontaneous polarization aridetween the two
layers Figure 1.11).

Figure 1.11: Charge ordering is the source of an electric polarization in iQ4-evhichis illustrated in
this figure. Green, grey and red sphere represent Fe® and Q respectively(Fiebig et al., 2016)

Finally, an alternative way to induce ferroelectricity is the magnetic order. Spin
interactions can drive to a ngolar stateand it is related tahe generatio of
multiferroicity (Cheong & Mostovoy, 2007; Mostovp2006)

1.2.4. Piezoelectricity in ferroelectrics

The direct piezoelectric effect (Equation 1.5.) relies on the accumulatiehectic
chargedensity (D), which is generatéxy anappliedmechanicabktresgT). On the other
hand, thandirect piezelectric effect (Equation 1.@ccurs when aelectric field (E)is

appliedon solidsandcausestressand consequent|y proportional strainS). The basic

relationships between the electrical and elastic properties can be represented as follows:

&L @6EVYI' Eq. 1.5
5LC6E@" Eq. 1.6
Where d, s an-Yare the piezoelectric charge coefficient, compliance coefficient and the

permittivity characteristics of each material, respectively.

In addition, éectromechanical coupling factory,kis an indicatorof how effective a
piezoelectric materias in converting electrical energy into mechanical energy and vice

versa.

J 1 [
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Figure 1.12 shows an illustratin of a strain $) versuselectric field (E)curve for
ferroelectris. The shape loadike a butterfly, andLW LV XVXDOO\ NQRZQ DV
ORRS”’

Figure 1.12: Typical strain electric field response curve for a ferl@sric material.

Firstly, strain increases with electric field (Ahe dipoles of all the grains start to align
with the electric field and theecamic expands lirough the piezoelectrieffect. The
expansion continues until the maximum field is reachaghen the field changes
orientation, strain decreases more slowly due to the reoriented dipoles (B). As the field
becomes negative the dipoles are forced away fitweir original orientation. At the
critical point the field is large enough to switch theeadition of polarization (C)After
polarization reversal (D), the crystal expands again until it reaches its physical strain limit.
The electric field is again reversed, and the lifle-& is analogous to that explained for
B-C-D in the other direction.

Among solid solutions with perovskite structure, a type of ferroelectric systess
emergedthat have a morphotropic phase boundary (MPB). An MPB is defined as the
compositional barrier between two phases, in a phase diagram with identical Gibbs
energy(Cao & Cross, 1993)

This phenomenon occurs in a solid solution between compounds thadiffavent
polymorphs derived from the prvskite structure. With the increase of substituted cations

in the solid solution, the crystal structure of the solvent phase is distorted and a transition
to the other polymorph happens. That composition or range of compositions in which the

phase tranibn appearsis known as MPB.

Even if the two phases involved in the MPB have similar energies, they have different
elasticity, consequently the solvent phase $éodnaintain its structure with the additi




Chapter 1 Introduction

of soluteuntil it reaclesthe MPB. Inthisregion, it is observethatelectrical properties
have a tendency to increase, achieving maximum values in parameters such as dielectric
constant, piezoelectricity, electromechanical properties, spontaneous polarization and

pyroelectric coefficien{Bhalla et al., 2000)

One of the most investigated solid solutions that presents this phenomenon is Xx-PbTiO
(1-x) PbzZrQ (PZT). This ferroelectric system exhibits the highest piezoelectric
coefficients known in the MPBegion (x ~ 0.47). Controversy about the origin of the high
piezoelectric response in the MPB is found in the literature. Finally this behaviour in PZT
was explained bysuo et al.in 2000 through the presence of a phase with monoclinic
structure (space group Cm), which is considered intermediate lvetinaaabohedral and
tetragonal. Modifications on PZT phase diagram, after the discovery of the monoclinic

phase is shown iRigure 1.13.

] : |
40 45 50 55
X(%Ti)

Figure 1.13: PZT phase diagram around the MPB showing the monoclinic réGioo et al., 2000)

The electrostrictive effect is the ndinear deformation of a solid under an electric field
(E). The induced strain (S) is proportional to the square of electric field (E) and it is

expressed in the following Equations-B.7

5L 3126 Eq. 1.7.

5L/ 1'% Eq. 1.8
where Q and Mare electrostrictive coefficients. According to Eq. (1.7.) and Eq. (1.8.),
the electrostrictive coefficient Q can be calculated from the linear fitting of the-strain
polarization square (8°) curve(Li, Jin, Xu, & Zhang, 2014)A classicelectrostrictive
material is lead magnesium niobate (PMN), which exhibits large electrostriction strains
(up to 0.1%) and is used widely in actuator applicatiéingufe 1.14).
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Figure 1.14: Electric field dependence of the strain in a PMN single crystal at various temperatures.
(Nomura & Uchino, 1982)

PMN electrostrictive ceramics belong to a claseetzxor ferroelectrics, materials which

shows a strong dispersion of dielectric permittivity.can vary in a temperature interval

of hundreds of degrees and the dielectric peak is broader than for normal ferroelectric

(Figure 1.15). However,the mechanism for this effect is salh open questiofCowley,

Gvasaliya, Lushnikov, Roessli, & Rotaru, 2011)
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1.2.5. Literature review of KNbOs3

KN is a weltknown ferroelectric perovskite and it is thain compounaf this study.

Many fundamental and experimental investigations have been carried out since

ferroelectricity was discovered in this compoifMatthias, 1949)At room temperature,
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the KN crystal symmetry can be described with orthorhombic structure (space group
Ammz2). The orthorhombic Amt cell contains two KNb® units and the lattice
parameters are a = 3.943b = 5.6958 and ¢ = 5.72A (Hewat, 1973)

Shiraneet al reported in 1954 a value of 42 uC/cnt for the spontaneous polarisation

of KN singledomain at room temperature. This large value is due to cation displacement
of Nb*™ within the NbOs octahedraThedistortion is generated by the hybridisation of
the empty eorbitals of NB° with the G p-orbitals.

Figure 1.16 (a) and (b) shows the dielectric constant dependence with the temperature in
a KN crystal(Shirane et al., 1954nd a cerami¢Birol, Damjanovic, & Setter, 2005)
respectivelyThe Curie temperatu both, crystal and ceramics, for Kdlabout410°C.

$W i thecrysal symmetry changes fromhombohedral (R3mjo orthorhombic
(Ammz2) and at220 °Cfrom orthortombicto tetragonal (P4mm)rhe ferroelectric phase
transition behavioufor KN single crystabnd cerami@reanalogous to BaTi§(Figure

1.8).

e'(0.1kHz)
e'(1.0kHz)
e'(10.0kHz)
€'(100.0kHz)
€'(1000.0kHz)

(o2
8
+XxXxo0O0

DIELECTRIC CONSTANT

Dielectric Constant

x 1 1 1 1
0 100 200 300 400 500
Lt Temperature (°C)

Figure 1.16: Evolution of the dielectric constant with the temperature in (a) a single c{$siehne et al.,
1954) and. (b) a cerami¢Birol et al., 2005)of KN. Dielectric anomalies are related with the phase
transition.

The dielectric constant fahe single crystal exhibits aximumvalue 0f4000(6000for
ceramic)at the Curie temperature, although at re@mperature it is 1000. Inceramics,
the room temperature value variestween ~3006 1000in the literature(Birol et al.,
2005 Kerrlchi Kakimoto, Masuda, & Ohsato, 2005; Kimagt, 2014; Pascudbonzalez,
Schileo, & Feteira, 2016 his discrepancyndielectric constantalues igelated to the
final microstructure of the ceramisuch apresence gborosityanddifferent distribution
of grain size The different polymorph®f KN can also be distinguisd by Raman
spectroscopyKigure 1.17, BaierSaip, RamodMoor, & Cabrera, 2005)
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Figure 1.17: Raman spectra of KNkOThe temperature arible corresponding crystphase are indicated
for each spectrur(BaierSaip et al., 2005)

The cubic phse displays two large and broad bands. These bands persist in the tetragonal
and orthorhombic phases, and they split in narrower modashwhcome sharper as
temperature decreases. Extra modes emerge in orthorhombic and rhombohedral phase.
The intensityof the sharp mode near 192 ¢increass systematically with the decrease

in temperature. Detailed description of Raman modes in KN wijilzenin Chapter3.

KN crystals exhibit unusual large mechanical coupling factiorswhich presents a
maximum valie of 0.69 at 40.51° away from the polar dkigure 1.18). This value is
the largeskr reported in literature among piezoelectiiB®del et al., 2009)he typical
value for PZT is 0.5.Even with this great mechanical coupling value, no practical
applications of polycrystalline KNb{piezoelectric ceramics have been found and only
few studies about electrical properties of thmaterial have been reported due to

difficulties on its densification.
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Figure 1.18: The mechanical coupling factor in KN single crystals. The aiglgecifies the rotation away
from the polar axis of the pseudocubic system. Theetdrkr (0.69) value is obtained at 40.5Rbdel et

al., 2009)

The preparation of KN by conventional ceramic processing is challenging because of

different issues. The evaporation of potassium during the heat treavhdr@synthesis
and sintering prevent KMeramicsfrom beingfully densified. When the rao K/Nb
differs fromunity, an unstable secondary phaseNKsO17 (or 2K20O-3Np0s) is easily
formed This phase affects the stability of the KN ceramicen exposed to humid

environment Furthermore, other problem that affects the KN preparatioits isow

melting point (1039C) which is very close to the sintering temperature, as shown by the
Reisman and Holtzbefjphase diagrarfFigure 1.19). These problems are approached

in Chapter 3.
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Figure 1.19 Phase diagram of N®s-K,CO; system. The melting point of KN is indicated at
1039°C(Reisman, Holtzberg, Triebwasser, & Berkenblit, 1956)
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However Birol et al.achieved to prepare KN ceramics with high relative density (93.9%)
after firing the green bodies at 1035 in oxygen.The ame studyghowshysteresis loop

of KN at room temperature={gure 1.20 (a)). The ceramic was able to withstand an
electric field of 80 kV/cm and exhibited a maximum spontaneous polarisation value of
25 uClen? and a coercive field of5 kV/cm. Kakimoto et alobtaineda densityof 4.49

g/len?® (97.4%) for KN ceramics which wer sintered at 1020 °C in a potassium rich
atmosphere provided by covering the green baeidy additional KN powder. This study
also reported an enhancement of the ferroelectric properties-®mlbOs-x LaFeQ

(Figure 1.20 (b)) with increasing x content.
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Figure 1.20: Hysteresis loop of polycrystallin€N ceramic at room temperature reported by (a) Birol and
(b) (1-x) KNbOs-x LaFeQ Kakimoto et al.

In addition, KN also presents promising optical properties, such as nonlineas optic
(Pliska, Fluck, Gunter, Beckers, & Buchal, 1998ctreoptical coefficients and high
refractive indicegReeves, Jani, Jassemnejad, & Powell, 198tleed, KNbQ@is a good
candidate for photorefractive materi@igyf, Montemezzani, & Gunter, 2001; Yan et al.,
2013) electreoptic devices, optical waveguides, optical parametric oscil{@aitsev,
Kuznetsova, & Joshi, 200lirequency doulers, sensing, imaging applicatiofisadj et

al., 2013) cryptography(Montemezzani & Gunter, 1990%ignal processing circuits,
photocatalytic(R. Wang et al., 2013)photovoltaic(llya Grinberg et al., 2013and
holographic memory storage devid@sise, 1993)Due to this wide spectrum of optical
applications, the bangap of KN has been largetgported, that will beshownlater, in

sectionl.4 (Bandgap narrowing).
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1.2.6. Applications of piezeand ferroelectrics

This section provides a general overview about piexw ferroelectric applications
without going into many detail&rom their discoveryo the present, FEhaterialshave
been implemented irwide range of applications. Depending on the application
ferrodectrics can be prepared as bulk ceramics or thin figare 1.21 illustrates the
temperature dependence of 8pontaneoupolarisation (k), dielectric constantB and

its inverse & B. Schematically the classic applications of ferroelectrics are indicated in

this graph in function of the physical properties required and the operational temperature.

(a) Capacitor
i /
"
1"

1 1 Permittivity e

Spontaneous Pg

,

(b) Memory

Physical properties

Inverse permittivity 1/e

T T
0 2 ¢ Temperature
(Curie temp.)

(e) Piezoelectric transducer (d) Electro-optic device
(f) Electrostatrictor

Figure 1.21: Spontaneous polarization, permittivity and inverse permittivity in a ferroelectric matertal. (a)
(f) indicate the temperature ranges for each applic&tichino, 2009)

Capacitors (a) need to be eagylarisal under an electric fieldhenthey will work in
the maximum value dielectric constantlose tothe transition T¢). In memory devices
(b) the materials must be FE at RT. Pyroelectric sensors (c) are based on the large

temperature dependence of the spontaneous polarisation below T

Piezoelectrics are more utilised as sensors and actuators (e). A requisite of these
applications is to exhibit high values of Direct piezoelectric effect is used in sensors
devicesthat measure force, pressure, vibration or acceleraltim®eed conventional
piezovibratorshave already been installed in different equipment such as precision
positioners and pulse drive linear motors. Recently, piezoelectric energy harvesting
systems have attracted attention. Waste mechanical energy such as noise viliradi

and human walking can be transformed into electrical energy and can be used directly for
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signal transmission or to charge up batteries for portable electr@diésheson,
Yeatman, Rao, Holmes, & Green, 2008he indirect piezoelectric effect is used in
actuators to generate a force, vibration or an acoustic wave. fattsean be employed
in a device to combine actuation and senskigally, Tc for electreoptic (d) and

electrostrictivgf) devices are lower than RT tse their paraelectric state.

1.3. Photoferroelectrics
1.3.1. Electronic band structure ofsolids

A solid is a set of ionand electrons at different energy levatsthermodynamic
equilibriumand itsband structurgivesthe allowed and forbidden energy ranges that an
electron can have within the solid atmhsequentlynformsof many physicaproperties.

In guantum mechanicaHamiltonian(H) is a mathematicabperatorthat corresponds to
the total energyin a system.Taking in consideration all thénic and electronic
interactions into the solidhe formulation of the Hamiltonidmecomewery complexin
order tomake this task easier some approximationscarsidered: (ijons are at rest,
thenioQTV NLQHWLF HQ H(l) Janshake Uidked intergtibb Rnrion term is
discardedand(iii) each electron does not perceiveiadividualized interaction of each
ion and electronbut a resulting effective potential generabsdall electrons and ions
€N

Considering the previous approximations for the Hamiltortfaevolutionover time of

an electrons given by theschrddinger equatioEqg. 1.9).

L ) 0° . ) Eq.1.9
A5:NP L | JFWIUEE:N;KIBU:NﬂD,

The first term represents the kinetic energy of the electrons, \ lAerdne number of
electrons,| is the electron masg)is the Plaok constant (6.58212-1% eV-s/rad), I ijs
the gradient operator and;: NP, is the electron wave functioithe resulting effective
potential( 8: N ; is assumedo bea periodic potential of period and consishg of an
infinite series ofpotential barrier®f heightVo, wide b and separated by a distareé

(Model KroningPeney). Figure 1.22).
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Figure 1.22: Schematic representation of idealized quarmethanical system that consists of an infinite
periodic array of rectangular potential barriers.

The solution of the Schroédinger equation this model is given bthe Bloch functiors.
A 1 dimensionalchain of atoms(x direction) separated by a lattice spacimag is
considered (EdL.10).

2:N: L QN; AR Eq. 1.D
The wavefunction2 :¥; is a combination of the periodic potenti& N; of each atom
with an exponential term that varies with the wavenumteilhe wavdunction is

continuous and periodic (Ef.117).

2:N;L2:NE=; Eqg. 1.1
It is convenient to work with wavenumbek, instead of timéo approaclhe Schrodinger

equation, becaudealwayspresers discrete values (Eq. 2L

te
GL F=pJ Eqg. 1.2

Wheren is an integer number.
Assumingall theconsideratioa detailed abovehe 6 FKU|GLQJHU HTXDWLRQ F
resdved, obtaining thenergyas a functiorof wavenumbes, E (k), also known asband

energy diagrarh In this case, the solutioR, (K), is a parabola, excefur certain energy

ranges wheréhe solutiondoes not exist (black curvEigure 1.23).
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g7

Figure 1.23: Representation of the band structure E(K). Black curve is the solution assuming a periodic
potential (Model KroningPeney). andrgen curve is for a free electron madel

By inspection of thenergyband structure we can determine theewa¢ and conduction
bands The vaence band (VB) is where the electrons that form the atomic boardbe
found Nevertheless,here areelectronc stateswith higher energy that form the
conduction band (B). If one electron occupies one of this energy levels, it is not linked
to an atom but to all atoms at the same time and the electron can move freely. The range
of energy(or band), where electnostates cannot be found, is defirsedthe p E D QOGS
This interval isdefinedbetweenthe VB andthe CB (Figure 1.24). Depending on the
value of the bandgap, the material can be classified as metallic (VB and CB are
overlappng), semiconductof 11eV) or insulator (¢ 9 eV). If the maximum of the/B
(MVB) and the minimum of th€B (mCB) are at the same waveumber k, it is called
directbandgap Otherwise, it is called indirect baigép.(Figure 1.24). In this type of
bandgap, anelectron cannobe excitedfrom the MVB to mCB without a change in
momentum.This process requires the absorption of a phofawnconservationof
momentum This distinction is important in solar cells because the semiconductors with

directgap absorb more photons than indirge
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Figure 1.24: Energy (E) versus momentum (k) plot. Schematic representation of direct and indirect band
gaps.

However, real band structure in solids must consider orbital interaati@dimensions
arising from s, p, d, and f orbitals on each atom. This leads to complex energy diagrams
with many bandsThus, the calculation d&(k) is unfeasible and requires computational
programsExtendingthe system to 3 dimensions, #eectorscomprisethefirst Brillouin

zone of the crystalBefore going deeper in this, it is necessary to explain some crucial
conceptsDue to the periodic propertied the lattice andhe Bloch functions, every k
vectorin the real spacis equivalent to a k \aor inside this Brillouin Zongalso called
k-space) Figure 1.25 showsthe Brillouin Zone of a faceentered gbic (FCC) lattice
whereby, Ip, and B are the reciprocal vectors artteted points labelled + L, K, W, X,

U) correspond to high symmetppints in the Brillouin Zone

Figure 1.25: The Brillouin zone of FCC lattice showing the reciprocal vectors and the high symmetry lines
and points.

Thenthe electronic band structu¢g(k)) is directly obtained by calculating exgeesin
the high symmetrpoints in the Brillouin Zonewhich is the easiest way from a point of

view of the calculations (using symmetry conditions)aAsxampleFigure 1.26 shows

J o- [
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band diagrams of (a) GaAs (direct bagap) and (b) Si (indirect barghp) which are the
preferred materials for conventional solar cells. The lgapb are 1.43 eV and 1 eV,

respectively.

(a)

"y | Band Gap

Figure 1.26: Electronic band structure of (a)GaAs, which exhibits direct kgaml (1.43 eV) and (b) Si
with an indirect bandjap of 1 eM(Rohlfing, Krtiger, & Pollmann, 1993)

1.3.2 Photovoltaic effect

As mentionedpreviously semiconductors exhibit barghps of 11eV which promotes
the absorption of sunlight due to the matchimgnergywith the solar spectrunwhich
mostly emitsin the vsible range (40000 nm) When the lightis absorbed by a
semiconductor material, phototransfer the energy to the vate electrons producing
the excitatiorof thesefrom theVB to the CB. This process creatasles in thevB and
electrons in theCB (electrorhole pair) After some time, eleatns goback to their
original electronic stateemitting photons or phononsThis procedure is called
recombination. However, if there is atectic potential across the material, it will
promotea net flow of photognerated electrons and holpbd@tocurrent The creatiorof
electric current in a material under sunlightilluminatiovV ZKDW LV HétQRIAQ DV L S
effecty

The photovoltaic effect wasliscovered by A. EBecquerelin 1839. In the first
photovoltaic systems, the charge sepanaticas obtained by the introduction of a
selenium laye(Nelson, 2003)Iin the 19508 anew method focreating asymmetmy the

electric potentialvaspresentedjustdoping different regions of a single piece of silicon
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with phosphoros and boronThis procedure generates an intrinsic electric f(plth
junction) in the material that separates the photocesrie

The power conversion efficiencyfy( of incident light power @3) to electricity is
proportional to the opeaircuit voltage (8,3, shortcircuit current ()sandto the fill-
factor FF) is given by Eql.13.

L & o b( Eq. 1.B.
254
The maximum voltage which can generated bgonventional semiconductors(y is
limited by the bandyap of the materiallhe photocurrent ,.)3s measured wheg, 0
and it is determined by the portion of solar spectrum that the maabsatbedin an
ideal solar cel] the power generation woultk equalto the product,.¢3 ¢ Real solar
cells show a different maximum power point (MPF)gure 1.27). To evaluate the
quality of a solar cell the fill factor (FF$ calculatedyvhich is given by the ratio of the

products othecurrent and the voltage at MRRdof § @and ..o

L Y Maximum Power Point

Voo V

Figure 1.27: Photovoltaic characteristic curve(l). Green square represents the ideal conversion power in
a solar cell and the red one the real maximum power. The relation of this quantities gives the fill factor
(FF).

A theoretcal calculéion determines that only 33.7% of tha&tal solar energy can be
convered into electric energyn a solar cellwith a single pn junction (Shockley &
Queisser, 1961Nevertheless, this limit can kepassedby cells with other architectures
as showron theNREL chart(2017) (Figure 1.28). The multijunction cellsare able to
reach efficiencies up to 46%. In additionsinotedthatperovskite cellfaveexperienced
a promising growth aarthelastfew yearsSince 2009, the efficiency of perovsldteas
increased from 3.8% t22.1%. One of thebiggest problemthat presents these cedise
the stability and the rapidedradation




Chapter 1 Introduction

In academia, phoferroelectricsare presenteds potential candidate for using in
photovoltaic devices due to their anomalous photovoltaic response that will be detailed
in the next section. Anyway, these materials do not appear in the NREL chart because of

their extremely low efficiency.
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Figure 1.28 NREL chart show cells efficiencies from 1975 to 2017.

1.3.3. The anomalous photovoltaic effect in ferroelectrics

1.3.3.1. Introduction

$QRPDORXV SKRWRYROWDLF HIIHFW LQ SROUMPDWHU
Fridkin et al., 1974; Grekov, Malitskaya, Spitsina, & Fridkin, 1970 frst explanation

of the photovoltaic effect based on the asymmetry 6f-&eped LiNbQ was reported

by Glass in1974 Since then, photoesponse on thin films of classical ferroelecthase

been investigated, such as PZRholkin, Boiarkine, & Setter, 1998and BaTiQ
(Dharmadhikari & Grannemann, 198R)oreover different theoretical studidsave been
developedSturman & V. M. Fridkin, 1992; Young & Rappe, 2012; Young, Zheng, &
Rappe, 2012)n the last 10 years photovoltaic propertiesan-centresymmetriccrystals

have attracted renewed attenti@hoi, Lee, Choi, Kiryukhin, & Cheong, 2009; llya
Grinberg et al., 2013; Kreisel, Alexe, & Thomas, 2012; Yang et al., 2010)

J oo [
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Different explanations have been proposed to explain the nature of anomalous
photovoltaiceffect in polar materials. However, all have one point in common: photo
response in ferroelectric is generated by completely different mechanism tleaweolbs

in non polar structuresuch as g junctions.

Photovoltages in ferroelectrics can eadeseveal times their band gaps values, in
contrast to conventionalsemiconductors. Spontaneous polarisation in nron
centrosymmetric materials provides alternative wayo separate the photoexcited

carrigs.

1.3.2.2. Origin of the photoresponse in ferroledric

As was introduced, the origin of thoeilk photovoltaic effec{BPE) was explained for
first time more than 40 years aff6lass, von der Linde, Auston, & Negran, 19@6Y it

has been recently reviewed in Batiin films (Zenkevich et al., 2014)

The microscopic mchanism thgbromotesBPEIn Fe doped LiNb@was directly related

to asymmetric scattering of excitdd OHFWURQV LQ WKLV FD{GHsS XH W
et al., 1975)When some lithiuncations(Li *') are substituted by ironations(Fe™) in a
LINbOs3 array,theresultsarethat the potentials barriers for electrons are not equal in all
directions Figure 1.29(a)). If an electron is excited from the ground state) {i& an
energy level E, the electron remains trapped in the potential well. Nevertheless, if the
electronis excited to Elevel then it will be scattered in a certain directidiwaysthere

is a preferredrientationfrom a stéistic point of view (possible tunnelling) which leads
tothe presence of more electrons with certain momentum vector kalttesimbalance
gives riseto the appearance of a net flow of electrons in the same diredtiwse
electronwill travel Hdistance in space before losithgir energy and decay to thevest

level of theconduction bandRigure 1.29 (b)).
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Figure 1.29: (a) Asymmetric potential well which leads the asymmetric scattering of the excited electrons
(Butler, Frost, & Walsh, 2018)) While photoelectrons in a centrosymmetric crystals (i) present an
homogeneous momentum distribution, in a noncentrosymmetric crystal (ii) a photocurrent appears under
illumination due to the asymmetric momentum distribu{idenkevich et al 2014a)

However, noncentrosymmetric materials without impurities also exhibit photoresponse
under illumination.Fridkin H{SODLQHG LQ K-UMUBRRHNGIHBEWRWRY 1
contrived manner and difficult to understand that there are several microscopic
mechanismsthat can contribute to the photocurrent such as impurity centres and
photoinduced fluctuations. In subsequent wokkglkin GLU HF W O\ tieWidatibh E X W H
of the principle of the detailed balancing for photoexcited {@guilibrium) carriers in
noncentrosymmetric crystaffs WR WKH JHQH U D WThR® @he&hbn&hk RAIR F X U U
be analogous to thel&s model (explained above) but without making clear the origin

of asymmetric scattering of excitetectrons.

1.3.2.3. Experimental measurements

The photoresponse in ferroelectrics is measured in the sameasvegnventional
photovoltaics. A homogeneaosipolar medium with shedircuited electrodes is uniformly
illuminated thus the photocurrenidc) is generat¢d.On the other handhé photovoltage

(Upn) is measuredh opencircuit conditions Figure 1.30).
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Figure 1.30: Schematic representation of measurements of the photovoltaic current J and photoygltage U

Initially, the Glass model considered that fii@tovoltaic current was proportional to the

intensity of the monochromatic incident light (Eq.4).1

wed U+ Eq. 1.1
where Uis the absorption coefficient anék is a coefficientthatrelieson the nature and
concentration of the impurity celes andthe energy of the incident photordterwards
guantum mechanics was incorporated to this model for describing the asymmetric
scattering of excited electrons in ferroelect(iosn Baltz & Kraut, 1978)However, this
model dd not consider the dependence of photocurrent with the rotation of the
polarization of he incident lightHence, the expression of the photocurrent was described
with a third ranktensor(Eqg. 1.5) (V. M. Fridkin, 2001; Kraut & VonBaltz, 1979;
Sturman & V. M. Fridkin, 1992; Von Baltz & Kraut, 1981)

L U qlylath Eq. 1.15
where Lyand Lzare the components of the light polarization vectprs the amplitude
of the light and the sdar valueof the tensor(}; ygxpressed in tens of microscopic
guantities is given by Eg. 1.16
AHee1 Eq. 1.5

on
whereeis the elementary charge of the electréfis theshift of excitedelectrors, 1 is

UL

the quantum yield0Qf is the energy of the photons aag a parameter that charactesise

the shift of the electrons in an anisotropy direction.

Currently, the efficiency of conversionof light into electricity through the BPES
extremely lowcompaed with actual commercial values. For example, in the @dse
BaTiOs bulk crystals the efficiency was estimatedy 107 (Koch, Munser, Ruppel, &
Wirfel, 1975) Recetly, this value has beesurpasseth BaTiO;s thin films, aswill be
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explaired later (Zenkevich et al., 2013 Until few years ago, the dnest efficiency
(0.28%) among FEs materials was reported irdoped PZT thin film(Qin, Yao, &
Liang, 2008)

Different studies showed that if the thickness ofgib&armaterialsl, isin the same order
of magnitudeor less than the shift in the nonthermalized elesttgrthe photoinduced

electric field and the conversion efficiency become mhigher.

Zenkevich et alreported a greatly enhancemefphotoinduced electric fiel(Erv) when
the thickness ofhe BaTiQ films was reduced to few tens of nanometfégure 1.31
shows the -V measurements for 50m (a) and 26vm (b) BaTiQ films at different
illumination intensities. Upy values are practically equal to both thicknesses
Consequently thEpy valuessurpassby 4 orders omagnitude thoseeportedor the bulk
crystals(Sturman & V. M. Fridkin, 1992)
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Figure 1.31: 3KRWRFXUUHQW DW GLIIHUHQW OLJKW LQWHQ@WBLWLHYV
T i Wln? , T i1 2FBQG , T % medsired on two thifims of
thickness: (a) | = 50 nm and (b) | = 20 nm in Pt/Bagi®sample.

However, Yang et al.described a new mechanism for explaining the nature of the
photovoltaic effect in BiFegthin film and completely refused the BRletailed above.

Linear increase of the photovoltage was observed with the increase of electrode spacing,
d (insetFigure 1.32). This suggests the important role antain walls in creating the
anomalous photovoltages. Authors rejected the BPE due to insignificant values of

photovoltage measured in a high purity single domain of BifEQure 1.32).
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Figure 1.32: Evolution of Voc versus electrode spacing (inset) for four t samples of high @iftyOs
film with different thicknesses of 100 nm (red), 200 nm (blue) and 500 nm (green) and monodomain
(black)XYang et al., 2010)

The new mechanism proposed for the photovoltaic effeBtfiO;s thin films is related

with the presence of thel° (Figure 1.33 (a)) and 109° domain walls. Separation of
photoexcited carris occur at the ferroelectric domain walls, where the gradient of
polarisation givesise to an internal electric field. Then photoelectrons move to one side
of the wall while holes move to the other s{@&ure 1.33(d)). Indeed, an accumulation

of charges is created close to the domain wrdler illuminationFigure 1.33(b) and (c)
show the band diagrams under dark and illumination conditions. So, theot®iqitage

is generated across all the sample, resulting from the combined effect of thie daihs

and the excess chargeeated by illumination.

a \ /:‘ b (0) .
\ETSE I\ BTN =
NP7 NP7 ’
T

Y

~150 nm

Figure 1.33: (a) Schematic illustration of ferroelectric domains anddtitfain walls in BiFe@ (b) Band

diagram showing the valence band (VB) and conduction band (CB) across these domains and domain walls
in the dark and (c) under illumination.(d) Mechanism of photo excited charges at a doma{ivava]l et

al., 2010)
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Even if the separation of the carseat the domain wall is quite similar to the separation
at the pn junction, the main difference resides in the magnitude of the electric field that
drives the charge separation, conventional Si systhbit 7 kV/cm compared with
BiFeQs that presents 50 kV/cm.

However, this model has created controversies in the literature, indeed several studies
clearly validated both model®lexe, 2012; Alexe & Hesse, 2011; Bhatnagar, Ayan
Young, Hesse, & Alexe, 2013; Ji, Yao, & Liang, 2011)

In conclusion, the origin of the photocurrent is not generailyerstoodand it is even

difficult to determine whether the effect is due to BPE or domain wall mechanism.

1.4. Bandgap engineemg

To enhage the photovoltaic efficiencythe bandgap of ferroelectris (FE) must be
narrowedwhile maintaining the polar nature. Indeed, baigips of FE usuallpresent
values above 3 eVl'able 1.3), which limits their light absorption mostly to the ultraviolet
(UV) regionthatit is equivalent to absomg only 8% of the solar spectrurihe wide

optical bandgaps in oxide FE perovskites arise from the nature of the bonding between O
and B ions. Indeed, the large differences in electronegativity between the O and the B
ions lead to the valence band to be formed by the 2p O states anddieton band by

the d states of the B transition metals sitting within the O octahedra.

Ideally, a photovoltaic material should have a band gap in betweeh 8 €V in order
to match with the maximuremissionof the solar spectruwhich is the visible ange
(400-800 nm).

FE material Band-gap (eV) Reference
BaTiOs 3.34 (Wemple, 1970)
PbTiOs3 3.88 (Zelezny et al., 2016)
LiNbO3 3.78 (Dhar & Mansingh, 1990)
KNbO3 3.24 (T. Zhang et al., 2013
BiFeOs 2.67 (Hung et al., 2012)

Table 1.3: Bandgapvalues of classic ferroelectric materials.
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In this section, two strategies and several studies on bandgap engineering in ferroelectrics
are described.

First approach to narrothe banegap is by controlling the chemical order of Hpecies
As shown onTable 1.3, BiFeQ; exhibits the narrowest bafghp (2.67 eV) among
ferroelectrics. However, it is only able to capture 20% of the solar spectrum. The
modification ofFe/Cr cationic order into parent BiFelas been related with lower band
gaps. Theoretical studies predicted a band gap range ¢.0.4V in BiF@sCros03
(BFCO) compound&hao, Wen, Wang, Guan, & Liu, 200&nd it was experimentally
validated byNechache et ain 2011 In this stug, aPV power conversion efficienayf
6.5% for redlaserwas reportedn BFCO thin films with a photovoltaic currerdensity

of 0.99 mA crri?, one of the largest recorded at the time. More recghtigame authors
obtained arefficiencyof 8.1% foroptimised multilayersystem of BFCOHKigure 1.34
(@), the highest efficiencgver recordecon conventional ferroelectrics. Each layer
absorbed different part of th solar spectrunT.he tunability of the bandgap in each layer
arises fron the interaction between Fe andv@th different oxidation stateslternating

at B sitef the perovskiteBy inspection ofigure 1.34 (b) the baneyaps are determined
from 1.4 to 3.2 eV (from 885 to 388 nnwhich covers wide range of solar spectrum.

(a) (b)
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Figure 1.34: (a) lllustration of the tested BFCO multilayersX F W X U H2 as & funcion of photon
energy, in arbitrary units (a.u.).

In addition,Zhang et alreported a new FE compound, KBiBg, which presented a
bandgap down to 1.6 eV and obtained photovoltage and puotnt values comparable
to thosedescribed for BiFe®
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Secondroute toreducethe banegap would bechemical engineering Indeed, slid
solutions permit the properties different compound® beadapted

This thesisis devotedon bandgap engineeringpr solid solutions based on KNBO

Different electronidoanddiagramsof KNbOzalong the symmetry lines of ttgrillouin
zoneareshown inFigure 1.35. Both,OkoyeandSinha et alcalculations are in agreement
for cubic KNbQ, as showrnn Figure 1.35 (a) and (c).Theindirect band gap appears
between the top valence band at the R point andatterb of the conduction band the

point. However,Xu et al reported that KNb£exhibits the valenceband maxima at R

points andthe conductiorband minima &G points, indicating agaiindirect banejap

(Figure 1.35 (b)). In contrastModak & Ghoshobtained direct bandap Eigure 1.35

(d)). Table 1.4 andTable 1.5 show theoretical and experimental bayap values for KN
reported in literature.

Energy (eV)
1

Figure 1.35: (a), (b), (c) and (d): Different models for the electronic band structure of cubic Kby
the symmetry lines of the Brillouin zone
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Methods Band-gap (eV) References
LDA 1.98
_ PBE 1.98
Direct
HSEO6 3.83,3.10 (Fenggong Wang
Band-gaps
GWO 3.89 & Rappe, 2015;
FPLAP 1.58 Xu, Wu, Zhang,
LDA 1.43 Wu, & Ding,
Indirect PBE 1.42 2017a)
Band-gaps HSEO06 3.24
GWO 3.28

Table 1.4: Calculated direct and indirebandgapsgaps of KNbGQwith LDA, PBE, HSE06, and GWO0

Methods Band-gaps References
Absorbance 3.24 (T. Zhang et al., 2013)
Spectroscopy 3.14 (Liu, Chen, Li, & Zhang, 2007
Ellipsometry 3.95 (Tyunina et al., 2015)
spectroscopy 3.80 (llya Grinberg et al., 2013)

Diffuse reflectance 310 (Eng, Barnes, Auer, &
spectroscopy Woodward, 2003)

Table 1.5: Experimental bangiaps of KNbQ, measured Y absorbance, ellipsometry and diffuse
reflectancespectroscopyAuthors do not differentiate between direct and indirect fgapb.

The interesin KN in thiswork arises from a crucial studly Grinberg et al., 2013yhich
reportedhigh polarization 20 puC/cnt, Figure 1.36 (a)) and narrow band gap never
described before (1.1 eV for x=0.Bigure 1.36 (b)), in (1-x) KNbOs-xBaNio sNbo s03-
/(KN-BNN) 20 um thick- film. F.Wang & Rappeelucidated therigin of this banejap
narrowing by first principle calculations. Maximum valence band is composed by
hybridized Ni 3d and O 2p orbitals, while the minimum conduction band occupied by Nb
4d states. Hence, they suggestedttinafilled Ni 3d gap states the KN-BNN ceramics

play an important role in narrowing the bandgap, which provides a guide for designing

and optimising new FE photovoltaic materials.
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Figure 1.36: (a) Ferroelectric loops for a thick fillKN-BNN x=0.01 at 167 torr and 770K (b)
Ellipsometry measurements fliN-BNN x=0.06.5 reveal a bandgap narrowing from 3.8 eV to 1.18 eV
(I. Grinberg et al., 2013)

Consequentlythis compositionKN-BNN, has been largely investigated in the last four
years. Two studies reported similar band gap narrowing in the cekdRRNN system
and bothshowed the lowest barghp (.18 eV)corresponds to x=0.Fi{gure 1.37 (a)
and (b))(Song et al., 2017)t was alssuggestethatKN-BNN exhibits ferromagnetism
at RT which would offer great potential in multiferroic applicati@dsou, Deng, Yang,

& Chu, 2014)
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Figure 1.37: :(a) Absorption spectra and=SS; versus SS(inset) ofKN-BNN bulk ceramics (x=0, 0.1,0.2,
0.3) (Zhou et al., 2014)b)( =SS;versus photon eneygn KN-BNN (x=0, 0.1 ,0.2, 0.3, 0.4 and 0.5) bulk
ceramics sintered by solid stat react{®wong et al., 2017Both show the narrowest bayap (11 eV) for
x=0.2.

Zhang et ateporteda narrow bandyap(up to 1.39 eV) an&-E loop(P: =1.4 FC/cn) in
KN-BNN thin films preparedy PLD (Figure 1.38. (i) and (ii)) The band gap reduction

of KN-BNN was attributed tahe emergence of Nid3gap statesFurthermore, authors

proposed a linear dependence between opticatgap@nd the Ni cdant Figure 1.38.
(i) (c)).
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Figure 1.38: (i) (a) Absorption spectra and (b) absorption coefficient squ&l@ ;®vs. Photon energy

(h Q plots ofKN-BNN films deposited at differentfressures. (c) The bandgap of the films as a function
of the Ni content. (ii) FE loops forKN-BNN thin films deposited at £pressures of 0.01, 0.1, and 0.5 Pa.

Bai et al studied optic and ferroelectric propertieKfBNN bulk ceramiavith x=0.01,
stoichiometric (Cl) and nestoichiometric(Cll) created by gootassium deficiency.
Figure 1.39 (a) and (b) illustrate absorbance and photon energy for both materials. The
authors affirmedhat measuringbsorbanceRigure 1.39 (a)) is not a eliable method to
determine the bandap in solid samples. Then they decided to measure diffuse
reflectance and to plot the functi¢R(R)-hvy (being F(R) Kubelkaviunk formula) to
determine the bandaps ofKN-BNN (Figure 1.39 (b)). The samplg Cl and Il exhibit
band gaps of 1.40 eV and 1.48,a¥spectivelyWorth to mention, theample CI was
able to withstand an electric field up tol8@/cm (Figure 1.39 (c)).
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Figure 1.39: (a) Absorption spectra and (b) (F(BB?2 versus SSfor KN-BNN (x=0.01) bulk ceramic (C1
stoichiometry and CIl nonstoichbmetry. (c) PE loop of KN-BNN (x=0.01) at RT(Bai, Siponkoski,
Peréntie, Jantunen, & Juuti, 2017)
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Very recently, a study has been published by the same aiBaprTofel, Palosaari,
Jantunen, & Juuti, 2017)that compares (KosNaos)NbO: (KNN) and 0.98
(Ko.sNao.5)NbOs- 0.02 Ba(Nio.sNbo.s)O3 (KNN-BNNO) ceramics. This last compound
revealedarge ferroelectri¢26 uC/cnv) and piezoelectricl00 pm/V)propertiegFigure
1.40 (b)) accompanied with a surprisingrrow bandgafl.6 eV)
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Figure 1.40: (a) Absorption spectra and Tauc plot of the tHikh KN-BNN. (b) Ferroelectric loop for
KN-BNN ceramic and thickilm. (Bai, Siponkoski, et al., 2017)

However, contradictory results forNNBBNZ band gap are found in literatuf@&hou,
Deng, Yang, & Chu, 2016Figure 1.41 (a) illustrates the absorption spectra ainel
(F(R) S$? versusthe photon energy diN-BNN thin film. The two slopes pointed at
1.85 eV (2) and at 2.51 eV (1), are attribytexspectivelyto intraband transition of Ni

3d orbitals and bantb-band transition from hybridized Ni 3d and O 2p to Nb 4d states
Figure 1.41 (b).
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Figure 1.41: (a) Absorption spectra of tHeN-BNN film on Pt(111)/Ti/SiQ/Si(100) substrate and a plot
of (F(R) S3? as a function ofSS(inset). (b) A schematic illustration of intraband electronic transition in
KN-BNN. (Zhou et al., 2016)
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Moreover,Wu et al.synthesisedKN-BNN (0 "x "0.4) nanocrystals fabricated by syl
based on Pechini method and showed that BaNamodifications slightly narrow the
original bandgap of KN, aly 0.15 eV smaller than KNF{gure 1.42 (b)). Three broad
absorption bands (beside the bayap) can be found in the absorbance spectra at 450 nm
(2.75eV), at 720m (1.72 eV) and at 1150 nm (1.07 g¥)gure 142(a)).and attributed

to d-d transitions created by Niions in the crystal oKN-BNN. Authors concluded that
previous reports which gave band gap values of1151eV of KN-BNN may be
misinterpreing the 720 nm absorption band KN-BNN as the intrinsic bandap

absorption

Absorbance

0.0 v T v T v T v T T T T T v
200 400 600 800 1000 1200 1400 1600

Wavelength (nm)
Figure 1.42: Absorption spectra of KNb{(x = 0) andKN-BNN (x = 0.198.4); (b) plots of (F(R)S32- SS
(inset).(Wu et al., 2016)
These studies gave a boost to develop theoretical and expetimerka based on the
bandgap tunability of the compounds based on Khstematibandgap narrowingvas
reported in different solid solutisnbased on KN, such as -3 KNbOs-x
Ba(Ca.sNbo.5)Oz-, (KBCNO) which shifts down to 2.4 e{Limin Yu, Jia, Yi, Shan, &
Han, 2016) Very recently systems that has been stutgiellide KNb1xFeO i /(Nie et
al., 2017)and(1-x) KNbOsz-xBa(Nh.sFe&.5)O3 (KBNFO) which show a reduction of the
band gap from 3.2 eV down to 1.74 @\u Yu, Deng, Zhou, Yang, & Qu, 2017)

1.5. Motivations

These new ferroelectric oxides based on Kallw@th lower bandgaps relyon the

presence of a large concentration of oxygen vacancies. This fact critically affects the

J /o [—
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polarization switching and can also trap the pketoited carriers and consequently
increase the charge recombination rate. Hence, oxygen vacameieetrimental to
ferroelectric and photovoltaic propertiesirsE principle calculations estimatethe
bandgaps and spontaneous polarisatiorvéaancyfree KNbOs co-doped with Zi? in
B-site and A*? and A" substitution on the Aite (A1*%= PIF*, B&*, SP*; A= La®",
Bi®*") in order to achieve charge rteality. The calculatedbandgapsfor these systems
present values betwe@rB2 eV and 2.11 e\F Wang, Grinberg, & Rappe, 2014)

This motivates us to investigate alternative strategies to lowerdmmahile preserving
ferroelectricity and without creating oxygen vacanciése approach to reduce the band
gapof parent KN in this work relies on replag Nb°* cationsby lowervalenceransition
metals(Me®*) dopants. The transition metalere selected following the periodic table
order (Mn, Fe, Co and Ni). FurthermoreKwill be substituted by BF in order to
maintan the compositions stoichiometr¥he mechanism which lesitb the banegap
narrowing is e repulsion between ndoonding 34 orbitals oftheMe3*and 25 orbitals
of O* upshifting theVBM.

1.6. Aims and Objectives

16.1. Aims

Growing concerns about the impact of burning fossil fuels on the environmentand
dependence on these limited resourdds driving the development and the research of
sustainable energies. Among others, the sun is the most abundant supplier obenergy
Earth and promising lorterm source to replace the traditional fossil fuelsryrecently,
ferroelectric materials havemerged as potential candidatasphotovoltaic material

This work aims to provide fundamental knowledge and experimental evidence of the
mechanisms which leade band gap narrowing in ferroelectrids. more detail, this
investigation is focused on systerbased on welknown ferroelectric perovskite,
KNbOs. Moreover, one of thaimsof this investigation is to contribute to the scientific
community the good practice of preparing KNdiy conventional routeand to fill the

gap hat exists in the literature about tekectric properties of this compoundue to
difficulties in its preparatiorand low densification
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1.6.2. Research objectives

To address the key aims, thesearch hathe following objectives:

v

To determinate theurrent state of the art knowledgephotceferroelectrics and
bandgap engineering in ferroelectrics oxides.

To develop a strategyp narrow banejaps in FE, avoiding oxygen vacancies.

To prepare bulk ceramics by solid staeactionfor all the systems explored in
this work and to optimise their processing.

Experimental validation of theoretical predictions and controversies in the
literature.

To investigatethe impact of BiMe® (with Me= Mn, Fe,Co and Nj doping on
the stucture, dielectricferroelectricand optical properties of KNBO

To prepare thin fins by pulsed laser deposition

To measur@hotoresponse alortge materials which present the most promising
characteristics (low bargaps and ferroelectricity)

Extract significant outcomes regardirigetability to control the bangap while
maintaining the spontaneous polarisaiiothese compounds.

1.6.3. Thesis overview

Thethesis structure is organised as folsow

In Chapter 1 the bases required to undersd this research worven if someone is

specialisedn another disciplinghave been explaineBurthermore, previous studies in

this research topicave been reviewed

Chapter 2 describes the techniques and methods used to prepacharadterise the

samples which are thabject of this work

The first part ofChapter 3 is focused on the optimisation of synthesis and sintering of

KNbO:s. In addition thesecond part shovike complete characterisatiai KN.
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Chapter 4 shows the complete characterisatiof (1ix) KNbOs-x (Bao.sBio.s)
(Zno.sNbo.s) O3 (x=0, 0.05, 010, 0.15, 0.20 and 0.25) systeBExperimentalresultsare

compared with the predictions of first principles calculations.

Chapters5,6,7 and 8 include the main results corresponding to the bisgsyens (1-x)
KNbOs-x BiMeOs being Me=Fe, Mn, Co and Nvith x=0, 0.05, 0.10, 0.15, 0.20 and
0.25, from the point of view aferamic processing and structuidielectrical and optical

characterisation

Chapter 9 addresses the controversy found in therditure about the barghp of KN-
BNN andKNN-BNN.

Chapter 10 and 11 contain the discussiand the main conclusions of this research work,

respectively.
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2. Methodology

2.1.Introduction

This chapter describes the techniques and methods used to prepare and study the materials
in this work. Ceramics were synthesised by solid state reactioprassurelessintered

Techniquessmployedfor chemicaland structuratharacterisation included powdgr
ray diffraction (XRD), Raman spectrosco@nd scanning electron microscopy (SEM)
combined with energydispersive Xray spectroscopy(EDX). Dielectric and
electromechanical measurements were performed on ceramics. @ptcatterisation

was carried out bgiffuse reflectance spectroscopy.

Thin films of 0.75 KNbQ- 0.25 BiFeQ (KNBF x=0.25)were prepared by pulsed laser
deposition (PLD), but ihally, photoresponse was measured on KNBF x=0c®ated
cell.

2.2. Ceramic processing

Ceramic materials are polycrystalline materials obtained by a prtwasdassically is
divided intothree steps: powder synthe¢isgure 2.1. (a)),prHSDUDWLRQ RI WKI
E R GRifjure 2.1. (c)) and sinteringFigure 2.1. (b)).
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Figure 2.1.: Schematic representation @) powdersynthesisand (b) sintering evolution from compact
powder to densified ceram{€arter & Norton, 2007)c) Picture of green and fired body.

2.21. Powder Synthesis Solid State Reaction

All compositions of the present waslere synthesiseallowing the conventional Sokd
State Reaction (SSR) method, as detailed below.

First, oxides and carbonates were réed in a drying ovemt 20(°C for 24 hoursto

avoid any unwnted moistureThe chemicals were weighed in the required molar ratios,
in order to produce 15 g of each compositibime mixturewasplaced into a polyethylene
bottle containing propanol (up to 50 ml) and zirconia media. Then, the bottle was
transferrednto a ballmill and otated overnighffor 24 hours¥or effectivemixing of the

reactants.

After milling, the slurry was moved into a stainledsel pan, which was placed irttee
drying oven at 10®. The dried slurries were passed throagh50 um mds sieve to
obtainvery fine powdes. Sieved powderwereplaced into covered alumina crucible and
fired in air for reactionfor 4 hoursusinga heating rate #°C/min. The powders were+e
milled and the calcination repeated until there was no charthe dXRD data. The end

of the processing was consideredawino change in the XRD data were observed.

Chapter 3of this workaddressethe optimisatiorof the ceramic processing fE&iNbOa.
However, the soligsolutions based on KNBkOpresent some modifications on the

synthesis and sintering routes.
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2.2.2. Raw materials

All the materials presented in this study were prepared froroxites and carbonates
listed inTable 2.1.

Compound formulae Supplier Lot n°®
K2CO3 SigmaAldrich 069K1682
Nb20s Aldrich MKBN8594V
BaCOs SigmaAldrich BCBM2121V
Naz2CO3 SigmaAldrich 040M0040
Bi20s3 Fluka Analytical BCBC0495V
ZnO SigmaAldrich BCBC794%
Fe2O3 SigmaAldrich MKB56874V
C0304 Aldrich MKBB0427V 9%
Mn 203 Aldrich MKBB0427V 9%
NiO SigmaAldrich BHCF3223V 99.9%
Propanol Fischer 1421368 .

Table 2.1.: List of reactants used in this study

2.2.3.Sintering

Pellets of 10 mm in diameter and approximately 2 mm in thickness were fabricated by
uniaxial pressingf~ 1 g of powder. Applied pressure was less than Higher applied
pressure would leatb the appearance of cracks in the pell&seen bodieswere
thermally treated at high temperatuiasorder to obtain dense ceramid$he thermal
treatments were carried outa range of temperatures frdri7r0°Cto 1185°C(depending

onthecomposition Table 2.2) for 4-12 hours and the heating rate wag in'.
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2.2.4. Densityof materials

Usually, bulk density of sintered pellets is measured by Archimedes methtiquid
displacement method was rejected duth&high sensitivityof the sampleto moisture

from the environment, as will be described in detail ldtethisthesis the density of
sintered pellets was estimated from the sample mass and volume. The mass, M, was
measured using a digital balancg/(=0.001g)and sample volume was calated from

the external dimensions of the samples, diameter,&Qd.01 mm)and thickness, t,
(¢B0.01 mm) using a micrometre. Bk densitywas calculated by the weight of the
ceramic sample dividedy its volume, without considering open pores (Bd..). The

total error for density (Eq. 2.4.) is given by experimental error (Eq. 2.2.) and sahtistic
error (Eq. 2.3).

/
‘L 5 Eqg. 2.1.
Plel
Eq. 2.2.
o 06 C_ o€ 6E|oé_T6 |
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2.2.5. Fabricated compositions

The nominal compositions studied in this work with corresponding temperatures for

calcination and sintering, are listedTiable 2.2.

Calcination Sintering
Systems X Temperatures Temperature
(°C) (°C)
KNbO 3 - 850+850 1085
Ko.9sNbOs3 - 850+850 1080
KNDb0.90503 - 850+850 1070
(1-x) KNbO3- X 05,010,
Bao sBio.sNbosZno.503 0.15,0.20, 850+850 1100
0.25
0.5, 0.10,
(1-x) KNbO3s- x BiFeOs 0.15, 0.20, 850+850 10801085
0.25
0.5, 0.10,
(1-x) KNbO3- x BiMnO 3 0.15, 0.20, 800+900 10701080
0.25
0.5, 0.10,
(1-x) KNbO3- x BiC0Os3 0.15, 0.20, 850+850 10801090
0.25
0.5, 0.10,
(1-x) KNbO3- x BiNiO3 0.15,0.20, 850+850+850 10701085
0.25
(1-x) KNbO3- x BaNbo.sNio.s03 0.10 850+850 1085
Ko.5Nao.sNbOs - 850+850 1100
(1-x) Ko.sNao.sNbOs- x
0.02 850+850 1185

BaNbo.sNio.503

Table 2.2.: Fabricated compositions objecttins research. Calcination and sintering temperatures are also
included in the table.
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2.3. Film preparation

2.3.1. Pulsed laser deposition (PLD)

0.75 KNbQG- 0.25 BiFeQ films were grown on STO (001) and MgO (001) substrates by
Pulsed laser deposition (PLD) at temperatures of 600 and 650°C, at the Universitat de
Barcelona with the collaboration dfstitut de Ciéncia de Materials de Barcelona
(ICMAB-CSIC), Barcelona, Spai

Schematic representation of the pulsed laser deposition is shoigung(2 2.(a)).Once

starting configurationg/ere set up (vacuum, oxygen pressure and subdgmperature),

the highenergy pulsed laser beam pasttedugh a series of lenses, in order to be focused

on the target, inside the vacuum chamlt&sbsequently, the sample target starts to
instantaneously vaporise and ionise, generating plasma thainoatoms, molecules,

ions, and neutral particles. Then, the plasma is ejected perpendicular to the target surface,
forming a plasma plume. In the diffusion process, the plume interacts with the oxygen
atmosphere, which increases the ionization proeeskthereby promotes the collisions
among the components of the plasma. Finally, the atoms from the target are sprayed onto
a substrate placed on a heater. By optimizing the factors such as laser density, pressure of
the atmosphere, and heating temperatepiaxial thin films can be prepared with the
same composition as the tar¢€hrisey & Hubler, 1994; Martin, Chu, & Ramesh, 2010;
Martin et al., 1997)igure 2.2.(b) and (c) illustrate the PLD equipment used in this work

at the Universitat de Barcelona, Barcelona, Speie. chamber was evacuated by an ion
pump to a base pressure ©10° mBar. Pulssd KrF excimer laser was operated at a
repetition rate of 5 Hz. The laser energy density was abdlan?. In this work, results

are presented for only one composition, 0.75 K&BQ@5BiFeQ. A dense ceramic of 2

cm of diameter prepared at Sheffield Hallam Universitgs used as the targdthe
substrate holder was placed at 50 mm from the tavgath was rotated at 5 rpm to
prevent holegormation in the target and to ensungiform ablaton. The 0.75 KNb®
0.25BiFeQ films were depositedon STO (001) and MgO (001) substrates, at
temperatures of 600 and 650°C under oxygen pressure of 0.1 mBar and 0.75 mBar for 20

minutes.
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Pulsed Laser Deposition

a ) Deposition
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Laser Beam
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-

Figure 2.2.: (a) Schematic represetitan of operational pulsed laser deposition (PLD) equipment. Pictures
of (b) the interior of the chamber and (c) the complete equipment for PLD at the Universitat de Barcelona,
Barcelona, Spain.

2.3.2. Photoresponse measurements

The photoresponse @i.75 KNbO3-0.25 BiFeO; was measurk at the Universidade
Federal de Pelotas, Pelotas, Brasil, where the ferroelectric cell was also fabricated.

First, a ferroelectric paste was prepared, mixirfyg ofKNbOs-0.25BiFeQ powder,15
pL of ethylene glycol, 1L of Triton-X (adherentand 100uL of ethanol (dispersant).
This solutionwas mixed in Vortex mixer 15 minutes), homogenized in ultrasound bath
( 230 minutes)Figure 2.3).
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Figure 2.3.: Preparation of the ferroelectric phase.

Secondy, the fabrication of the cell was performétlectrodes were prepared on FTO
coated glassThe munterelectrode was made with carbon (pendtigire 2.4 (a)). The
photoelectrod¢FE pastewas deposited by castingigure 2.4 (b), (c) and (d)). After
deposition, the photoelectrode was thetyntdeated first, at 128C for 5 minutes and
then at 450C for 30 minutes in a tubular furnace to eliminate organic comg®érom

FE paste. Finally, the sealing gasket was made with one thermoplastic polymer.

Figure 2.4. Components on the FEPV cell: (#)e ®unterelectrode (b),(c) and (d) deposited
photoelectrode and (e) sealing gasket.

Third, all components are set together (counter eletrode + sealing gasket +
photoelectrode) and sealed with epoxy resin (Scotch Mix transparent epoxy adhesive)

J - -
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Figure 2.5). After 24 hours, an electrolyteas inserted (redox couplélf) through the

small hole in counter electrode sideorder to favour the transport of the photmarges.

Figure 2.5: (a) Schematic representation of #ating and components of phdtroelectric cell. (b)
Final aspect of cell by both sides.

The photoresponse of KNBF x=0.25 was measured under white lighttBhm) and

in the dark. The active area of cell is 1%cm

2.4. Chemical and structural charecterisation

24.1. X-ray diffraction (XRD)

Geometrically, it is possible to think of a crystaldierent families of parallelatomic
planes (Kittel & Hellwarth, 1957) as shown iEigure 2.6[ All theatoms are placed in a

regular periodic arrayEach family of atomic planes is determined by three integers (h, |,

k) also denominated Millandices From them, it is possible to calculate thierplanar
spacing, .
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Figure26 6FKHPDWLF UHSUHVH@WDVORQ RI %UDJJTV ODZ

When an X-ray beaminteracts witha singlecrystal, diffraction occurs, because the
ZDY HOH Q X icidentbéam is on the same order as the spacing between atoms
(~1A). Diffracted rays produce interferengdenomena, most of them destructive.
However, constructive interference also occurs. Indekeds ipossible to detect a
diffraction beanwith sufficient intensityjf the incident beam and the detector are placed

in aspecificBragg angleas discusseelow.

The assumption made in deriving the Bragg equation is that the planes of atoms
responsible for a diffraction peak behave as a specular mirror, so that the angle of

incidence is equal to the angle of reflecti@Qunstructive interferencef beam 1 ad 2

Figure 2.6) is producd when they are in phase after reflection. Then the @hstance
WKDW EHDP WUDYHOV )* *+ PXVW EH DRGEBRQWHJIHU C
paths are easily calculated by trigopnometryektionship between the-pay wavelength

WKH VSDFLQJ G EHW/ZadAHR: and@eNdiNHcidahcEi© dexqvedvand
NQRZQ DV %UD 25Wageda/Matslibar&, Shinoda, 2011)

JaL t @ O B¢ Eq. 2.5
Where n is taken asteger number. Summarising, the Bragmle( By g depends on the
inter-plane spacingd, which itself depends on the size of the atdons/building up the
structure.From the Xray powder diffraction pattern, it is possible to extract useful
information about the crystal structure, such as the symmetry and the dimensions of the
unit cell. Furthermore, the intensity of the peaks in the diffraction pattern is related wit
the atoms nature and their position, so it is also possible to obtain information about the

internal structure of the crystal

In this work, powdeiX-ray diffraction (XRD) analyses were used to study the crystal
structure and the purity of tipgeparednaterials. Measurements were carried out at room
temperature with a diffractometer (model: Emggn XRD 3$1DO\WLFDOE $OPH

J o/ -
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Netherlands)

Figure 2.7

(a) and (b) equipped with a Cu @DQG &R

1.7890 @tube operated atdokV and 40 mA, normallyn the 2Trange between 20 and
L Q F U H Pah@adivitirig ltime of ~70 s per step. Both powders and
pellets were analysed using the refien spinner sample holder, which spins at 0.25 Hz.

8 ZLWK

Lattice parameters were calculated from Rietveld refinement of XRD data using the
X'Pert High Score software (produced by: PANalytical B.V., Almelo, The Netherlands,
license number: 42001164).

Figure 2.7.: (a)Panalytical Empyrean-Ray diffractometer. (b) Internal structure.

2.4.2 Rietveld Refinement

Rietveld methoaalculates Xray diffraction patternof a specimemand compares it to the

measuregbattern.lt is important to note that this method is amement, not a solution

method becausahe structure of the model must be known in advance.

The peak profile function is used to model the shape of diffraction peakandste

common peak profile functions ar€aussian(Equation 2.6) Lorentzian(Equation 2.7,

modified Lorentzian, Pearson VIl and psevdaigt (Equation 2.8) However, the best

optionhas long been established to be the ps&aigt (Young & Wiles, 1982)which

is a linear combination of Gaussiand Lorentzian functions:
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5 & Eqg. 2.6

A6 -
= O £F3—
)=QOOF évyté

KNAJPYHE=3—— Eq. 2.7

U
e:Ts E (F;

20 AQFABK E&RPE :sF 3;) Eq. 2.8

The calculated pattetin fitted to the experimental pattern by changing varretisable
parameters, such as atomic positions, site occupancies, peak shape parameters, etc., until
a bestfit match is obtained with the measured patt@iime purpose of the fitting is to
minimize the following differenceS,. (Equation 2.9)
a g . Eq. 29
5 LI Tbkuﬁoé.? Uo o 8o

uab
Thequality of the fitting isdetermined byhe visual check of the difference between the
calculatel and the experimental patternhéfe are also quantitative indicators: the
weightedprofile R value (Rp) (Equation 2.10and the expected residual valuesxgR
(Equation 2.11)

R 5 Eq. 2.10
AS o A ..
4e, L G2Y t:kuﬁOaE uago@o
ApSkUao @
dgesl "——
ApSklao &

where N is the number of observations artid>number of parametersyRs therefore
the ratio of the difference between the two patterns to the observed pattern, whgreas R
is a measure of the quality of the data (statistically). The batiweenRw, and Rexp iS
often given as a measure of ttRRGQHVV R 1A \Equaton 2R2) $

4.. 8 Eq. 2.12

JL(Li°L =G

dpea
If the experimental patteimas PRUH GDWD SR L QAvavi b&/iuRIQaQed tHahH G §
1, whereas if the data points are not sufficient (i.e. low sensitivity of the detector or scan

WLPH WRR carkbe leVen srialler than 1, which is an indication that the data

J co [




Chapter 2 Methodology

acqusition should be repeate@cCusker, Dreele, Cox, Léer, & Scardi, 1999)
However, as for every empirical manipulation of data, the results must make physical
sense, no mait how good the fitting i€Buchsbaum & Schmidt, 2007)

Rietveld Refinement was used to determine the lattice parameters of each composition
and for monitoring the evolution of the crystal structure upon doping.

2.4.3. Raman Spectroscopy

Raman spectrospy permits the measurements of vibrational transitions by observing
inelastically scattered radiatiolm general, @ery molecule has unique Raman response,
whichis a finger printof the material and allows identifying or measuring properties of
its own nature, including the effects ofomposition and temperatiron phase
transformationgPerry & Hall, 1965) Theintensity of theinelasticallyscattered lighis
graphicallyrepresenteds a function of Raman shdt thelight (wavenumbers).

The electric field of thencident light makes the electron clouakcillate around the
molecule(in simpler words electronsget polarised. Therefore,electrons go up to a
virtual vibrationalstate. Rayleigh scattering occurs when electrons go down to the same
vibrational level, which means there is no loss of energy (elastic scattering). However
Raman scattering involves a shift in thibrationalenergy level of the emitted radiation
(and therefore in its wavelengtl@) This is dueto a sizeablechange of the
electronic polarisation of the moleculering the vibration. Considering thesymmetry

properties of a molecule, the vibrations that transform similarly to the products of the x,
y or z coordinates (i.e. XX, Yy, 2z, Xy, Xz, yz) can be observed in the Raman spectrum.
Raman activitys determinedby inspection of the character tabilesually reported in the

vibrational spectroscopy booksr each symmetry point group.
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Figure 2.8.: Vibrational eergy level diagram showing the state involved in Raman spectra.

Lattice vibrations in crystalline solids cabe transverse (if the polarization is
perpendicular to the direction of propagation) or longitudinal (if polarization and

propagation vectors are parallel); each of these modes can be acoustic (atoms moves in

phase) or optical (hacent atoms are cof-phase)|Eigure 2.9).

Figure 2.9.: Schematic representation of phonon modes, or lattice vibrations (LA =longitudinal acoustic,
LO = longitudinal optical, TA = transverse acoustic, TO =transverse optical).

Depolarised Raman spectra were recorded in backscattering geometry with a
spectrometer (Thermo Scientific DXR2) equippeith a microscope objective of 10x

magnification and using the 52@nraser{Figure 2.10).

The laser enters the main compartment and is guided through mirrors to the sample. The back
scattered radiation is collected aneergers thenain compartment through a filter that cuts

off the Rayleigh scattering (thus enabling us to see the much weaker Raman signal) up to 50
cm! above the laser frequency. A diffraction grid rotates to bring the intensity of separate
wavelengths to the CCaetector, which finally converts the incoming photons into electrons

to be stored digitally in a PC.
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Figure 2.10.: (8) The Raman instrumentation is a Thermo Scientific DX{®2 schematic representation

24.4. Scanning Eletron Microscopy

Scanning electron microscopy (SEM) provides information relating topographical
features, morphology, phase distributemd compositional differenced his technique
is able to analyse materials that cannot be observed with the resoffgi@d by optical

techniques.

During SEM study,a variety of signals are produced by acceleraegtronswith
significant amounts of kinetic energy interactimgth the specimenThese signals
include: secondary electrons, backscattered electkonays, photons, visible light and

heat. Secondary electrons and backscattered electrons are commonly used for imaging
samples. In this investigation, samples are examined by secondary electron detector
which is more valuable for showing morphology and topdgyam sampleand present

greater resolution

Figure 2.11)(a) and (bshowsthe scanning electron microscope (SEM) and the internal

structure representatiari aconventional SEMrespectively

Firstly, the electron gundp of the columfy produces the electrons and accelerates them.
The diameter of electron beam produced is too larderto a highresolution image.
Hence electromagnetic lenses and aperturesuaezl to focus and define the electron
beam and to form a small focused electron spot on the speclinen, highvacuum

environmenallows electros totravel without scattering by the akinally, the specimen

J o -
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stage, electron beam scanning coils, sige&tction, and processing system provide real

time observation and image recording of the specimen surface.

Ceramic microstructures were examined using scanning electron microscope (model:

Nova Nano200, FEI, Brno, Czech Republichhe samples were carbaoated before

SEM inspectionjn order to avoid chargingcanning electron images were taken with

the following parameters: voltage of 15 kV, working distance of 5 mm and spot size 4.

Figure 2.11.: (a) Actual picture and (bjchematic representation of timernal structure of the FEI Nova
Nano 200 Scanning electron

2.4.5. EDX

Energydispersive Xray spectroscopfEDX), is a technique used for elemental analyses

andchemical characterizatiasf aspecimen.

As mentionedpreviously X-ray arealso produced by the interaction of the primary

electrons with the specimernhis radiation is generated whdretincidentelectronbeam

excites an electroaf the specimeim an imer shell, ejecting it from discrete level of

energywhile creating &

lelectron hol

2 An electron from digherenergylevel then fills

thehole, and the energy difference in between the levels may be released in the form of

an Xray. The emitted characteristiX-ray energies for elements will generally be

J ;-
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different from element to element with only enf spectral peaks overlappinidy.the
identification of one peak is ambiguous, other peaks or limited knowledge of the sample

history will often allow a reasonable elemental identification of the peak.

2 5. Electrical characterisation

In order to measure the electrical properties, parplite capacitors were fabricated

Figure 2.12|). The ceramic discs were polished and thinned dowid tanm of thickness.

Then, Pt electrodes werapplied and treatedat 600°C for 30 min, to improve the

mechanical and electrical properties of the electrode andtdrace with the ceramic.

Figure 2.12: Capacitor fabricated for electrical measurements. Electric dipoles alitirengselves with
the electric field E

2.5.1.Dielectric response

The relative permittivity was calculated from the capacitance (C) measurements of the
capacitor under an AC electric field #te University Sheffield, Sheffield, United
Kingdom. The capacénce valuesvere then converted to relative permittivity using the

formula (Equation 2.13).:

% P Eqg. 2.13

a L7
Y, #
where Qis the dielectric permittivity ofacuum (8.85.18&F/m), A and t, the area and the

thicknessof theparallel plate capacitor fabricataeéspectively
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Dielectric loss(tan/) was measured and is very useful to verify the quality of the
capacitor This value is highly dependent on the frequebegause of different types of
polarization can occuiCapacitance measurements in the frequency range 10 kHz to 1
MHz were carried out in unpoled ceramics using an LCR meter coupled with a furnace

applying a hating/cooling rate of 1 C°/min

2.5.2. Ferroelctric and piezoelectric measurements

To study the feroelectric properties, polarizatieriectric field (RPE) hysteresis loops
were measured at room temperature. The polarization (P) of the ferroelectric material is
calculated by measuring the stored electric charge in the system (Q), by using the

following expressior{Equation 2.14)also including the area of the capacitor (A):

2L 3 # Eq. 2.14
By the observationf the RE hysteresis looghe identification of ferroelectric materials
was possibleas well as the determination of the spontaneogs @hd remanent (Pr)

polarizations and the coercive fielddJJeof the different ferroelectric conagitions of the

system|Figure 2.13|)

Figure 2.13.: P-E hysteresis loop parameters for a ferroelectric material
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The strain field loops, -& (typical plotfor ferroelectrics is shown in Figure 1.12ye

derived from sample displacement data, which are measured by a laser interferometer.
The displacement is measured by splitting a monochromatic light source (helium neon
laser) into two beams. One beam acts as a reference beam following a fixed path, and the
second measuring beam goes to the sample and returns to join the reference beam. The
interference fringes created are used to determine the displacement.

For the acquisition of a-B-E loogs, the initialtrianglewave is formed by the generator,
which is then amplified by the high voltage amplif@ndsends the amplified waveform
to the sanple. The curreh passing through the sample determinates the charge
accumulated on the surface of the capacittve P-E dataare then sent to the PC for

subsequent analysis.

These measures were perfornusihg a ferroelectric testefif Analyzer 2000 EjFigure
2. 14) and a hgh voltage amplifier. XPlorer Software wasised to acquire, interpret,

and review measurement data.

Figure 2.14.: Image of the ferroelectric testéfF Analyzer 2000 E)
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2.6.0ptical characterisation

2.6.1. Diffuse reflectance spectroscopy

When a beam of light impacts on a flat polished surface of a single crystal is partly
reflected and partly refracted following Fresnel equations. In absorbing materials, the
incident beam light is absorbed accoglthe Lanbert absorption law (Eq. 2.15):

+L yATAR Eq. 2.15
Where | is thdaransmittedflux, lois the initial flux, x is the thicknessf a medium with
an absorption coefficienK. In polycrystalline material diffraction phenomena also
occur. Inpowders of randomly oriented particles, part of the inditight goes back at
all angleslf the particle size is similar or smaller than the wavelengpof the beam,
thelight is scatteredThe scatteredight by a single particle has no isotropistibution
(Mie's theory) However,some investigations have shavam isotropic distribution arises
from the material with sufficiently large number of particles and layer thickix¢ssd
is defined as diffuse reflectanfi€ortum 1969). The incident Iig is scattered according
the Equation 2.16.

+L yA e Eq. 2.16
Where S is the scattering coefficieKiubelka and Munk (KM) proposed a system of
differential equations based on the model of light propagation in -plaraiel
homogeneoutayer of thicknesx. K-M model is based on assuming perfectly diffuse
light incident and the only interactions of the light with the medium are scattering and

absorption. The diffuse radiation flux in the negative and positive x directions are

designed bBnd J, respectivelyF(gure 2.15)).

Figure 2.15.: Cross sectional of a powder layer.
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While the downward fluxl, passes through dx,is decreased by amowgndf Kidx and

Sldx by theabsorptiorand the scattering@nd increased by an amo@i®tix by scattering,
and a similar reasoning is made for the upward flux J, then the folladiffegential

equations (Eg. 2.1@nd 2.B) can belerived:

@+ _. _ Eq. 2.7
F—@+ F:- E5+ES5S,

@ _ _ Eq.2.B
—@+ F:- E5;,E5+

where K and S the absorption and scattering coefficient of the sample, respectively.
Kubelka (1948) obtained explicit hyperbolic solutions test#equatiors that werelater
discussed in detail by Wyseck and Stiles (1982) aad @solution in tem of reflectance
(R) (Eq. 2.D).
SF4y:=F >?P5; Eg. 2.0
=F 45 E>?KP5:

where R is background reflectance, cothbSX the hyperbolic cotangent of BRXKAS,
and b=(31)°5. If layers are thick enough to ensure that a further increase in thickness
does not change the reflectance, we can supposéd that. Under these conditions, the
reflectance is given byiqand theEq. 2.20yields:

;L:sF4ﬂ;6L(:4ﬂ; Eq. 2.20

5 t 4g
where ( :4y ;is K-M function.
In this work, banehaps were determined from Tauc plots obtained from diffuse
reflectance data. #4 function is proportional to the optical absorption. Hence the

DEVRUSWLRQ FRHIILFLHQW:4y ;irfFtbeQabdeqyatieh\(&Y.LA” X WHG E

DAUP 4 L D&(:4y;? 8 Eq.2.2
where h is the Planck constant aéftequency of vibrationThe value of n denotes the
nature of the sample transition. For the direct bgayo, the allowed transition is n=1/2,
whilst for the indirect bandap the allowed transition is n=8ubsequently;D&( : 4¢ P
and >D&( : 4y :® 8 curves were plotted against the photon eneidy,The intersection
SRLQW RI WKH FXUYHTV WDQJHQW ZLWd WIRILh& QWD O
sample.The Tauc method cannot determine conclusively if a band structure is direct or

indirect.
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Diffuse reflectance ultraviolet and visible (DRWXS) spectra of ceramics were
acquired at RT in the range 20600 nm using UWIS-NIR spectromete(Shimadzu
UV-3600) (Figire 2.16) at Greatsolarcell, Manchester, United Kingdom.

Figure 2.16.: Image ofUV-VIS-NIR spectrometer (Shimadzu U3600)at Greatsolarcell, Manchester,
United Kingdom
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3. Processing andCharacterisation of KNbOs3

ceramics.

3.1. Introduction

The first part of this chapter is focused on the processability (powder synthesis and
sintering) of KNbQ (KN) ceramicsDifficulties associated with the preparation of dense
KN ceramics often limitheability to fully characterise theglectricalpropertiesand rule

out many technological applicatiookthis materialSubsequently, the second part of this
chapter is devoted to the dielectric, ferroelectric and optical characterisation of dense KN

ceranics.

Potassiumpresents high volatilityat 800 °C and its evaporation from thgstem is
accelerated bgnoisturein the environmenFlueckiger & Arend, 1977Potassium losses
during ceramic processimgakedifficult the control of the stoichiometry in KN ceramics.

As mentioned in Chapter 13 secondary phase,sKbeO17 (ICDD#: 00-:031-1064) is

easily formeddue to potassium los§his hygroscopic phase often leads to disintegration

of nonfully dense ceramics due to absorptadmtmospheric moisture. Another problem
affecting the preparation of dense KN ceramics is the sintering temperature, which is very

close to the melting point of this perovskite.

Various publications deal with the above shortcomings and proposed spasnéimic

processing conditiong.able 3.1{andTable 3.2[list some of the imestigatiors based on

single and doublealcinationprocedures, respectively. Moreover, it has been shown that
the introduction of additives, such as Lak€K. I. Kakimoto, Masuda, & Ohsato, 2003)
CuO(Kim et al., 2014pnd ZnO(Lv, Li, Wu, Xiao, & Zhu, 2016 amag others, enhance

density and electrical properties of KN cerami€akimoto et alobtained high density
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(98.8%)by substituting).2% of LaFeQ into KN ceramicswhichwere sintered at 1020

°C in a potassium rich atmosphere provided by covering the greenbibdgdditional

KN powder. In 2007Matsumotoet al reported a density of KN as high as 96.3% when
calcining two times and sinteringit 1050 €. In addition, the same authors also
demonstratedhat the addition of 1.2 wt% of MnC{®Opromotes the reductioaf the
electrical conductivity and enhances densification. This work shows a reputable 0.22%
electricfield induced strain under unifar field of 80 kv/cm(K Matsumoto, Hiruma,
Nagata, & Takenaka, 2008n 2016Lv et alshowed that the addition of ZnO to KN
improves the electrical resistance and the stability in meistur

Nevertheless, only few works reported on electrical properties of undoped KN ceramics,
mainly due to the poor densificati¢H Birol, Damjanovic, & Setter, 2005; Dubernet &
Ravez, 1998)In contrast, literature on the electric properties of KNN ceramics is vast,
because those are more amenabdparatior{(Hansu Birol, Damjanovic, & Setter, 2006;
Egerton & Dillon, 1959; Uniyal et al., 2003)

In this study, stoichiometric (KNbf) K-deficient (Ko.osNbO9759 and Kexcess
(KNbo.9502.875 samples were prepared in order to evaluate the impact of an eventual
potassium volatilisation during the processing. Moreover, two batchds§NbDOs,
Ko.9sNbO» 97sand KN 9502 875 ceramics were prepared by sedithte reaction following

two different routes: standard (method 1) and optimised (method 2) ceramic processing.
The two methods selected consist of two calcination steps, which allegedly are more
effective in obtaining dense KN ceramics. Method 1 and method 2 are mainly inspired by

the works of Matsumotet alandKakimotoet al respectively

The main findings in termsfurity, crystal structure and stability comparing both
methods are presented in the first part of this chapter. Latestal structure, lattice
dynamics, microstructure, stabilibf dense KN ceramics were investigd. The second
part reportsthe diekctric, ferroelectric and opticgiroperties for the stoichiometric
composition. In addition, the optical properties @ichiometric and noistoichiometric

weremeasured and compared.




Table 3.1: KN ceramic processingnethods in the literature using a single stage calcination step. Also, experimental relative perm#iviBurie temperature &),
spontaneous polarisatior?] and maximum strain%;, o  values are included in this table.

Calcination Sintering Relative
Reference iy iy iy & €4°C) | . etz
conditions conditions densities (%)
(Tashiro, Nagamatsu 20uClen?
900 °C (2h) 1090 °G1170°C 96.2 14000 1400 -
& Nagata, 2002) at30 kV/cm
_ 625°C (4h) 25uClent
(H Birol et al., 2005) . 1035 °C 94 13500 410 -
3°C/min at 80 kV/cm
(Acker, Kungl, &
775°C (5h) 1060°C 185 - - - -
Hoffmann, 2013)
23uC/en?
(Lv et al., 2016) 800°C (4h) 1020°C (16 h) - 14000 430
at 30kV/cm
26 pClent 0.17%
(Park et al., 2017) 950°C (3h) 960°C (18 h) o8 14000 406

at 80 kV/cm at 80 kV/cm




Table 32: KN ceramic processing in the literature using a double calcination step. Also, experimental relative pernvjtidtyie temperature®), spontaneous polarisatio
(2) and maimum strain (5, 5  values are included in this table.

o o Relative
Calcination Sintering N
Reference - - densities & €4°C) | . *uyy
conditions conditions
(%)
(K. Kakimoto, Masuda, &  820°C (4h) 7 uClen? 0.02%
1020°G1280°C 90 11200 420
Ohsato, 2005) + 850°C (4h) at 40 kV/cm at 40 kV/cm
(Kenji Matsumoto, Hiruma 600°C (4h)
) 1055°G1060°C (2h) 96.2 - - - -
Nagata, & Takenaka, 2007 + 1000°C (4h)
(Hajime Nagata,
Matsumob, Hirosue, 600°C (4h)
_ 1055°C (2h) >96 13800 424°C - -
Hiruma, & Takenaka, + 1000°C (4h)
2007)
_ 600°C (4h)
(Kim et al., 2014) 940°G980°C (2h) <70 - - - -
+ 1000°C (4h)
Method 1 625°C (4h)
_ 1070 (4h) - - - - -
This study + 1000°C (4h)
Method 2 850°C (4h) 17uC/en? 0.092%
_ 1085 (4h) >94 12600  398°C
This study + 850°C (4h) at 80 kV/cm at 80 kV/cm
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3.2. Method 1

3.2.1. Purity and crystal structure

A series 0KNDbO3, Ko.od\NbO;.97sand KN.osO2 s7spowdersand ceramics wergrepared
by the conventional soliestate reaction method, following the two step calcination,
proposed by Matsumoto et al, 2007.

Startingmaterialsweredried ptassium carbona(@&>C0Oz) andniobium oxide(Nb2Os)
weighed in required ratjovere mixed overnight in polyethylene bottles with zirconia
milling media andusing propafR-ol as the milling medium K>.CO; powder is
hygroscopicandtends to absortvaterwhen leftopen in air.Therefore, expasn of raw
materids waskeptto a possible minimunirheobtained slurriesvere dried, sieved and
calcined, firstat 625 °Cand then at 1000°C, botbr 4 hours with a heating raiaf

3 (/min. Synthesis and sintering processswandled verycarefully in order to avoid

material losses, which wouldfatt the sensitive stoichiometry of KNbCsubsequenyl

purity and crystal structure were examirmdX-ray diffraction.|Figure 3.1{shows XRD

patternsof KNbOz and nomrstoichiometric KNbQ@ powders calcined at 625°C and
1000°C

Figure 3.1: XRD data of KNbQ, Ko.9gdNbO; 975and KNhy o502 g75 powders after caloationat 625 and
1000°C (Method 1). Red symbols indicataall amount of KNbgO7.
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XRD patterns of the three compounds look similar@ardbe ascribed enorthorhombic
perovskite A small amount of secondary phag&iNbeO:17) appeas in both
stoichiometric and Kdeficientpowders as indicated by the red circles. Differences on
the degreeof splitting of thequadruplet(131), (313), (022) and (202), suggest that a
variation on the K/Nb ratios of the initial batches directly aftbet purity but also the
crystallisation of KNbQ@. Higher degree of crystaflity is obtained for the Kexcess
composition(APPENDIX A).

Birol et d. reported that compact pellets should be fired at 108%%Xxygen rich
atmosphere. The furnace used in the present work is not equipped to control the firing
environment. Samples fired at 1035°Gvere far from being densified. Hence,

measurements ohé shrinkage of pure KN after firing at different temperatuness

employed to experimentally determine the sintering tempergfigere 3.2).

Figure 3.2: Radial shrinkage as a function thie temperature for stoichiometric KN prepared by method
1.

The radial shrinkage of the pellet systematically increases with increasing firing
temperature. From 1060°C f®70°C its value is practically constant14.5%). At

1075°C the sample me|&igure 3.3|shows the room temperatureR@y Diffraction data
for KNbOs and nonstoichbmetric KNbQ ceramicssinteredat 1070°C.
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Figure 3.3: XRD data ofKNbOs, Ko.9g\NbO;.97s and KNhy.osO- g75 pelletsafter sintering (method 1). Red
symbols indicatéhe presence df4NbsO17.

At first glance, it is apparent that the amount sefcondary phaséKsNbeO17) in
Ko.osNbOz.975and KNbQ increases considerably after sinteridg aforementioned this
phase shows deliquescence when exposed to moigtftes. sintering, kdeficient
sampleexhibits slightly higher concentration of this second phase. This fact leads to
suggest that K losses are accelerated at high temperatw@efickency conditionsThe

5 mol% of extra K inrKNbo.9g502.875 samples seems to compensate for the losses during

the processingybtainingsinglephase KN ceramics.

Peak splitting is better discernible in XRD pattern&dfbOs andKNbg o502 875 because
of enhanced crystallisatioi-deficientsample mayrequire higler firing temperature
for bettercrystallisation, however they melt at 1075°C prior to full densificafidre

presence of NbsO17 phase, the accelerat&diosses at high temperatures and the low

melting temperature hinders thensificationfor K-deficient samplegTable 3.3{shows

theunit cell dimensionsalculated byRietveldrefinements. However, experimental and

relative densities were not measured because they were extremely low at first glance.
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KNbO3 Ko0.9sNbO2.975 KNbo0.9502.875
Space 89.4(5% 10.6(3)% 84.95)% 15.1(4)% Amm2
Group Amm?2 Pna21 Amm?2 Pna21
Density
(calculated) 4.6121(1) 3.908@1) 4.57394) 3.91231) 4.50774)
(g/cn)

a(R) 3.9%91) 33.0280(1) 3.9737{1) 33.019(2) 3.9734()
b (A) 5.69611) 6.4861(1) 5.69241) 6.48286) 5.6951()
c (A) 5.72251) 7.8204(1) 5.7187(2) 7.81788) 5.721l)
V/108 (pm3) 64.7992) 1675.3(1) 64.678(1) 1673.46(3) 64.737Q1)

Rexp 1.62276 1.53789 1.56951
Rprofile 3.28346 3.28856 3.28807
Rwp 4.31841 4.24442 4.45203
GOF 7.08174 7.61707 8.04612

Table 3.3: Theoretical density, lattice parameters and agreement indicé&N\toDs, Ko.9sd\NbO; 975 and
KNbg 050, g75 calculate by Rietveld Refinement

3.3. Method 2
3.3.1. Purity and crystalstructure

A second series dNbOs, Ko 9sNbO;.975 and KNy 9502 575 powders and ceramics was
prepared byhesolid state reactiomethod but in this caséollowing the routesuggested

in the literature byKakimotoet al (method 2). Powders were compacted into big pellets
of 15 g eachand calcined twice at 850°C (4h). After that, the pellets were crushed using

a mortar and pestle until a very fine powder wasinbthXRD data of calcined powders

for the threecompositions prepared by Method 2 are shﬂvﬁ' igure 34
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Figure 3.4: XRD data ofKNbOs, Ko.osNbO».975 and KNhy 050, 875 powders after calciningwvo timesat
850°C (Method 2).

After calcination, all XRDdata forKNbOs, Ko.odNbO» 97sand KNy o502 s75exhibit well
defined peaks and similar patie. Reflections of the three compositicas be attributed

to orthorhombighase (Amm2 space group)nexpectedlyK4NbsO17secondary phase

is not detectedn the potassium deficiency composition. Peak splitting in KN is not as
noticeable as in the otheompositions.

For sintering, pellets were uniaxially pressed under 1 tonnéamedin powder of the
same composition in a covered alumina crucible in order to inhibit volatilizatiéh of
For this methogthe pellets ge not successfully densified &@270°C In the same way as

in method 1, the monitoringf the radial shrinkage of the sample permits to determine

the optimum sintering temperature of KiNgure 35|illustrategheevolution of theadial

shrinkage oKN with thesintering temperaturérom 1070°C to 1085°Ghesample melts
at 1090 °C).




Chapter 3

Processing and Characterisatiafi KNbG ceranics

Figure 3.5: Radial shrinkageversus sintering temperatufer stoichiometric KN ceramics prepared by

method 2.

Optimal sintering temperature for stoichiometric composition is 1085°C with a radial

shrinkage

of 116.5%. However,KoodNbOr975 and KNbg.gosO2875 melt at lowe

temperatures than pure KNable 3.4[shows the sintering and melting termgaeres for

the three compounds.

Compound Sintering Temperature (°C) Melting Point (°C)
KNbO3 1085 1090

Ko.9sNbO2.975 1080 1085

KNb0.9502.875 1070 1075

Table 3.4: Sintering and melting temperatures #IdNbOs;, Ko.osNbO».975 and KNy o502 875 prepared
following method 2.

Figure 3.6

shows the room temperaturdRK data for KNbQ and nonrstoichiometric

KNbOs ceramicssinteredat 1070°G1085°C ford hours
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Figure 3.6: XRD data ofKNbOs;, Kg.9sNbO» 975 and KNy 95O, 575 pellets afte sintering (method 2). Red
symbolsindicate reflectioa from KsNbsO17.

The stoichiometric and 4€xcess ceramics appear to be sifpgiase within the detection

limits of the technique, where&sdeficient Ko.odNbOz.97s Sample exhibits the presence

of KaNbsO17 as a secondary phase after sintering. These results show how prone are KN

ceramics to exhibit secondary phases when the K/Nb ratio is lower than 1.

Patterns folkKNbOs and KNbo.o502 875 were refinedn the Amm2 space group and unit

cell dimensions were calculatg

Staple 35

. A two-phase refinement was carried out for

XRD data of k.osNbO»9e75 ceramics, using the Amm2 space group to model the

orthorhombic KNbG-based phase and the Pna2l1 space group to modehhte0x;

phase. The relative amounts of those two phases were calculai&®%sand 135%,

respectively.
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KNbO3 Ko0.9NbO2.975 KNb0.9502.875
64.8(5) % 35.1 (6) %
Space Group Amm?2 Amm?2
Amm?2 Pna21
Density
(Experimental) 4.35(3) 3.62(10) 3.87(5)
(g/cn)
Density
(calculated) 4.6273(1) 4.33884) * 4.507714)
(g/cn)
Relative Density
94(1) 83(2) * 86(1)
(%)
a (A) 3.9711(1) 3.97291) 32.99%3) 3.9705(9
b (A) 5.6909(1) 5.690%2) 6.47737) 5.6905(3
c (A) 5.7158(1) 5.717%2) 7.82074) 5.71732)
V/10° (pm3) 64.576(2) 64.630(4) 1671.4(3) 64589(H
Rexp 1.26460 1.47829 0.90713
Rprofile 2.97912 4.11528 5.02131
Rwp 4.65175 6.02513 9.53967
GOF 13.53086 16.61173 1159170

Table 3.5: Experimental and theoretical density, lattice parameters and agreement indiké#y;
Ko.0NbOs g7sand KNy 9502 g75 calculate by Rietveld RefinemeritWeighted averaged of the two phase

Experimental density is estimated by the geometric method as explained in Chapter 3.
Archimedes method is not suitable for this composition because of high sensitivity to
water. Relative density is obtained companwigh the density calculated by Rietveld
refinement. Stoichionetric samplespresent densities above 90% contrast,K-
excess and Kleficient compositionspresents lowdensities (86% and 179%,
respectively) Lattice parametersf KNbOz, Ko.osNbOz.97sand KNbo.ogO2 s7saresimilar

up to the third decimal and consequently they exhibit very similmve values of

the unit cellgTable 3.5|also shows somiadicesthat inform about the quality of the

refinementsThe readeis strongly encouragetb refer Appendix A where additional

information is providquFigure 3.7|shows XRD pattern evolution of sintered KN pellet
from RT up to 500°C. From 30°C to 150°C, the pattern is well ascribed as orthorhombic




Chapter 3 Processing and Characterisatiafi KNbG ceranics

phase (Ammz2). From 200°C to 400°C, KN is tetragonal (P4mm) and over 400°C, cubic
(Pm- &n).

Figure 3.7: Temperature dependence of XRD pattern ofs{iNered ceramic from 30°C to 500°C.

3.4. Comparison between method 1 and 2

3.4.1. X-Ray diffraction data

The purpose of this section is to compare in terms of purity afdigt KN and nor
stoichiometric ceramics prepared by method 1 and method 2. Differences on purity and

crystallinity will be highlighted and the potential origins for those will be discussed.

Figure 3.8|shows the XRD pattern of pure KN (a);d€ficient (b) and Kexcess (c)

preparedy method 1 and.2




Chapter 3 Processing and Characterisatiafi KNbG ceranics

Figure 3.8: Comparison of method 1 and 2 by inspectié’XXRD dataof pure KN (a), K deficienf(b) and
K excess (c).

K losses in KN compounds are more remarkable when the materials are prepared by

method 1. The only composition that is single phase iso§ih.s», because the K

excess compensates for its losses dypmogessingKigure 3.8((c)). Onthe other hand,
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both XRD data for pure KN ando§s\NbOz 975 reveal the presence of a secondary phase
(K4NbsO17) which is strictly related with the loss of K, as explained above.

Method 2 appears to be an appropriate choice to prepare compounds based on KN. Its
success may rely on: (1) the calcination of compgateetiers and (2) imbedding pressed
pelletsLQWR 3SDWPRV I HINFLRRZG KM VLQWHULQJ

The use of atmospheric powders Heeen reported in the literatues a solution for
inhibiting the volatility of some atomigpeciesiuring ceramic processing, suas, Pb in
PZT (Kingon & Clark, 1983)and KNN, among othersThe atmospheric powder, also
known assacrificialpowde, mustbethe same composition as the sintered sangume
authorsreportedthis procedure to increasensitiegZhen &Li, 2006), others observed
only enhancements the grain size distribution3DYOLp ODOLpPp . 5RMDF

3.4.2. Stability in water

In the previous secti@nit was shown that the high volatility of potassium prevents control
of the stoichiometry in KNb&ceramics during sintering procesdhis leads to poor
densification and the formation of an unstable secondary phasbs®i7, which causes

disintegratiorof the ceramics when they are exposed to humidity.

Figure 3.9|(a) and (b) show top external view of KNpEeramics pellets (KNand KNp)

sintered by solid stateaction following method 1 and 2.
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Figure 3.9: KNbOs ceramic pellets immeesl in waterprepared by method KN1) and method ZKN>).

When sample KNis immersed in watejHgure 3.9

immediately to crack. After 5 minuteSigure 3.9

@) (i), the

(@) (i), the sintered body starts

sample is disiagrated. In

contrast, the sample KMNhown inFigure 3.9|(b) (i) and (ii) showed no reaction under

water.

Figure 3.10|(a) and (b) show thieehaviourof Ko eg\NbO» 975ceramican water(K0.95N,

and K0.95N) prepared by method 1 and 2, respectivBlgth KO.95N and KO0.95N

samples are unstable in water. KIN9Sshowedin |Figure

3.10/(a) (i) and (ii) is

decomposed in similar manner as Kafter 1 minute. The other specimen0O(B5N>)

immediately exhibits high hygroscopichzviour

Figure 310

(b) (i) and (ii)). The pellet

dissolves into water and the surroundings got muddy at the same time.
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Figure 3.10: Ko.osNbO» 975ceramic pellets immeesl in water. Both KO95N(a) (i) and (ii)) and KO95K(b)
(i) and (ii)) dissolve in water after few seconds.

Finally, the stability in water is checked fé&&Nbo.o502.875 samples (KNO0.96 and
KNO.95) (Figure 3.11)(a) and (b)) prepared by method 1 and 2.

Figure 3.11: KNbg 9502 s7sceramic pellets immeesl in water. Both KN09%(a) (i) and (ii)) and KNO9&(b)
(i) and (ii)) dissolve in water after few seconds.

KNO.95, sample is stable in water after 3 ho@s.the other hand KNO.9%lissolved in
water, probably due to its low density (85%).

J oc [
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Both method 1 and method 2 followed rigorous procedures for each processing step to
reduce the reaction with environmental humidity and to avoid contamination. However,
samples prepared by method 1 reveal larger potassium loss during the ceramic processing
than samples prepared by methodeadingto the appearance of4KbeO17, a very

hygroscopic phase.

The differences between the two methadscernheat treatment conditiongirstly,
second calcination in @ethod 1 occurs at higher temperature than ithote2, whichmay
leadto higher potassium voléity. Secondly, powders are compacted before calcination
(method 2) instead of being directly heat tregi@eéthod 1). Thirdly, in method 2 the
sintering is carried out under enriched potassium environmedtiped by a combination

of using sacrificial powder and in addition covering fpecieswith alumina crucibles.

In contrastsintering in method 1 is performed under room atmosphere.

These steps undertakennrethod 2 effectively suppressed potassiussés during the
ceramic processin@nthe otheihand, method 1 is suitablesiktra quantity of Ks added

to the starting powder mixture to compensate the K evaporation. Due to high sensitivity
of the stoichiometry in this system,stconsidered moreparopriateto follow the route
suggested by method 2. All systems in the present stadyprepared using at least two

calcinations at temperatures no greater than 850°C.

3.5. Structural and chemical characterisation

3.5.1. Raman Spectroscopy

Roomtemperature Ranmaspectra foKNbOz, Ko.osNbOz.975s and KNy 9502875 powder

and sintered pellets prepared by methaoar@ presented firigure 3.12/andFigure 3.13

respectively.The three commsitions exhibit analogous Raman spectra fpowders and

pellets. Consequently, the following analysis can be applied in both cases.

OrthorhombicKNbOz exhibits 12 Raman active optical modes ofi4A1B; + 3B+ Az
symmetries from group theory analysis. Modes in the following Raman spectra are
labelled accordingo the singlecrystal assignment bQuittet (1976) (i) a mixed sharp
mode at 192 crh (i) a Fanetype interference dip at 197 cin(iii) a broad B (TO) mode

J oo [
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centered at 250 ct (iv) a By (TO) at 272 crit; (v) a sharp mode at 278 &ir(vi) another
mode at 294 cni (vii) a B1(TO) mode aty 532 cmt; (viii) a A1(TO) mode aty 600 cm
Land (ix) a low intensity ALO) mode at 831 crh

The sharp mode at 192 ctis a mixed B(TO), A(TO), A(LO) and B(TO) mode.
Similarly, the mode at 278 chis due to a broad ATO) combined with a sharp-A
whilst the sharp mode at 294 ¢ris due to A(LO) and A(TO), associated witla BOs
bending vibratior{Zhou, Deng, Yang, & Chu, 201Hlowever, because of the resolution

limit of the instrumenthey allappear merged as a single peak

The occurrence of lontange polarisation in KblOs is ultimately associated with the
presence of the (i), (i) and (vi) modes, which wilereforebe usedn this work to
monitor the polar nature of Kidased solid solutiongl.uisman, Feteira, & Reichmann,
2011)

Figure 3.12 Room temperature Raman Spectra of KNB@d norstoichiometricpowders calcinetivice
at 850€ for 4 hours.
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Figure 3.13: Roomtemperature Ramaipsactra of KNbQ and norstoichiometricsintered pellets.

3.5.2. SEM

Scanning electron microscopy images of unpolished surfaces for stoichiorietric,

deficient and Kexcess KNb® sintered ceramicsare shownin |Figure 3. 14

Stoichiometric KN ceramic (a) exhibits the largest grain siz® |{B) among the rest of
the microstructures. The grains are cubic shaped. In additicantbet complete absence
of porositysuggests high density, a@asestimated in the previous secti@n the dher
hand, microstructure of 4éxcess composition (b) exhibits a bimodal graimesi
distribution. Grains can be divided in two different categories: very small oo (
nm) and larger grains of maximum size of fu®. The grains maintain the cubic shape
in K-excess composition. Finally, the microstructure e$KlbO;.975(c) is significantly
different of previous twoGrains do not presentromogeneoumorphology, acquiring
different polyhedral shapesoKiNbO».975ceramics seems to have finer grains sizes than
KNbOs (a). In addition(d) shows microstructure for-Heficient ceamicsafter one week
left in air. The facility of absorbing moisture in this sample Idadie formation of a

weakfusedlayer that covers the grains.
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Figure 3.14.: SEM images of unpolished surfaces for (a) KNIfK) Ko.9g\NbO» 975, () KNbo 9502875 and

(d) after one week KNJ»O2 g7ssintered pellets.

3.5.3. EDX

Table 3.6|shows the experimental ratio between K and NiKfdbOsz, Ko 9sNbO, 975and

KNbo.9502.875 calculated fromenergydispersive Xray spectrdEDX data).This table

includes the theoretical ratfor each composition.

Compound WV%Aqi_<N.“(,,§¢, WV¥A.§..%OZ..“<§N Relative Error (%)
KNbO 3 1.03(3) 1.00 13%
Ko0.99\NbO2.975 0.96(10) 0.95 11%
KNDbo0.9502.875 1.06(6) 1.05 11%

Table 3.6: Experimental and theoretical K/Nb ratios for puredéficiency and K excess
compounds.

KNb®

J 10 [
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EDX analysis reveals that KNBOand KNkgsO2875 samples are chemically
homogeneous with K/Nb molar ratio being close to 1 and 1.05, respectivelcdss
andK-deficient samples exhibit slightly higher standard deviation than pure KNhw
could ke related with a lower homogeneity. This fact confirms again the sensibility of this
system to the initial stoichiometry. Spectra and at% tables for each scanikigl@aua

Appendix A.

3.5Electric characterisation of stoichiometric KNbOs prepared by method 2

In the previous section it was shown that dense single phase stoichiometrics KNbO

ceramics can be successfully fabricated following method 2.

3.5.4. Dielectric characterisation

Electrical characterisatioof non-stoichiometric Kdeficientand K-excesseramics was

deemedunfeasible due to their poor densificatiohaple 3.5), which renders them

structurally weak. In addition, low dens#jsoprevents samplgsom withstandng high
electric fields. Therefore, dielectric and ferroelectric measurements were carrggdyout
for stoichiometricKNbOs. The temperature dependenaf the relative permittivity %,
and dielectric loss;- f ¥ for KNbOs ceramics measured AviHz, 250 kHz 100 kHz and

10 kHz is illustratedn|Figure 3.15/(a) and (b) The measurements were performed on

heating and cooling in the temperature rang®&30 °C KNbOs ceramicshow two clear

dielectric anomalies at 1206 € and 1398 °C which can bascribed to therthorhombie

to-tetragonal and to the tetragoftelcubic transitions respectivelyFigure 3.15((a)).On

the singlecrystal, these transitionsesreported to occur on heating at 220 420 °C
(Shirane, Danner, Pavlovic, & Pepinsky, 1958his difference may be caused by the
impurities present in the startingw materials, in particulak CQs, which has the lowest
purity. The temperature of the highest anomadigtermines the Curie temperature
(Tc 1400°C). A shift of 10.5 € to lower emperaturess observed for Curie temperature
during cooling. The relative permittivity atTeaches a value 02600 on heating and

12400 on cooling. On the other hamelative permittivity at RT is1300 and Y, appears
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frequency independer[F.igure 3.15| (b) shows dielectric losses become larger with
increasing temperature and decrsas#h increasing frequencies.

Figure 3.15: Temperature dependence of the (a) relative permittivity and (bAtehiHz, 250 kHz, 100
kHz and 10 kHz) of KNbg) during heating and cooling.

3.5.5. Ferroelectric Characterisation

Difficulties on measuring electrical propeiof pure KN samples were encountered, but

were circumvented. Samples left to ambient conditions present rounded ferroelectric

loops (red loopriFigure 3.16

unable to withstand higher

whichindicates some conductivity and consequently were

electric fields. Hence, samples were dried at 200°C for 10

minutes|{Figure 3.16( (black loop) shows samples to become more resistive and exhibit

a more typical ferroelectric loop. This fact suggests KN ceramics absorb very easily

moisture from the environment. Drying ceramics up to 200°C bedfweelectrical
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measurements wagstematially performed for all materials studied in this wiffigure

3. 17|shows the strain for KN left in open air and after drying.

Figure 3.16: Room temperature-E loops of pure KNb@ceramics under 50 kV/cm before (red curve) and
after (black loop) drying at 200 °C.

Figure 3.17: Room temperatur8-E loops of pue KNbQ; ceramics under 50 kV/cm before (red curve) and
after (black loop) drying at 200 °C.
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The RE loop measured before drying, resembles the hysteresis loop reported kst Birol
al in 2005. Indeed, £ P: andEc values are very similar to the values measured in the
present work,120 uC/cn?, 118 uC/cen? and 120 kV/cm, respectively. In contrad®:-E

loop measured after drying, resembles the hysteresis loop reported by Kagiratito
2003. Again, B Pr andEc values are like the values obtainetl,0 uC/cn?, 18 uC/cn?

and 120 kV/cm, respectively. Significant differences are not observed for-#Béddps
before and after drying. KN exhibitsn&value of approximately 0.06%, which is in
agreement with values measdrby Kakimotoet al The absorbed water makése
ceramics more conductive anglves rise D current instead of inducing eleictr
polarization with thepplied electric field. Therefore, thegh P values reported by Birol

may be ovesestimated.

Polarisation vs electric field (E) and strain vs electric field {5) loops measured at
room temperature for KN ceramics under high electric fields up to 80 kV/cm, are shown

in|Figure 3.18jandFigure 3.19| respectively. Pure KN exhibits hysteresis loops typical

for ferroelectric materials, which become larger wiitncreasing electric field.
Furthermore, KN sample is able wathstand an eledt field of 80 kV/cm showing a

maximum spontaneous polarisatior)(Bf y16.4 uC/cni, a remnant polarization (Pof

f13.8 pC/cntand a coercive field @ of f27 kV/cm|Table 3.7|displays the P P and

Ec values under the different electric fields.

Figure 3.18 Roomtemperature = loops of pure KNb@ceramics under different electric fields (50
kV/cm, 60kV/cm, 70kV/cm and 8kV/cm).
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The shape of & curve is the standard butterfly curve that is usually observed in
ferroelectrics|Eigure 3.19?. The maximum strain (&) for KN is about 0.092% under

80 kV/cm. In addition, the -& curve shows that the negative strain can re&c82%,

which is due to ferroelectric domain and domwall switching. The & valuesunder

the different electric fields are also showlmble 3.7

Figure 3.19: Room temperature-B loops of pure KNb@ceramics under different electric fields (50

kV/cm, 60kV/cm, 70kV/cm and 8kV/cm).

Electric Field Ps Pr Ec Smax
(kVicm) (uClcm?) (uClcm?) (kV/icm) (%)

50 11.20 7.94 13.00 0.062

60 14.83 12.67 23.5 0.070

70 15.51 12.67 24.81 0.086

80 16.56 13.85 27.43 0.092

Table 3.7: Ps, P, Ec and SwaxVvalues of KN at RT under different electric fields (50 kV/cm, 60 kV/cm, 70

kV/cm and 80 kV/cm).

The characteristic ferroelectric paramet@s P, Ec) and the maximum strain &) of

stoichiometric KN tendo increase with the increase of the electric field applied.

The temperature dependence of the ferroelectric |

Fapgare 3.20

and the strain curves

Figure 3.21) are also investigated in this work. At first glanedyenincreaing the

temperaturethe hysteresis loops become narrower and taller. This can be translated into
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an increase offand Rvalues and decrease of with the temperaturéJnder50kV/cm,
the maximum values are observed at 160¥nfPy23 uC/cnt, P of 20 uC/cn? and &
of y14 kV/cm. R, B, Ec and SaxValues at different temperatures, are shmE’ fable 3.

Figure 3.20: P-E loops of pure KNb@ceramics under 50kV/cm at different temperatures (RT, 40°C, 60°C,
80°C, 100°C, 120°C and 140°C).

The maximum strain (R for KN is about 0.097% under 50 kV/cm at 160°C. This value
is slightly higher than thenraxvalue at 80 kV/cm at RT. In addition, theEcurve shows

that the negative strain can readh025%, which is related witferroelectricdomain

switching. SnaxVvalues at different temperatures are showhahle 3.8
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Figure 321: P-E loops ofpure KNbQ ceramics under 5KV/cm at different temperatures (RT, 40°C, 60°C,
80°C, 100°C, 120°C and 140°C)

Temperature Ps Pr Ec Smax
(°C) (uC/cm?) (uClcm?) (kVicm) (%)

RT 11.19 7.92 12.52 0.061

40 16.18 12.34 12.52 0.071

60 16.18 11.86 12.29 0.075

80 16.42 12.19 12.61 0.078

100 17.16 13.25 13.02 0.083

120 19.62 16.51 14.58 0.091

140 21.21 18.58 14.44 0.096

160 22.50 20.45 14.17 0.097

Table 3.8: Ps, P, Ec and Sax values of KN under an electric field of 50kV/cm at different temperatures
(RT, 40°C, 60°C, 80°C, 100°C, 120°C and 140°C).

Ferroelectric parameters ok, and £ of KN ceramic continuously increase with

increasing temperature. This tendency goes agtingsults presented by Biret al

where R decreases with areasingemperature. Again, this fact is an evidence of their

measurements brg strongly affected by conductivity on the samples. Basically, during

their measurements, moisture is driven @ifheating, and timgpolarisation apparently

drops.
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3.6. Optical characterisation

3.6.1. Diffuse Reflectance Spectroscopy

Figure 322[showsdiffuse reflectance datBirect ard indirect banejaps were calculated

from these measurements usthg KubelkaMunk function As discussed in Chapter 1,
there is controversy in the literature about the nature of-gapdor KNbQ. Therefore,

direct and indirect bandaps were determing&igure 3.23landFigure 3.24).

Figure 3.22: Diffuse reflectance (%) data f&iNbOsz, Ko.9dNbOz 975and KNhy 950, 875 ceramics

Stoichiometric KN exhibits a direct bandam of 3.64 eV. Noistoichiometric
compositions present narrower bagaps probably due toybridisedorbitalsgenerated

by oxygen vacancies.-Heficient and K excess samples present 3.34 and 3.31 eV values
respectively. Indirect bangaps follow the same tre@. The narrowest
bandgap is estimated for KNRsO2 .75 which in principle has a larger concentration of

KNbo.9502.875and2 8{+5 8!'for Ko odNbOz.97.
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Figure 3.23: Tauc plot fordirect bandgaps ofKNbOs, Ko.9sNbO» 975and KNy 950, 875 ceramics

Figure 3.24: Tauc plot forindirect banegaps ofKNbQOs, Ko.9sNbOs.;and KNy o503 ,ceramics

The indrect bandgap for stoichiometricomposition is 3.23 eV. eficiency and K
excess samples show 3.18 and 3.15 eV values respectively. Calculateghparate
summarised iF able 3.9(for pure KN anchonstoichiometric composition.

Band-gap ud yy Ugapl Yomarp Ul gapyosap
Direct (eV) 3.64 3.34 3.31
Indirect (eV) 3.23 3.18 3.15

Table 3.9: Direct and indirect values for pure KN and rtoichiometric composition.
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3.7. Discussion

Stoichiometric KNbQ@ ceramics and compositions altered with potassium and niobium
deficiency were prepared by schthte reaction to examine the impact of potassium
losses during the ceramic processing. Indeed, potassium volatilisation hinders the control
of the stoichiomeyr of KNbQOs, which leadsto the formation ofsecondary phase,
KsNbsO17 (ICDD# 00-031-1064). This phase is highly hygroscopic. Two series of
KNbO3z, Kood\NbOz975 and KNy .osO2.875 were prepared following two different
procedures, Method 1 and Method 2. All materials in this work are based onzKidbO

this reason it was important to standardise a route which allows to prepare dense single

phase KNb@ceramics.

Two main lines of KNceramic preparation can be distinguished in the literature: (1)
single calcination and (2) double calcination steps for the synthesis. Method 1 and Method
2 present two stages during calcination that should provide more effective route in
obtaining dens&N ceramics. Method 1 is inspired on the most commonly used route in
literature(Kim et al., 2014; K. Matsumoto et a2007; H. Nagata, Matsumoto, Hirosue,
Hiruma, & Takenaka, 2007Jirst calcination (625°C) occurs at lower temperature than
the second calcination (1000°C), which is clasthe sintering temperaturen@he other
hand, Method 2 is based on Kakimotadies. Compact powders are doubly calcined at
lower temperatures (850°C). By inspection of ¢thestal purity, the shrinkage behaviour
and the stabilityin water of KNbOs, Ko.0sNbOz.975 and KNhy.o502.875 ceramics,it is
determired Method 2 is more appraptefor their preparation by conventional sefithte

reaction.

Firstly, the volatility of K is exacerbated when the material is treated above 1000 °C.
Therefore, Method 1 promotes K losses and consequently the appear&nbkgid:;.
Secondly, K lossesare also inhibited if the powders are compacted during the calcination.
And thirdy, the control of firing environment with atmospheric powder and double
crucible during the sintering, reduce the K losses and enhance the densifithgbn
relative densit (>94%) is achieved for stoichiometric KN ceramics, as reported by
Kakimotoet al
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Once the ceramic processing was optimid€@dpOs, Ko 9sNbO, 975 and KNIy.9s02.875
ceramicswere characterisedh terms of the structure, morphology and electrical

properties.

XRD and Raman results determinat KNbOs, Ko.9sNbOs.; and KNIy.o50s./ ceramics
can be described by amthorhombiccrystal structure (Amm2 space grouplowever,
these three cupositions exhibit significandifferences. Stoichiometric KNshows
large cubic grains up to-8 um. Being singlephase, these ceramics densify relatively
well to 4.35(3) g/criwhich correspond® 94%relative density. KNb@ceramics with
potassium excess exhibit lower densificatid8%%) and the grain growth is inhibited
(600-800 nm). Finally, low density<@0%) deliquescence in water and the appearance
of secondary phase {(KbeO17) characterise the Jddeficiency samples. Different
temperatures are required to Sirtf&bOz, Ko.og\NbO, 97sand KNy 9502875 Worth to be
undelined, the variation obnly 5% of K content in KN ceramics induces changes in the
purity, crystallisation, microstructure, stability and densificatidemperatureof the
samplesThese results demonstrate the sensitivity of this compound to the staattyiom

and highlight the need of controlling the potassium losses during the processing.

Low densities in norstoichiometry samples limit the study of electrical properties.
Hence, only KN ceramics we electrically characterise@ihe mixed sharp peak cergdr

at 192 cmtin Raman spectra is the fingerprint of the leagge polar order in KN
compounds. Indeed, KN is a typical ferroelectric materiatge anomalies in the relative
permittivity ( Yj) as a function of temperature corroborate ferroelectric phase transitions,
from cubic totetragonal phases (P4mm)3&8 °C (Curie point) anftom tetragonal to
orthorhombic (Amm2) at@°C. For single crystal phase transitions occur at 410°C and
200°C, ekibiting large temperature hysteresis between the heating and the cooling
(Shirane et al.,, 1954)In contrast, ceramics do not show thermal hysteresis for
orthorhombieto-tetragonaltransition but T during the heating is110°C higher than

during cooling

P-E loops reveaKN ceramics left in air absorb moisture from the environment, which
makes the sample more conductive and leads teastenate Ps, Pr and E values, as in
the cae of FE loops reported by Birel al Prior drying at 200°C enables the application

of 80 kV/cmat room temperature to KNR@eramics, which exhibtypical ferroelectric
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polarisationelectricfield loops, as previously reported by Kakimetoal Enhancement

of spontaneous and remanent polarisation are observed when the temperature increases.

Finally, drect (and indirect) bandjap of KNbOs was estimatedat 3.64 eV (3.23V).
However, norstoichiometriccompositions present narrower begaps. Inéed, k
2 8+ 8lon the Kdeficiency compound, which may decrease the fmamlenergy. This
phenomenon wassd observed on nestoichiometridBaTiOz ceramicgLee, Woodford,
& Randall, 2008)

3.8. Conclusions

Densification issues on preparing pure KN ceraiie intimately related with the
stoichiometry of the compound. The high volatility of K, the easy formatioma of
hygroscopic secondary phageslbsO17) and moisture absorption during the process
makes the manufacture of KNb©@eramicsdifficult. In this chapter, these difficulties
were circumvented through the introduction of appraemnaeasures to control K losses
during the heat treatments. This investigation alemahstrates the susceptibilibf
KNbOs to small variations on potassium levels. Finaltiense singkphase KNb®@
ceramics were prepared. Furthermore, in this chapter the dependence of dielectric,
ferroelectric and piezoelectric properties for KNb@iith the temperaturgvas shown
Spontaneous polarisation 423 pC/cn? and maximum strain d¥.1% is obtained under

50 kV/cm at 160°C. FinallyKNbOs, Ko.osNbOz.97sand KN.osO2875 exhibit direct (and
indirect) banegaps of 3.64 eV (3.23 eV), 3.34 eV (3.18 eV) and 3.31 eV (3.15 eV),

respectively.
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4. System(1 ix) KNbO 3-x(Bao.sBio.5)(Zno.sNbo.5)O3

4.1. Introduction

This chapters devoted to the synthesis and characterisation of powders and ceramics in
the binarysystem (1x) KNbOs-x Bay.sBio.sNbo.sZno.s03 (KBBNZ) with x=0, 0.05, 0.10,
0.15, 0.20 and 0.25. Details orramic processingstructural dielectric, ferroelectric,

piezoelectric and optical properties are presented.

The investigation ofhis systenwas motivated by a recetiteoretical work on bandap
engineeringf ferroelectric KN(F Wang, Grinberg, & Rappe, 2014 heir first principle
calculations with HSEO06 functiongledicta band gapf 2.92 eV for 0.75 KNb@0.25
(Bao sBio.5)(Zno.sNbo 5)Os and a spontaneous polarisataf-38 FC/cn?, which is typical
for a robust ferroelectric materidlhe origin of the bangap narrowingllegedly relies
on Zn?* substitution for highevalence NB* in KNbOs, which gives rise to increased
repulsion between the O 2p and Zn 8thtes and thereby to a hay valence band
maximum (VBM).The shift up of the VBM is drien by the repulsion between then
bonding 3d°orbitals of Zi* and the 2porbitals of G. In addition, the conductioband
minimum (CBM) which mainlyconsists of Nb 4d states is ess&ht preserved from the
parentKNbOs. Hence, the CBM idependenon the offcenteringdirection of the Bsite
cation. Presumably, the combination of these two effeetsowsthe bandgap of the

parent KN moving it into the visible range.

In this work, KBBNZ systemwasprepared by solid state reaction and theegimental
results validate previous firgrinciples calculations of the band gap for x =0.25, which
also appes to be norferroelectric. In addition, a piezoelecttiz-electrostrictive

crossoveis also unveiled.




Chapter 4 System (&) KNbQ:- x (Bay.sBio.s) (Zno.sNho.s) Oz

4.2 Structural and chemical characterisaton

4.2.1. Purity and X-ray powder diffraction

KBBNZ powders were prepared by the sedidte reaction routeStarting aides and
carbonategK2COs, Bi20Os3, BaCQ, NbOs, and ZnQ were weighed in required molar
ratiosaccording to th€1-x) KNbOs-x Bao.sBio.sNbo.sZno.503 formulaand mixed for 2
h. Slurries were dried and subsequently passed through250 mesh sieve Double

calcination in air at 8 °Cwas carried outdllowing method 2 from Chapter. Room

temperature Xay diffraction (XRD) data foKN-BBNZ powders are shown|figure 4.

Figure 4.1 Room temperaturRD datafor KBBNZ x=0, 0.05, 0.10, 0.15, 0.20 and 0.28wders after
double calcination in a&t850°C.

After two calcinations at 850°C, all oxides and carbonates appear to have fully reacted,
as supported by the absence of any reflection associated with those cipeetigedors

Indeed all reflections in the traceshown inFigure 4.1|can be assigned to phases with

the perovskite structure. At first glance, all compositions appear to be-pmage,

however a closer inspection reveals dppearance afearly undped phase. The latter
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is indicated by the dashed line in part (QFafure 4.1 From this figure it is also evident

that the position of the reflection associateithvwhe undoped phase remains virtually
unchanged, however its intensity decreases with the increasing x. Basically this
obsevation shows that at low dopadet/els homogenisation is more difficult to achieve.
Conversely, the shoulder that start appeamnBBNZ x=0.05 shifts slightly towards

lower angles with increasing making the peak splitting clearhis swggests there are
some difficulties irthe simultaneousncorporation oBa*?, Bi*3, Zn*2 and NB°® into the

KN lattice, using the processing conditions established in Chapter 3 for undoped KN.

The calcined powdersereuniaxially pressed into pellets undetoh. Then, greebodies
were fired in air for 12 hours at temperatures ranging from 1070 t0 1CO using a

controlled heating rate of 3 °C/miRoomtemperature Xay diffraction (XRD) data for

KBBNZ ceramics are shown(|ifigure 4.2

Figure 4.2 Room temperatur&RD datafor KBBNZ x=0, 0.05, 0.10, 0.15, 0.20 and 0@Famicssintered
at 1100°C

The XRD pattern of KN (x=0) ceramics exhibits waéfined sharp peaks which can be
indexed to an orthorhombicell with Amm2 symmetry. All reflections for doped

compositions shift systematically towards loweadhgles, indicating an increase of the

unit cell size with increasing [Eigure 4.2|(b) shows the evolution of the triplet indexed
as (040), (400) and (222) for pure KN with increasing 8B sNbo.sZno 50z content. A
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single peak is visible for the rest compositions. However, the wide peak for x=0.05 still

exhibits a average orthorhombic symmetry. For x=0.10 and 0.15, a shoulder is visible

on the higher Aside indicating the coexistence of two phases. Finally, the sharp peaks

for x=0.20 and 0.25 suggest an average cubic symmAirgrage lattice metrics

calculatedrom the Rietveld refinemermtf XRD data for all BBNZ ceramics are given

in|Table 4.1|ang

Table 4.2

tables.

Experimental and relative densities are also included in the

Table 4.1: Experimental and theoreticakdsity, lattice parameterand agreement indices calculated by

x=0 x=0.05 x=0.10
Space Group Amm2 Amm2 71.8(4)% Amm2  28(1)% Pm &n
Density
(Experimental) 4.35(3) 4.42(11) 4.86(6)
(g/cn?’)
Density
(calculated) 4.6273(1) 4.6523(4) 4.8888(2)*
(glcm?)
Relative 94(1) 95(2) 98(D)*
Density (%)
a (A) 3.9711(1) 4.0057(1) 4.0266(1) 4.0204(1)
b (A) 5.6909(1) 5.6763(3) 5.6927(1) 4.0204(1)
c(A) 5.7158(1) 5.6935(3) 5.6822(1) 4.0204(1)
V/10° (pm?3) 64.576(2) 64.729(5) 65.128(3) 64.983(3)
Rexp 1.26460 1.45269 1.45707
Roprofile 2.97912 2.31942 2.03994
Rwp 4.65175 3.29451 2.95423
GOF 13.53086 5.14322 4.11080

RietveldRefinement for KBBNZ (x=0, 0.05 and 0.10)Weighted averaged of the two phases.
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x=0.15 x=0.2 x=0.25
Space Group  28.5(3)% Amm2 71.5(6)% Pmim Pm &n Pm &n
Density
(Experimental) 4.96(8) 4.42(11) 5.24(13)
(g/cn?)
Density
(calculated) 5.020(3)* 5.186(3) 5.3168(2)
(g/cmd)
Relative 98(1)* 96(2) 98 (2)
Density (%)
a (A) 4.0399(6) 4.0268(1) 4.0276(1) 4.0331(1)
b (A) 5.6730(20) 4.0268(1) 4.0276(1) 4.0331(1)
c (A) 5.681F20) 4.0268(1) 4.0276(1) 4.0331(1)
V/10°8 (pm?3) 65.100(3) 65.294(3) 65.334(4) 65.602(3)
Rexp 1.44527 1.44843 1.23751
Rprofile 2.18202 2.40865 1.47899
Rwp 2.75964 3.17362 4.44817
GOF 3.64964 4.80078 9.04555

Table 4.2: Experimental and theoretica¢udsity,lattice parameterand agreement indices calculatedRistveld
Refinement for KBBNZ (x=0.15, 0.20 and 0.25Weighted averaged of the two phases.

KBBNZ ceramics reached relative densities above 95% of theoretical deAsity.
mentioned in Chapter 3upe KN (x=0) is assigned to orthorhombic phasgmmetry
group Ammz2). XRD data of KBBNZ x=0.05 is also attributed to orthorhombic phase.
Patterns for x=0.10 and x=0.4abe acceptably refineaks a combination afrthorhombic
phase (spacgroup Amm2) and cubiphase (space group P#m). The relative content

of orthorhombic phase falls fromy70% (x=0.10)to y30% (x=0.15). XRD results for
x=0.20 and x=0.25 are well ascribed to cythase

The wnit cell volume for the orthorhombic phagenim?2)increases linearlypito x=0.10.
Orthorhombic and cubisymmetries coexisat x=0.10 and 0.15but beyond hese

concentrations the unit cell volume for the cubi@se also inceses linearly, as shown

in|Figure 4.3| However, the volume of the orthorhombic phase for x=0.10 is larger than

J 1o; jEm—
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the cubic phase, which is not consistent with XRD dgtagnre 4.2|(b). Probably, this

incorsisteng arises from the low resolution in XRD measurements, which generates
difficulties with RietveldrefinementThe variation of theall volume for the singlghase
FRPSRVLWLRQV IROORZV 9HJDUGYV ODZ

Figure 4.3.: Compositional variation in the unit cell volume for {) KNbOs-x (Ba sBio.s) (Nbo.sZng5) Oz
"1 FHUDPLFV

4.2.2. Raman Spectroscopy

Roomtemperature Raman spectra for KBBNawderscalcined twice at 850°@re

illustrated inFigure 4.4| All dopedcompositions pFsent the same general spectral

features as undoped KN (orange spectruRgnan modes for doped compositions
become broader and slightly shift to lower wavenumbers. From these results the
coexistence of orthorhombic and cubic phases is not immediately discernible, however
the presence of orthorhombic phase in all compositionsrislmarated by the presence

of sharp mixed mode at 192 ¢nand the A(TO)+A1(LO) peak.In contrastsignificant

changes appean Raman spectra for KBBNZ ceramig@Sigure 4.5|).
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Figure 4.4.: Roomtemperature Raman spectra for KBBNZ” [
times.

calcinedpowdersat 850°C two

Figure 45.: Roomtemperature Raman spectra for KBBNZ" [
ranging from 1070 to 1100 °C

sintered ceramicat temperatures
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The increasing broadening of modes in the Raman spectra with increasing x, is consistent
with increasing lattice disorder. As described in Chapter 3, pure KN (x=0) exhibits 12
Raman active opticamodes. KBBNZ ceramics exhibit similar features to KN. In
addition, new modes emerged which are labelled as 1, 2, 3 and 4. At this point, their origin
is puely speculative. Mode 1 emerges arouri®0 cm!, whereas mode 2 appears at
175 cmt, as a shoulder to the sharp mixed mode at 192 dinese modes are fairly
static, as they only shift by1 cniover the entire compositional range, but their relative
intensity increases continuously.the past, they have been associated-@ Vibrations
within nm-sized clusters rich in either Biand/or K cations. Modes 3 and 4 appear on
both sides of the gh frequency ALO) mode. These have been previously associated
with breathing of the Bébctahedra, when occupied by different&ions.Doping also
leads to softening of some modes. For example, tfEO) mode at 600 cm*for x=0

gradually softens t685 cm'for x=0.20, due to the increase in the unit cell volume, as

shown inFigure 4.3 Indeed, softening of this -®b-O symmetric stretching mode is

known to ocar in undoped KN with increasing temperature, as expected from the lattice
thermal expansion, which implies a lowering of the force constants. In contrast, the
B,(TO) mode at 532 cm!shows no compositional shift. The relative intensity of the
A1(TO) inrelation to the BTO) decreases continuously with increasing x. For x=0.25,
the A(TO) mode is considerably less intense than t{@®). The occurrence of long
range polarisation in KN is ultimately associated with the presence of the mixed peak at

192 cm?, which therefore can be used to monitor the polar nature eb#d¢d solid

solutions, as shown Hdyuismanet al, 201Figure 4.6|illustrates theshifting of modes

B1(TO) and A(LO) for powders (dark squares) and ceramics (red circles). The shift of
B1(TO) mode is more accentuated in ceramics than pow@arthe other hand, mode

A1(LO) is approximately constant in both, powders and ceramics.
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Figure 4.6.: Shift of modes BTO) and A(LO) for powders (dark squares) and ceramics (red circles) as a
function of x.

In-situ Raman analysis betweelB0 and 280°C for KNFigure 4.7) clearly show the

three different polymorphs (Rhombohedral, orthorhombic and tetragonal). In contrast,

Figure 4.8|suggests the crystal symmetry for x=0.25 is unchanged in this temperature

rangg.

Figure 4.7.: In-situ Raman for KNb@showing the typical spectrum for each of the three ferroelectric
SRO\PRUSKYVY 7KH VKDUS PRGHVY DUH UHJDUGHG DV 3ILQJHUSULQYV
BoseEinstein factor.
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Figure 4.8.: In-situ Raman for KNBBNZ x=0.25, showing both the absence of structural phase transitions.
Data corrected with the Bogginstein factor.

4.2.3. SEM

SEM images for BBNZ (x=0, 0.05, 0.10, 0.15, 0.20 and 0.25) ceramics are shown in

Figure 4.9t13. Unpolished and polished surfasere examinedor KBBNZ (x=0, 0.05,

0.10, 0.15xompositionbecausef difficulty to distinguish the graingven after thermal

etching.

Figure 4.9.: SEM image of polished (a) and unpolished (b) surface for KN ceramic.
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Figure 410.: SEM image of polished (a) and unpolished (bjaxe for KBBNZ x=0.05ceramic.

Figure 4.11.: SEM image of polished (a) and unpolished (b) surface for KBBNZ x=0.10 ceramic.

Figure 4.12.: SEM image of polished (a) and unpolished (b) surface for KBBNZ x=0.15 ceramic.

J oo JEm—
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Pure KN |Eigure 4.9|) ceramic exhibits cubic shaped grains, with smooth surface and

their size varies from @m to S5pum. After doping, grain growth is inhibited, slsown in
SEM image of KBBNZ x=0.0%Kigure 410), x=0.10|Figure 4.11]) and x0.15|Figure

4. 12|) microstructures. Grain size varies between 300 nm and 500 nm and has the

tendency slightly increases with increasing x value. The abseradsadt anyporosity
in polished surfaces confirm the high experimental density of the ceramics. SEM images

of thermal etched KBBNZ x=0.20 and x=0.25 ceramics are givgfigare 4.13/and

Figure 4.14

Figure 4.13: SEM image of polished surface for KBBMNZ0.20 ceramic

Figure 4.14: SEM image of polished surface for KBBNZ x=0.25 ceramic.
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Again, KBBNZ x=0.20 and x=0.25 ceramics reveal high density, in agreement with the
experimental densities (both above 96%) reportedable 4.2.Unlike the samples
previously described, the growth in grain size is accentuated for these compositions,
rising up to ~700 nm for x=0.20 and up to ~1um for x=0.25. In summary, the morphology
of KBBNZ ceramics is strongly dependent on the $B# sNbo.sZno sO3 content.

4.2.4. EDX

Chemical analyses and element distribution (K, Nb, Ba, Bi and Zn) for KBBNZ (0.05
[” 5) ceramics are obtained by EDX analyses. Theoretical and experimental K/Ba,

K/Bi, K/Nb and K/Zn ratos are reported and compare(lable 4.3;7. Relative error is

provided as a mathematical means for comparing experimental and theoretical values.

For x=0.05(Table 4 3), experimental K/Nb, K/Ba and K/Bi fractions match to theoretical

ratios within margin of error. In contrast, K/Zn ratio is almost the double of theoretical
ratio, which indicates concentrati of Zn is much lower than it should BEhis fact

suggest ZnO presents difficulties on reacting with the resthefoxides

x=0.05
Theoretical Experimental Relative error (%)
Y 4 38 34(3) 10
' 38 42(5) 10
Wy - 0.974 1(2) 3
WW " 38 60(2) 58

Table 4.3: Experimental (average) and theoretical K/Ba, K/Bi K/Nb and K/Zn ratios for 0.95 KNbO
0.05Bay sBin.sZng sNbg 503 ceramic sintered at 1070°C.

Chemical inhomogeneities are found on the surface of KBBNZO&=F-or example, a

big grain with fibre/cylindric shapés richer in Ba, Bi, and Zn and poorer in K, in

comparisorto the matrix.|Figure 4.15). Difficulties on homogeneously incorporating

small quantity oBa'? Bi** andZn*? are found.
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Figure 4. 15. Scanning electron image and EDX spectrograms of unpolished 0.95 XBIB®
Bay sBiosNbg sZng 03 ceramic sintered at 1100°C.

Table 4.4|shows the experimental and theoretical K/Nb, K/Ba, K/Bi and K/Zn ratios and

relative error for x=0.10 composition.

x=0.10
Stoichiometric Experimental Relativeerror (%)
"W 18 17(2) 5
' 18 24(6) 33
Wy - 0.947 1(2) 6
W 18 28(6) 60

Table 4.4: Experimental (average) and theoretical K/Ba, K/Bi K/Nb and K/Zn ratios for 0.90 KNbO
0.10 BaysBin.sZng sNbg 503 ceramic sintered at 1070°C.

Inside the margins of error, empirical K/Nb, K/Ba, K/Bi and K/Zn values fit with
theoretical. Again, the high K/Zn value indicates low concentration of igrgfains with
fibre/cylindric shape are also detected on KBBNZ x=(c&famic. These regions are

characterised by low K concentration (calculated ratidsgare 4.16' but also Zn is not
detected.
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Figure 4.16: Scanning electron image and EDX spectrograms of unpolishéd KN®O; +0.10
Bao sBio.sNbo 52N 503 ceramic sintered at 1100°C.

J 1:: -
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Table 4.5||Table 4.6|andTable 4.7|report the EDX results for KBBNZ x=0.15, x=0.20

and x=0.25 ceramics, respectively.

x=0.15
Stoichiometric Experimental Relative erro(%)
Wi 4 11 10(2) 9
W, 11 12(5) 8
Wy - 0.919 1(2) 9
WA 11 12(3) 9

Table 4.5: Experimental (average) and theoretical K/Ba, K/Bi K/Nb and K/Zn ratios for 0.85 KNbO
0.15 BaysBio.sZnosNbo 503 ceramic sintered at 1070°C.

x=0.20

Stoichiometric

Experimental

Relative error(%)

W 4 8 9(2) 12
Wy, 8 8(4) 0
Wy - 0.889 1(1) 12
Wy 8 10(3) 25

Table 4.6: Experimental (average) ankeoretical K/Ba, K/Bi K/Nb and K/Zn ratios for 0.80 KNbG:
0.20Bay sBio.sZng sNbo 503 ceramic sintered at 1070°C.

x=0.25

Stoichiometric

Experimental

Relative erro(%)

WK 6 5(1) 16
Wy, 6 6(3) 0
Wy - 0.857 1(3) 16
W 6 6(2) 0

Table 4.7: Experimental (average) and theoretical K/Ba, K/Bi K/Nb and K/Zn ratios for 0.75 KNbO
0.25 Bay.sBio.sZnosNbo 503 ceramic sintered at 1070°C.

The values reported in these tables are an average of a set of meatsyriraecan be

refered in Appendix B.

From x=0.15 to x=0.25, experimental K/Ba, K/Bi, K/Nb and K/Zn ratios tend to

continuously get closer to the theoretical stoichiometry. The high K/Zn ratio commented

J 1/ [E—



Chapter 4 System (&) KNbQ:- x (Bay.sBio.s) (Zno.sNho.s) Oz

for x=0.05 and x=0.10, is not observed in the résh@compositions. This fact supports

the hypothesis that difficulties on introducing Zn into KN matrix are more accentuated
for low concentrations of B4 Bi*® and Zri?. Indeed, relative errors are significantly
lower. Standard errors also seem slighalyer for x=0.15, x=0.20 and x=0.25 than for
x=0.05 and x=0.10. Therefore, compounds with low concentrations of x present more
difficulties in obtainng a homogeeous element distribution. This statement is also
supported by EDX mapping of K, Nb, Ba, &id Zn on KBBNZ x=0.10 samp|&igure

4. 17) and x=0.25|Figure 4. 18). Overdl, the elements are more homogeneously

distributed on KBBNZ x=0.25 than x=0.1oreover, the presence Bh-rich regions in
KBBNZ x=0.10 confirm this oxide has more difficulties to diffuse into KN lattice than

the other oxides, under the conditiddaw concentration of dopants.
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Figure 4.17: (a) SEM image of the examined region with EDX spectra and experimental and theoretical
atomic percent are provided. (b) EDX mapping of K, Ba, Bi, Nb and Zn for KBBNZ x=0.10.
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Figure 4.18: (a) SEM image of the examined region with EDX spectra, experimental and theoretical atomic
percent are provided. (b) EDX mapping of K, Ba, Bi, Nb and Zn for KBBNZ x=0.25.

4.3 Electrical Characterisation
4.31.Dielectric Characterisation

The temperature dependence of the permittivi¥y, for KBBNZ ceramics (x = 0
0.050.10, 015, 0.20 and 0.25) measuredl@0d kHz is illustrated iEigure 4.19\which

gives information abouhe impact of dopingn the phasdransitions.
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Figure 4.19: Temperature dependence §ffor (1-x) KNbO3 % Bag sBio sNbo.sZno.s0s solid solution at 100
kHz, during cooling

As described in Chapt8f KN (x = 0) shows two maxima at205°C and 1400°C (Curie
temperature), respectively corresponding toorthorhombieto-tetragmal and the
tetragonato-cubicphase transitions, respectively.this system, dielectric anomalies are
visible up x=0.20With increasing x, ¢ initially drops to 1370°C for x = 0.05, then it
increases tal387°C for x = 0.10 andsubsequentlgoes dowragainto 1370°C for x =
0.15.This normonotonic T variation occursvithin the multiphase congsition range,
which suggests aon-homogeneous distribution obgdants between the orthorhombic
and cubic phasess shown by the EDXesults For x=0.2Q two dielectricanomalies,
probablydue to a residual orthorhombic phase still presentFinally, for x = 025, Y
decreass continuously upon increasitegnperature. No dielectramomalies are detected
in this temperature rangevhich suggests that thiompositionhas an average cuab
crystal structure. It is noted, KBBNZ x=0.18,20 and 0.25 ceramics exhitdrger ¥%

values atower temperatures

Frequencydependat measurements (100 kHz, 250 kHz and 1 MHz) of the relative

permittivity and dielectricdss are provided for indidual compositions, shown|kigure

4.20t24. A strong frequency dependence is observed for x=0.05 and 0.10, as illustrated

in|Figure 4.20[andFigure 4.21] respectively. The corresponding temperature for the
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dielectric anomalies remains almost unaltered, bt magnitude decreases with
increasing frequencyFor x=0.15and x=0.20the frequencydependence is much less

pronounced, as shown|kigure 4.22|andFigure 4.23| In these compositions, dielectric

curves exhibit shoulders instead of maximum valasthe phase transitions.

NeverthelessKkBBNZ x=0.25 composition preseta flat dielectric response with

temperature and it is not frequency dependent, as shoirgure 4.24

Figure 4.20: Temperature dependence ¥and tan Ufor 0.95KNbO; 9.05 Bay $Bio sNbo sZno 503 solid
solution at 100 kHz, 250 kHz and 1 MHz during cooling
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Figure 4.21: Temperature dependence ¥and tan Ufor 0.90 KNbOz 9.10 Bay $Bio sNbo sZno 503 solid
solution at 100 kHz, 250 kHz andViHz during cooling

Figure 4.22: Temperature dependence ¥and tan Ufor 0.85KNbO; 9.15 Bay $Bio sNbo sZno 503 solid
solution at 100 kHz, 250 kHz and 1 MHz during cooling

Jj 1o JE——
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Figure 4.23: Temperature dependence ¥and tan Ufor 0.80 KNbO3 9.20 Bay $Bio sNbo sZn 503 solid
solution at 100 kHz, 250 kHz and 1 MHz during cooling

Figure 4.24 Temperature dependence ¥and tan Ufor 0.75KNbO3 #.25 Bag $Big sNbo 57N 503 solid
solution at 100 kHz, 250 kHz and 1 MHz during cooling.

J oo [E—
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4.3.2. Piezoand Ferroelectric Characterisation

Polarisation vselectric field (PE) loops of KBBNZ ceramicsmeasured at room

temperature under an electric field of 80 &wiare showrnn|Figure 4.25

Figure 4.25: P4£ measurements for (1x) KNbOs # Bay sBio.sNbosZno s03(x=0, 0.05, 0.10, 0.15, 0.20,
0.25)ceramics.

Undoped KN (x = 0) exhibits a® loop typicalof a ferroelectric response, (descritved
Chapter 4. When Ba.sBio.sNbo.sZno 503 is substituted into the KN lattice, bothdhd E

decrease dramatically and theEHoops become increasingly slimmer as shovFigare

4. 25| For singlephase x = 0.25 with an average cubic structure, tiecBrve is virtually

linear (ysteresis free)Figure 4.26| summarises the sPPR and E values for all

composiionsat RT.
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Figure 4.26. Compositional evolution of the spontaneous polarisatign;efhanent polarisation, Bnd
coercive field Ec under 80 kV/mm at RT.

KBBNZ x=0.05 ceramics show a spontanepakarisation, B of 118 uC/cnt, a remnant
polarization, P, of 16 pC/cn?, which is roughly8 times smallei comparison wittKN,

and a coercive fieldg, of 114 kV/cm It is noted, thamaximum polarisatiorfor this
composition is highethanpure KN. Many reasons such as grain size and orientation,
domain size and density candt&ributedto be at the origin of this counterintuitive result.
For themultiphasic (orthorhombic eubic) x = 0.10, 0.15 and 0.2B continuously drops
from 110 uC/cn? to 15 pClent as well as P from 13uC/cn? to zero.Finally, KBBNZ

x = 0.25 exhibits a linear response witmaximum polarisationf 12.3uC/cn?.




Chapter 4

System (&) KNbQ:- x (Bay.sBio.s) (Zno.sNho.s) Oz

Figure 4.27: S££ measurements for (1x) KNbOz & Bag.sBiosNbosZn s03(x=0, 0.05, 0.10, 0.15, 0.20,

0.25)ceramics.

Again, a gradual decrease of the field induces stwaitih increasingx is observed. The
induced straimropsfrom 0.091% for x=0 (butterfly shap&) zero (x=0.25)For x = 0.10,
0.15 and 0.20the S4E resposes show almost parabolic shaj@s expected for an

electrostrictivanaterial) andheir maximum strainsontinuously decreasgpm 0.041%,

to 0.009%, respective\]KkBBNZ x=0.15 and x=0.20 ceramics show more accentuated

electrostrictive behaour

Figure 4. 28

(@ and

Figure 4. 29

(a)). Indeed,the

electrostriction cefficient, Q, can be determined from the S2Z@ationship, where S

and P represent the straand polarisation, respectivelyhus, this coefficient is easily

calculated from $% curves of x=0.1%nd x=0.20

Figure 4.28

(b) an(fFigure 4.29|(b)).

The dectrostrictive coefficient, Q, for x=0.15 is 0.037@1° and for x=020 Q is 0.035

m*C 2,

14, [
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Figure 4.28: (a) Parabolic & response and (b} curvefor KBBNZ x=0.15 ceramics.

Figure 4.29: (a) Parabolic & respmse and (b) $2 curvefor KBBNZ x=0.20 ceramics.

Evolution of RE and SE loopsunder different electric fields from 20 kV/am 80 kV/cm

at RT and their dependence with temperature fRmto 180 °C, are provided for

individual compositions IMPPENDIX B (section B.3)Temperature measurements are

performed under electric field of 50 kV/cm at 1 Hz, to avoid dielectric breakdown
(APPENDIX B, section B.3)

Figure 4.30

Figure 4.31

and

Figure 4.32

summarise the results of spontargou

polarisation (B), coercive field Ec) and maximum strain (Say) as a function of the

temperature and the composition (x).
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Figure 4.30: Temperature dependence qffer KBBNZ (x=0, 0.5, 0.10, 0.15, 0.20 and 0.25) ceramics
measured under electric field of 50kV/cm (1 Hz).

Figure 4.31: Temperature dependence offer KBBNZ (x= 0, 0.5, 0.10, 0.15, 0.20 and 0.25)araics
measured under electric field of 50kV/cm (1 Hz).
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Figure 4.32 Temperature dependence af.3for KBBNZ (x=0.5, 0.10, 0.15, 0.20 and 0.25) ceramics
measured under electric field of 50kV/cm (1 Hz).

Ps, Ec and Saxparameters for KBBNZ=0.05ceramic slightly decreasesth increasing
temperatureThis behaviouris due to the proximity ofthe compogion to the phase
transition from orthorhombito-tetragonal at1200°C. Indeed he polarisation decrease
in this regions reported byheoretical calculaticsfor KNbOs (Fontana, Metrat, Servoin,

& Gervais, 1984) In contrast Ps, Ec and $ax values for KBBNZ x=0.10 ceramic
increases with theemperatureProbably, this different tendency relies on the ferroelectric
unsaturation of KBBNZ x8.10 at 50 kV/cm. If thepontaneous polarisatimalues for
KBBNZ x=0.05and x=0.10at RT underan electric field80 kV/cmare compareavith

the ones at 40°C under 50kV/cm, a larger difference is midticex=0.10 (112 pC/cnr)
than for x=0.05 1 4 uC/cn¥), indicating this last composition is closer to be saturated
Figure 4.33). P, Ec and S$axparameters for KBBNZ%=0.15, 0.20 and 0.25 ceramics are

virtually maintained constant from RT to 180°C.
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Figure 4.33: Comparison of Ps values at RT under an electric field of 80 kV/cm with the Ps evolution
increasing the temperature under an electric field of 50rkV/c

4.4. Optical Characterisation

4.4.1 Diffuse reflectancespectroscopy

The excitéion across the band gap in BBIZ ceramics isssentially a charge transfer
from the O 2p states at the valermand maximum (VBM) to thélb 4d states at the
conductiorband minimum (CBM). Some insight into the batidicture and other charge

transitions can be gathered from the response to photons of different energies.

Experimentabptical band gapareobtained from the extrapolation of the linear part of
the curve(F(R)- D)" in the Tauc plots, where F(R) is Kubelkéunk formula, R is
experimental diffuse reflectance data and n determines the nature of thgalpawitrect

(n=2) or indirect (n=1/2). Diffuse reflectance (raw data) against wavenumbers is shown

in|Figure 4.34{ Moreover, Tauc plots for KNBN & "0.25 ceramics are constructed for

directlfigure 4.35) and indirectFigure 4.36) bandgaps.
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Figure 4.34: Diffuse reflectance as a functionwévelength for KBBNZ system (raw data).

Figure 435 7D XF TV dr€&Rodand dajps fdBBNZ ceramics
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Figure 436: 7D XF TV S O R W ah®& gapk QKBBNZHdJEMMIES.

First, reflectivity spectra for KBBNZ ceramics are very similar, all compostioainly
reflect in the region from 300 nm to 500 nm wavelength, and they do not follow any trend
in respecto their compositions. Direct barghps narrow from 3.42 eV (x=0) to 3.13 eV
(x=0.25).0n the other handndirect banegaps varyfrom 3.22 eV for x = 0 to 2.89 eV

for x = 0.25,in broad agreement with géhfirstprinciples calculationgF Wang et al.,
2014)andalso with experimental results for KNe(5hi, Zhang, Zhou, & Chen, 2015)

The emergence of Urbach tailevealslattice disorderin the KBBNZ compositions

indicated by an arrow jRigure 4.36| From the analysis of the Urbach tails, it is possible

to obtain the information pertaining to the dynamics of the electronic transitions, and in
principle to evaluate the impact of defects on those transitions. For example, the Urbach
energy,Eu, for KBBNZ when x =0.25 was calculated as 0.22 @oreover, theséand

gaps are consistent with tlability of KBBNZ ceramics tawithstand electric fields as

high as 80 kV cm, as previouslghown inFigure 4.25| Finally,Table 4.8|summarises
the direct and indirectbandDS YDOXHV IURP 7DXFfV SORWYV

x=0 x=0.05 x=0.10 x=0.15 x=0.20 x=0.25
Direct band-gaps (eV) 3.64 3.40 3.52 3.38 3.34 3.34
Indirect band-gaps (eV) 3.22 2.96 3.06 3.03 2.99 2.89

Table 4.8: Direct and Indirectband DSV GHULYHG IURP 7DXFYV SORW
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4.5, Discussion

Spontaneous polarisatiasf ~38 FC/cn? and a band gapf ~2.9 eVwere predictedy
first principle calculationfor 0.75KNbQG-0.25(Ba.5Bio.5)(Zno.sNbo.5)O3 composition(F
Warg et al., 2014)Motivated by this study, th@ ix) KNbOs-x (Bap sBio.5)(Zno.sNbo.s)Os
(x=0, 0.05, 0.10, 0.15, 0.20@&0.25) system was prepared by saiatereaction.

XRD patterns ofsintered ceramics reveal thaetsimultaneous incorporation &a'?,

Bi*® and Zri? into the KNbO;s parent phases accompanied withn increase ahe unit

cell volume anda change in the crystal symmetry from orthorhombic (x=0) to cubic
(x=0.25)

Even ifthe XRD patternfor x=0.05does not show the typical splitting of the peaits|,

it is ascribed to orthorhombic symmetrdyor x=0.D and x=015, XRD patterns are
interpreted as a combination KN-based phase (space group Ammz2) and a qliase
(space groupm- &n). In addition,a fibreshaped Kdeficient phase is detected by SEM.
XRD pattern of KBBNZ x=0.20 is awsistentwith cubic symmetry. Howeverthe
presence of spontaneous polarisafidh puC/cnr) evenin this compositiorsuggests the
presene of some residual orthorhomb{&mm2) phases, but at a leveklow the
detection limit of then-house XRD. Thiss consistenwith the decrease of the relative
intensityof the Raman mode at 192 énffingerprint of the longange polar orderin
comparisorwith the mode 2, as illustrd inthe expanded region @ The

presence of this residuaithorhombic phase is also respduesifor dielectric anomalies

in x= 0.20ceramics, as showfigure 4.24

Finally, XRD pattern foix=0.25is alsoattributed to cubic symmetry. Nevertheless, the
presence of intense broad modes in the Raman spectrum ofdmgdesprovides ample
evidence that their local crystal symmetry cannot be described by the culbinBpace
group. The presence of' KBa?* and BF* in the A-sites and N¥ and Zr#* in the Bsites

not only inducs local strains due to the difference in ionic radii, but also due to the
hybridization between the Bone-pair of electrons of Bf with both empty 6porbitals

of Bi** and 24 electrons of & which foreshortens the &) covalent bonds. Bi cations

in perovskite compounds tend to -@#nter, often inducing rhombohedral distortions,
thereby relieving the tensile bond strain of shorte©OBionds. All the aforementioned

local deformations allow for strong Raman scattering on materials, whose averagje cryst
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structure may be described by the cubic- mspace group, since the ions are locally
displaced away from the centre of inversion. Octahedral tilting due to smallewBich

is a common distortion mechanism for reducing th® Aond strain in perovgks, can

be partially counteracted by the equivalent concentration of largér iBaKBBNZ
ceramics. In summary, the Raman spectrum for x=0.25 provides a strong spectroscopic
indication for the occurrence of sheenge lattice deformations, which couldtrbe
resolved from the XRD data, but also rules out spontaneous polarisation in those

ceramics.

The change of the cri@ structure with the increase of tfiBao.sBio.s)(Zno.sNbo.s)Os
content into KNbQ@ generates changes on the electrical and opticglepties of the
materials.Gradual loss of the FE properties occurs with increasing x. This fact is
suggested by monitoring the Raman peak at 192! @nd confirmed byP £

measuremenig-igure 4.25) in combination with SE curveqFigure 4.27) and dielectric

data{Figure 4.19’.

The strain curvgevolve from a butterfly shape (x=0) to nogsponse (x=0.25). For

intermediary composition®(15 and 0.2)) S &£ responses show almost parabshapes,

as shown ifFigure 4.28lanqFigure 4.29| Their maximunstrain valuesirop t00.021%

and 0.009%and the electrostriction coefficients for x=0.20 and x=0.25 are estimated,
0.037 MC2 and 0.035 fC'?, respectivelyThese values are even larger thiae well
known electrostrictive material Pb(MgNbz3)Os (PMN) having Q of 0.24 m*C ™
(Kuwata, Uchino, & Nomura, 198@yith a maximum strain of 0.22 at 40 kV cm.
However, the value of strain gf= 0.05is comparatively lowElectrostriction in PHree
materialshas been investigated in recgaars(Bai, Li, Wang, Shen, & Zhai, 201 5eifei
Wang, Jin, Yao, & Shi, 2013; Zhang, Yan, Yang, & Cao, 2010; Zuo et al., . ZDY8)ues
ranging from 0.021 to 0.027 4@? were reported in BiosNaosTiOs8BaTiOs +
Ko.sNo.sNbOzceramicgZhang et al., 2009Morerecently, PHree ferroelectric ceramics
have been reported exhibitgiant electrostrictive coefficients asdaras 0.05 AC2 (Jin
et al., 2016)A piezoelectrieto-electrogrictive crossovers also unveiled. The normtd-
relaxor ferroelectric crossovan Pbfree ceramics is now wetlocumented, and it has
beenrecently reviewed byhvartsman & Lupascin 2012 Interestingly, heterovalent
substitution iNKosNasNbO: (KNN), which isisostructural with KN, induceguenched
random fields due tthe local charge imbalance atha localelastic fields. Thesedlds

hinder longrange orderinghus leading to polar nanometsze regions, often referred




Chapter 4 System (&) KNbQ:- x (Bay.sBio.s) (Zno.sNho.s) Oz

toas PNRs. The degree of tréorsnation into relaxor behaviowsaries between different
systems, as observed for KNBiTIOs (Guo, Kakimoto, & Ohsato, 20049nd KNN-
BiScGs (Du et al., 2008)

Indirect banegaps for the KBBNA&ystem narrovirom 322 eV forx = 0 to 2.89 eV for

x = 0.25, in broad agreement with the fipstnciples calculations

Crystal chemistry arguments can be recalled to explaimtuerate band gap narrowing

as follows: (i) thereplacement oRb>* by Zr?* creates underbonded@ns adjacent to

the Zrf*, which form ZnQ octahedra, (i) Bi* ions which tend to be offenter, create

short, strong B# (covalent) bonds that partially compensate for the aforementioned loss
of B4 bonding and (iii) B& ions are not oftenter and are less prone to compensate
the decrease of B bonding. As a result, the repulsion between thebwming O
charge densities and Zn 3d states is relatively weak, leading to a moderate upshift of

valence band maxima (VBM), wdh is composed of O 2p and Zn 3d states It is worth

noting that the observed Raman shift of the broa(l®.), |Figure 4.6 may be a

manifestation of the strong BD bonds, whereas the general broadening of Raman modes

results from an increased lattice disorder, which manifests itself by the emergence of

Urbach tails, ashownin|Figure 4.36

In summary, a combinatioof competition between covaleand ionic bonds and a
distribution of effective cation radii in th€NbOs-Bao sBio.sNbo.sZnos03 systemleads
simultaneouslyo a piezoelectrito-electrogrictive crossover and a mestnarrowing of

the optical band gaps.

4.6. Conclusions

DenseKBBNZ (0 & d.25) ceranics were prepared by the sefthte reaction method.
XRD data show the average crystal structure to evolve from orthorhaahkix0 to
pseudocubicat x=0.25. Raman spectroscopy suggests the absenpelaf orderfor
x t0.25 ceramicsSEM and EDX analyses revealed second phfisessshapedvith K-
deficiency Moreover |Jow solutes concentrations have more difficulireachievng the
chemical homogeniation, especially Zif. From a point of view of electric

characterisation, antinuous decreasef spontaneous polarisatioand strainwith
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increasing Xs observedElectomechanical characterisatioaveat a piezoelectri¢o-
electrostrictive crossover. M electrostriction coefficient 00.037 MC? and 0.035

m*C “were measured for KBBNZ x=0.15 and x=0.20, respectively.
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5. System (1x) KNbO3- x BiFeOs

5.1. Introduction

In the first part ofhis chapter, the crystal structudielectric characteristics and band

gap of compositions in(1-x) KNbOs- x BiFe® .1%) "[" system are
investigated using XRBombined with Raman spectroscopy, aeifance measurements

and diffuse reflectance ultraviolet and visible (DRWIg) spectroscopyThis system has

been previously studied with the aim of finding new-fRl® FE and multiferroic
materials. Structural phase transitions and eledttitaractesation are mostly reported

for high concentration of x in KNBF systed. H. Choi, Kim, Hong, Chae, & Cheon,
2012; Dash, Choudhary, Das, & Kumar, 2014; Lennox et al., 2015; Nakashima, Shimura,
Sakamoto, & Yogo, 2007; Teslem et al., 2017)Fe** substitution for highevalence

Nb>* may give rise to increased repulsion between the O 2p and Fe 3d states and thereby
to a higher VBM, whereas Bisubstituting for K inhibits the formation of oxygen
vacanciesKNBF x=0.25 retains ferroelectricity and decreases its {ga@paround 1 eV

in comparison with KN.

The second part of the chapter explores the best conditions to deposit this composition by
PLD. Moreover, the photoesponse of KNBF x=0.25 was measured.

BiFeGis probablythe mostwidely studied nultiferroic materialdue to the observation
of ferroelectric (T. y800°Q and antiferromagneticT{ y635 K) orderingat room
temperaturgCatalan & Scott, 2009)As mentioned in Chapter 1, BiFe®xhibits an
opticalbandgapof y2.2 eV(Gao et al., 2006)
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To our knowlede, there is nbterature about the barghp measurements of this system.
However, bandyap tunability has been studiedather solidsolutions lased on BiFeg)
such as (&) BiFeQs-x SrTiOs, whereFE properties are improved compared with BifeO
(Wu, Yao, Yang, & Zhang, 2017and (1x) Bio.sKo.sTiO3-x BiFeQs (Tuanet al., 2017)
with a consideralelbandgap narrowing, from 3.22 eV down to 1.39 eV.

5.2 Structural and chemical characterisation

5.21. Purity and X-ray powder diffraction

KNBF ceramics were fabricated as descrilbe@hapter 2ising the followingprecursor
powders,K2COz, Nb2Os, BioO3 and FeOs. After mixing 24 hoursand sieve, powders
were calcinedwicein air at 850 € for 4 hours with heating rate of°€/min XRD data

of KNBF "[” calcinedpowdersare shown ifFigure 5.1

Figure 5.1: Roomtemperature XRD data of KNBjowders aftedoublecalcinationat 850°C.

As described in Chapter 3, XRjatterrs for KN calcined powder exhibit well defined

sharppeaks which can be attributed s orthorhombicstructure. In contrast, the rext

[ 158 L
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the compositions presefroader peaktan pure KN which hinders the assignment of

the corresponding crystadymmetry Some reflectionsin the patterns of doped
compositions are coincident with those of undoped KN, suggesting the coexistence of
virtually undoped KN with dope&N. No other secondary phases are detected. This

chemical inhomogeneity appears to varipon sintering, as shown below.

Compaced powdes into pellets were fired at 1085°C férhours witha heating rate of

3°C/min|Figure 5.2 shows XRD data for KNBEeramics at room temperature.

Figure 5.2.: Roomttemperature XRD data of KNB&eramics after sintering at 1085°C.

Within the detectiodimits of the technique, all ceramiese singlephase.KN exhibits
typical peak splittingexpected for a perovskite witbrthorhombic crystal symmetry
(space group Amm?2),ub within the resolution of oumeasurements only single peaks
are visible for dopedaramics. Indeed, the triplet for KN became a single peak &r th

other compositions, as shown JRigure 5. 2| Reflections shift slightly butelmost

systematically towards higher a&2angles with increasing, indicaing that the ce
solubility of Bi*¥Fe"®and KNbQis accompanied by a decrease of tht cell volume.

XRD patterns were refined e Rietveldmethod. Lattice parameters, theoretical and

experimental densities are reposted able 5.1{fandTable 5.2
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x=0 x=0.05 x=0.10
Space Group Amm?2 Amm?2 Amm?2
Density
(Experimental) 4.35(3) 4.43(4) 4.6(1)
(g/cn)
Density
(calculated) 4.6273(1) 4.8093(4) 4.9871(4)
(g/cn)
Relative 94(1) 92(1) 92(2)
Density (%)
a (A) 3.9711(2) 3.9987(2) 4.0013(2)
b (A) 5.6909(1) 5.6668(3) 5.6640(3)
c (A 5.7158(1) 5.6871(3) 5.6786(3)
V/10° (pm3) 64.576(2) 64.434(6) 64.348(6)
Rexp 1.26460 1.43385 1.41668
Rp 2.97912 2.19462 2.21614
Rwp 4.65175 3.64457 3.42608
GOF 13.53086 6.46074 5.84859

Table 5.1: Experimental and theoreticakdsity, lattice parameterand agreement indices calculated by
RietveldRefinement for KNBF (x=0, 0.05 and 0.10)

[0 L



System KNb&BiFeO3

Chapter 5
x=0.15 x=0.2 x=0.25
Space Group Amm?2 Amm?2 Amm?2
Density
(Experimental) 4.6 (2) 4.7(4) 49(3)
(g/cn)
Density
(calculated) 5.1597 (5) 5.328(5) 549717)
(g/cn?)
Relative 90(4) 89(4) 90(6)
Density (%)
a (A) 4.0014(2) 4.0030(2) 4.0031(1)
b (A) 5.6612(4) 5.6618(4) 5.6618(1)
c (A 5.6799(3) 5.6795(4) 5.6825(5)
V/10° (pm?d) 64.333(7) 64.361(5) 64.397(8)
Rexp 1.39445 1.39349 1.45637
Rp 2.40295 2.31442 2.60597
Rwp 3.77848 3.43919 3.98020
GOF 7.34224 6.09119 7.46907

Table 5.2: Experimental and theoreticakdsity, lattice parameterand agreement indices calculated by
RietveldRefinement for KNBF (x=0.15, 0.20 and 0.25)

For x=0.05, 0.10 and 0.15, relative densities exceed 90% comparing with theoretical

density, and for x=0.20 and 0.2Bey are somewhditelow 90%.All compositionsare
frg)re 5.3|shows

acceptably refined into orthorhombic phase (symmetry group An

the compositionalevolution of the unit cellvolume and lattice parametefser KNBF

ceramiccalculated byRietveldrefinement

161 L
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Figure 5.3: Evolution of the unit cell volumeand lattice parameters withfar (1-x) KNbOs-x BiFeOs
" FHUDPLFV

From x=0 to x=0.15, b and c lattice parameters decrease while a parameter increases,
resultingin a smaller unit celolume than KN. Then, from x=0.15 to 0.25, the unit cell
volume increases slightly. However, a, b and c lattice parameters practically remain
constant between x=0.05 and x=0.25, indicating variations of the unit cell volume values

are very small.

5.22. Raman spectroscopy

Roomtemperature Raman spectra for KNBF” [” powders calcined at 850°C

twice for 4 hours using heating rate of 3°C/min are showrignre 5.4| The typical

spectrafeatures exhibited by the ferroelectric kNhorhombic ptymorph (described in
Chapter 3) are also visible in tiRaman spectra of all dopgebwders Raman modes
became broadendslightly shift towards lower wavenumber$30cnm?) with increasing

Bi**and Fé contentsRoomtemperature Raman spectra for KNBF” [~ sintered

ceramics at 1085°C for 4 hours using heating rate of 3°C/min are shévwguia 5.5
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Figure 5.4: Roomtemperature Raman spectra for KRB " [” calcined powders at 850°C two

times.

Figure 5.5: Roomtemperature Raman spectra for KNB " [” F Hasteredat 1085°C. New

modes (1 an@) emerge in KNB [« SHOOHWY VSHFWUD $WWDFKHG JUDSK

mode at 192 crh

The average orthorhombic crystal symrmefor the doped compositions ialso
corroborated by the Raman spectroscopy.d&ta typical spectrdeaturesor undoped
KN are still visible in thd&Raman spectra of all doped ceramics. This spectral similgarity
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sufficient to simultaneoushascertainthe orthorhombic crystal symmetry and the
occurrere of longrange polar order in the doped materials.

Upon doping new modes engerin the low frequency regimeh@&y ardabelled as 1 and

2 and their origin is unclear. Tiew mode 1 is relatively broaddappears ~110 chy
whereas mode 2 appears as a shoutdethe sharp mixed mode at 192 tnRelative
intensity ofmode 2 appears to increase with increasing x. In Chaptieege modes have
been associated to-@ vibrations, in particular tam-sized dusters rich in either Bi or

K* cations.Finally, the A(LO) mode at 831 crh appears to become broader with
increasingBiFeO; content This broadeing may be associated with thenergence of
new modegoo, also perceived in KBBNZ systerdueto breathirg of the octahedra,
whenoccupied by different B cationshe general broadening of the Raman modes from

the doped ceramics (thaesults from increased lattice disordend the shift towards
lower wavenumbers are shown for the most intense peﬁ'gdn—:‘ 56

Figure 5.6: Compositional evolution of the positiong,)and the widthFWHM, of main Raman modes for
doped compositions, (a),@0) at 1270 cmt, (b) By(TO) at 1530 cm?, (c) Ay(TO) at 1600 cm! and(d)
A4(LO) at 1830 cm.

The presence of a sharp mode at 192 snggests the occurrencelohg-range polar

order in all compositions studiebh-situ Ramanspectroscopy analyses were carried out

[1ea L
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in the-80 °Cto 200°C temperatureange Dependence of Raman spectra with temperature
for KNBF x=0.05 and x=0.2@re illustrated ifFigure 5.7|andFigure 5.8

Figure 5.7: Raman spectra elution from-80°C to 200°C for KNBF x=0.05 ceramic.

Figure 5.8: Raman spectra evolution from5°C to 200°C for KNBF x=0.20 ceramic.
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Both compositions show rhombohedtalorthorhombic and orthorhotsto-tetragonal
transitions in the temperature range betwd@®9°Cand200°C The phase identification
was carried out comparinthe temperature evolution for KN Raman spectrum,
described in Chapter, therefore a detailed discussion of the maedessignment is not

given here.

In order to assert the presence of loagge polar ordeover a wide temperature range,
Raman spectrior KN, x=0.05 and 0.2@re compared at three differéatmperatures-(
100°C, 25°C and 200°C) in|Figure 5.9{ The spectraollected at100°C showin the
150-300 cm' region the spectral signature typical fiie ferroelectric rhombohedral

polymorph(Figure 5.9|(c)). On heating, to 28C, the low frequency régn becomes

consistent with théerroelectric orthorhombic polymorph, as showrFigure 5.9| (b).

Finally, at 200°C, the phase transition to tetragonal phase (as will be determined by
dielectric properties, section 5.3.1)at can be monitored by the appearanca@Réman
mode at 270 crh indicated with an arrow |Rigure 5.9| (a). $litting between B(TO)
and A(TO) modes in the mediufrequency range becomes less evident as x increases,

all compaitions however, still show thieatures of longange polar ordefl herefore, all

ceramics ar@olarin a wide temperature range.
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Figure 5.9.: In-situ Raman KNBF, x=0,x=0.05 and x=0.20 ceramics. BeB@stein factor applied to data.

5.2.3. SEM

SEM images ofpolished surface of KNBF (x=0,0.05, 0.10, 0.15, 0.20 and 0.25)

ceramics are shown|iigure 5.10

(af). Large grains having average grain diameter of

13um are observed for pure KI

NFigure 5.10

(a)). Upon doping, grain growth is

inhibited, showing grain size falbelow 1um. The nonappearance of porosity confirms

highly dense ceramiq¥able 5.1).
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Figure 5.10.: Microstructure evolution for (k) KNbOs-xBiFeO; (KNBF) ceramics for x=0 (a), x=0.05
(b), x=0.10 (c), x=0.15 (d), x=0.20 (e) to x=0.25 (f).

5.2.4. EDX

Compositional analyses of KNBF (x=0,05, 0.100.15, 0.20 and 0.2%eramics were
perfomed by EDX spectroscopy, whichnablesus to study how efficient is the
incorporation of Bi*/Fe"® into the KN lattic§Table 5.3|[Table 5.4{andTable 55|report

the experimental and theoretical relations of K/Nb, K/Bi and K/Fe and relative errors, for

x=0.05, x=0.10 and x=0.15.
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x=0.05
Theoretical Experimental Relative error (%)
WV% - 1 1.1(1) 10
' 19 17(4) 11
WVY< 19 29(10) 53

Table 5.3.: Experimental (average) and theoretical K/Nb, K/Bi and K/Fe ratios for 0.95 KN{XID5
BiFeO; ceramic sintered at 1085°C

x=0.10
Theoretical Experimental Relative error (%)
Wy -~ 1 1.0(1) 0
W . 9 11(3) 22
Wy 9 17(4) 90

Table 5.4: Experimental (average) and theoretical K/Nb, K/Bi and K/Fe ratios for 0.90 KN#D10
BiFeQ; ceramic sintered at 1085°C

x=0.15
Theoretical Experimental Relative error (%)
WV% - 1 1.0(1) 0
Wy . 15.67 6(2) 6
Wwy 15.67 8(3) 41

Table 5.5.: Experimental (average) and theoretical K/Nb, K/Bi and K/Fe ratios for 0.85 KNifOL5
BiFeQ; ceramic sintered at 1085°C.

x=0.05, x=0.10 and x=0.15 compositions &hK/Nb ratios close to unityMolar K/Bi
ratio is similar to the intended stoichiometry. In contrast, K/Fe differ from the theoretical
value, indicating low concentration of the delsi Fe**. Evidenceof the appearance of a

common secondary phasgists 10.70 KNbQ-0.30 BiFeQ, are shown ifFigure 5.11
(a) for KNBF x=0.09Figure 5.11f (b) for x=0.10 anﬁigure 5.11] (c) for x=0.15.

[ 169 L
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Figure 5.11.: SEM image and EDX spectra of unpolished ceramics for (a) x=0.05, (b) x=0.10 and (C)
x=0.15.

170 L
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Onthe other hanglTable 5.6{and Table 5.7inform aboutexperimental and theoretical
K/Nb, K/Bi and K/Fe ratios and relative errors, for x=0.20 and x=0.25.

x=0.20
Theoretical Experimental Relative error (%)
Yy ~ 1 1.1(2) 10
WV\zI . 4 5(2) 25
Wy 4 6(3) 50

Table 5.6.: Experimental (average) and theoretical K/Nb, K/Bi and K/Fe ratios for 0.80 KNP0
BiFeO; ceramic sintered at 1085°C.

x=0.25
Theoretical Experimental Relative error (%)
Yy ~ 1 1.0(2) 0
i, 3 2.5(9) 15
My 3 3(1) 0

Table 5.7.: Experimental (average) and theoretical K/Nb, K/Bi and K/Fe ratios for 0.75 KN{fX®25
BiFeO; ceramic sintered at 1085°C.

The indicated experimental molar ratios for K/Nb, K/Bi and K/Fe closely approximate to
theoreticalvalues. For x=0.20 and x=0.25, the intended ssdilditions seems to be easily

formed than for x=0.05, x=0.10 and x=0.15. Nevertheless, a minor quantity of 0.5
KNbOs-0.5 BiFeQ secondary phase is detected on both compositions, as s@

5.12] (a) and (b).
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Figure 5.12.: SEM image and EDX spectraufipolishedcceramics for (a) x=0.20 and (b) x=0.25.

EDX mapping detected the Bi/Feh regions that were méoned before for KNBF

x=0.05|Figure 5.13). Despite thesemhomogeneitieschemical distribution seems to be

more homogeeous tharfor othe systems studied in this thesis, for low concentration of

X. EDX mapping on KNBF x=0.25 ceram|Eigure 5.14) reveal more homogeaus
distribution of thespeciesK, Nb, Bi and Fe, than x=0.05. Also, ri&iNb and richBi/Fe
regions are detected but only in traces, which is in agreemt#ntvhat wasdescribed

previously.
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Figure 513: SEM image of the examined region and EDX mappiitg, Nb, Bi and Fe for KNBF x=0.05.

Figure 5.14: SEM image of the examined region and EDX mapping of K, Nb, Bi and Fe for KNBF x=0.25.

5.3 Electrical Characterisation

5.3.1. Dielectric Characterisation

Frequency dependence of relative permittivig(10kHz, 100 kHz, 250 kHz and 1 MHz)

and dielectricdss are provided for individual compositions, show

Rigure 5.15

19.
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Figure 5.15.: Temperature dependence ¥fand tan Ufor 0.95KNbO; .05BiFeQ; solid ceramics at 10
kHz, 100 kHz, 250 and 1 MHauring cooling

For x=0.05

Figure 5.15

two dielectric anomalies are observedla?0 ( and 1390( .

The temperaturefor the Hanomalies areonstant,but its magnitude decreases with

increasing frequencyt is worth tomention, dielectric measurements for x=0|E@(re

5.16

), x=0.15

Eigure 5.17,

) and x=0.20

Figure 5.18

) are strongly affected by the

conductivity of the samples, making difficult to describe the dielectric anomalies,

especially for lov frequency values. Dielectric losses,f &) for these compositions are
two orders of magnitude higher themundoped KN, KNBF x=0.05 and KNBF x=0.25

ceramics.
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Figure 5.16.: Temperature dependenok Y; and tan Ufor 0.90KNbO; .10BiFeC; solid solution at 10
kHz, 100 kHz and 250 kHauring cooling

Figure 5.17.: Temperature dependence ¥fand tan Ufor 0.85KNbO; 9.15BiFeC; solid solution at 10
kHz, 100 kHz and 250 kHauring cooling

[ 175 L




Chapter 5 System KNb&BiFeO3

Figure 5.18.: Temperature dependence ¥fand tan Ufor 0.80KNbO; 9.20BiFeC; solid solution at 10
kHz, 100 kHz and 250 kHauringcooling

Figure 5.19.: Temperature dependence §fand tan Ufor 0.75KNbO3 0.25BiFeC; solid solution at 10,
100 kHz, 250 kHz and 1 MHauring cooling

[ 176 L




Chapter 5 System KNb&BiFeO3

Dielectric anomalies are still visible forf.25, at1220 ( and 1390( and the dielectric

losses are in the same ordsrinKNBF x=0.05 ceramic.

The temperature dependence of the relative permittivity for KNBF (x=0, 0.05 and 0.25)

ceramics measured at 100 kidzomparedn|Figure 5.20

Figure 5.20.: Temperature dependence §ffor KNBF, x=0, x=0.05 and x=0.25 ceramics at 100 kHz.

As described in Cipter 3, KN shows two clear dielectric anomalie4att 1205°C and
1400( , canbeascribed to therthorhombieto-tetragonal and to tetragor@atcubicand
structural phase transitisn x=0.25 ceramics show thieighest apparent relative
permittivity ove the entire tempetare range considered, but tihigy be a consequence
of the fact that it has the lowest band gapyaisbe discussed lateKN exhibits lower

dielectric losses than x=0.05 and x=0.25 which have similar leaky behaviour.
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5.3.2.Ferroelectric Characterisation

Polarization, P, vs electric field, E, measuremeaméxonsideed an inconclusive proof

for determining ferroelectricity, becausetbé conductive nature of the samp|&sgure

5. 21| shows the FE ferroelectric hysteresis looas RT for KN and KNBF x=0.05The

shape of the hysteresis loop for the pKié ceramic indicates a normal ferroelectric

behaviour{Figure 5.21| (a)) In contrast,a lossy capacitor hysteresis lo@pclearly
observed foKNBF x=0.05|Figure 5.21{ (b)).

Figure 5.21.: P-E measurements f@a) KN and(b) KNBF x=0.05 at room temperature.
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P-E measurements for KNBF x=0.05 were perforraggery low field from 0.2 kV/cm
WR N9 FP UHYHDOL (@dpgs @ltich RADArMY #® Bdkgnature of the
sample|Figure 5.22}).

Figure 5.22.: Low field RE loops measured for KNBF x=0.05 at room temperature.

However, x=0.05 sample was able to withstand artratefieeld up to 30 kV/cm at sub
ambient temperaturEKgure 523]). The sample was cooled down by immersion in liquid
nitrogen before applying the electric fieldnghturated loops were recorded.

Figure 5.23.: P-E measurements for KNBF x=0.05 at safibient temperature
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5.4. Optical Characterisation
5.4.1 Diffuse reflectancespectroscopy

Diffuse reflectance sptroscopywascarried out using photons with wavelengtasging

from 200 to 1600 nfigure 5.24).

Figure 5.24: Diffuse reflectance data as a function of wavelength for KNBF system.

The band gaps for KNBF cerami®re determined using thieauc plots ifFigure 5.25

andFigure 5.26| The band gap energiese obtained fom the intercept of the tangent

line in the plot of(F(R)- Di)" vs energyA priori there is no reason why the band gap

KNBF ceramics should be direct or indirect. HenEauc plots are constructéor n=2

(direct banegays |Figure 5.25|) and for n=1/2 (indirect banrgapsjFigure 5.26).

The value extracted fatirect bandgap ofKN is 3.66eV, a high value but within the
range reported in the literatu(€hapter 1, Table 1.4and consistent with the fact that

these ceramics were ableviithstand an applied electric field of 80 kV/cm.
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Figure 5.25.: Tauc plot fodirect band gaps fd{NBF ceramics

In[Figure 526

the Tauc plot isonstructed using n=1/2 (indirect band gap). The extracted

band gaps for KBF x=0and x=0.05 ar8.22 eV and ~2.5 eV, respectively, consistent

with thar electrical resistances. Wiihcreasing x, the band gap narrows continuously,

reaching ~25 eV for x=0.25. We note thdhe apparent increasof the relative

permittivity,

Figure 5.20

, appears to follow the narrowing of the band gaps

Figure 5.26: Tauc plot for imirect band gaps fd¢NBF ceramics
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Around 2.5 eV there is @ear shoulder, present in albped materialglabelled as 1 in

Figure 5.26), and whosenagnitude increases with inasng x. The optical absorption

spectra of F& containing substances are known tdibit three types of electronic
transitions. Namely, Fé& catiors ligand field transitions or the-d trarsitions, ligand to

metal chargdransfer transitions, and pair excitations resulting fromsihaultaneous

excitation of twoneighbouring F& that are magnetically coupled.

In 2016,Burkert et alcarried out an opticalpectroscopy study in BiFe@nd observed
three welldefinedabsorption features at 1.22 eV.66 eV, and 2.14 eV, which were
assigned to chargeansfer excitons and gap defecstates prolaly related to oxygen
vacancies. All KNBF show Urbach tailspwever their appearance in optical absorption

near band edgsis expected in any material with disord€he general broadening of the

Raman modes from thdoped ceramicsgkigure 5.3| results from increased lattice

disorder, which manifests itself by tleenergence of Urbaclhaits in the Tauc plotsAn
alternativeinterpretation of these absorption regions is intraband transdraisated by

Bi*¥/Fe"3-rich impurities.

5.5. Preparation of thin films

5.5.1. Pulsed laser deposition

The starting conditions fodepositing KNBF x=0.2 were taken fronthe literature
(Martin et al., 1997; Nakagawara et al., 2000; Zaldo, Gill, Eason, Mendiola, & Chandler,
1994) The main limitationto deposit this materias the potassium loss, which has a
detrimental influence on the purity of the sample.

Deposition conditionsvere optimised from a systematic study in order to aehihin
film with good quality KNBF x=0.25 wagleposited at 60 and 650 under an oxygen
pressure of 0.1 mBar and 0.75 mBar using KrF laser with a focused enerdydfdin?
operating at 5 Hz @ckground pressure was <1MBar). In additionpoth STO (00)

andMgO (001 were used as substrates, whtdkes in totaB films. Purity and structural

properties of the films are examined by XRD at, B3 shown iIFigure 5.27langFigure

5.28
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Figure 5.27: XRD data for KNBF x=0.25 thin fillmdeposited at 600°C and 650°C under oxygen pressure
of 0.75 mBar and 1 mBar on STO.

Figure 5.28: XRD data for KNBF x=0.25 thin filmdeposited at 600°C and 650°C under oxygen pressure
of 0.75 mBar and 1 mBar on MgO.

For both substrates, the best conditions to deposit KNBF x=0.2% 689%C under an

oxygen pressure of 0.15 mBar, that correspond to the patterns with less unindexed peaks.

Low deposition temperature prevents the K volatilisation and low pressure decreases the

resistance of the atoms from the target to the substrate.

Figure 5.29

shows XRD pattern of KNBF x=0.25 deposited at these conditions on STO

and MgO. KNBF x#.25 films are less crystallised on MgO than on STO.
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Figure 5.29: Roomtemperatur&XRD pattern of KNBFx=0.25thin film deposited at 600°C under oxygen
pressure 0.1 mBar on STO and Mddhknown fconary phases indicated with bluestersks.

Almost all the peaks can liedexed to a pseudcubic structure oKNBF x=0.25 and to

the substrates. Peaks indicated by lastersksin

Figure 5.29

belong to an unknown

phasgTable 5.8[showsthatthere is a relationshigmongthese peaks.

2 A(®) d-spacing (@ Miller indic es
29.17 3.06 (111
33.87 2.64 (200)
60.62 153 222)
71.265 1.32 (40 0)

Table 5.8.: Unknown secondary phase indexing

The unknown phase presents cubimmetrywith a cell size of ~ 5.28 A. This second

phase is observed in déilms. However, its origin is completely unknown, afterifying

that there is no coincidence with the data base.

In-situ XRD for KNBF x=0.25 target is compared with the films deposits

anc Figure 5.31

Heigare 5.
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Figure 5.30: RoomtemperatureXRD pattern of KNBFx=0.25 film (deposited at 600°C under oxygen
pressure 0.1 mBar on SY@ompared withn-situ XRD of the target.

Figure 5.31: RoomtemperatureXRD pattern of KNBFx=0.25 film (deposited at 600°C under oxygen
pressure 0.1 mBar digO) compared within-situ XRD of the targe

However, KNBF x=0.25 still requige further optimisation before functional

characterisation.

5.5.2. Photovoltaic cell

Photoresponse was measured in ferroelectric photovoltaic (FEPV) cell for KNBF x=0.25.
The fabrication of the cellasperformedatthe Universidade Federal de Pelotas (Brasil)
The photoelectrical measuremewesre made under white light (21600nm) and in the

dark.For direct current measuremerttepositivepolewas connected to FTRNBF025

[ 15 L
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side, whilethe negative pole to FTO/carbon side. Also, reverse measurements
performed(positive connected to FTO/carbon and negative to FTO/KNBFORg
fabrication FEPV cell is explained in Chapter 2: Methodology (section 2.3.2.).

Figure 5.32[displays #V plots during the illuminatiorand at darkor unpoled KNBF

x=0.25at RT. From this graph the open circuit photovoltagg (the intersection points
with the V-axis for the 1V curves) and the short circuit photocurregy,(the intersection
points withthe Faxis for the 1V curves)can be determit. The current density is given

by Equation 5.1:

e ¢ Eqg. 5.1.
!o’ed-_#o g

where A is the area of the cell (in this study Acri).

Figure 5.32 Dependence of the photovoltaic current on voltage for KNBF x=0.25 film under direct and
reverse illumination.

For direct illumination, st and Vi are about 0.16 V andl.24 uA/cm?, respectivelyOn
the other hand, for reverse illuminatién21 V and0.23uA/cn?. It is worth notingthat
our Jcis higherthan0.1 pA/cm? reported folKN-BNN thick film by Grinberg et ain
2013 Moreover,our L is alsogreater tha0 nA/cnt obtainedat 77 K for the same

composition.

The Fill Factor, FF, for KNBF x=0.25 cell is given by the ratio betwidsermaximum
operationapower of the cell, Rax, (grey rectangle |fFigure 5.33' andthe producof § o
and + ¢plack rectangle iEigure 5.33). For direct light, KNBF x=0.25 film exhibitsra

[ 186 L
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operationaPmax0f 15.7nW, a theoreticaPmaxof 38.4nW and a FF 0f141%. From the
I-V curves obtained for reverdight, aFF of 33% wasestimatedFor further information
about the Fill Factopleaseeferto Chapter 1, Introduction (section 1.4.2.: Photovoltaic
effect).

Figure 5.33: |-V plot and schemes to calculate the FF for (a)direct light and (beatdight.
Unfortunately, it is not possible to calculate the efficiency conversion (Chapter 1.
Equation 1.14) of the cell because incident light power during the operation of the

lamp is not known.

5.5. Discussion

Room temperature RD datafor KNBF x=0, 0.05, 0.10, 0.15, 0.20 and 0.26mbined
with Raman spectroscomynalysis show the polar orthorhombic crystalaure (Amm2
space group) to persist up to x=0.25. In additiesitu Raman spectroscopy corroborates
the polar nature of all compositis in the temperature rang€0 to 20°C @

Reflections of KNBF patterns shift slightly to higher angles indicating a decrease of the

unit cell volume up to x=0.1@-igure 5.2).

Based on bdt permittivity measurementgigure 5.20) and Raman spectroscopy

analysis all ceramics studied exhithi¢lectric anoralies associatedith structural phase

transitions and their ferroelectric natusecorroborated by the presenmiea Fanetype

resonant dip in their Raman speféagure 55
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SEM imaging confirms dense sample by the almost absence of pqfagitye( 5.10).

However, chemical inhomogeneities are detected by EDX spectroschiy are not

perceived by XRD, such as Bi/fieh regions|Figure 5.11). Also, minor quantity of
secondary phase, 0.5 KNb®.5 BiFeQ, is detected in KNBF x=0.20 and 0.25.

The unclear nature of the bagdp for KNBF systemmequiresthe study otboth, direct
and indirecttransitiors. Direct bandgapcontinuously decreases from 3.66 eV (x=0) to
2.70 eV (x=0.25)0n the other hand, indict bandgap narrows monotonically from 3.2
eV (x=0) down to 2.22 eV (x=0.25konsistenhwith the inability of KNBF x=0.05to
withstand an electrical field as low as 0.2 kV/¢mgure 5.22). Indeed, allKNBF

ceramics are electrically conductive, suggesting band gaps lower than 3 eV.

It is demonstrated the polar order is retained up to x=0.25, which also exhibits the lowest
bandgap of the KNBF system (2.22 eV), making this composition interesting for
photoinduced phenomena. In order to measure the photoresponse of this composition,
thin film of KNBF x=0.25 weretentdively deposited by PLD. The most appropriate
temperature, oxygen pressure and substrate to deposit KNBF x=0.25 were 600°C, 0.15
mBar and STO, respectively. Low temperature avoids K losses, low pressure facilitates
the moton of the atoms from the target to the STO. Polycrystalline KNBF x=0.25 film
was obtainedy PLD, therefore is still required further optimisation before measuring

photoresponsen these films

Nonetheless, phioresponse was measdren other KNBF x=0.25 cell, fabricated by

coating a FTO glassThe measured ) and k were about 0.16 V an@.24 pA/cm?,

respectively|Table 5.9|informs about V. and Jc values found in the literature for

ferroelectric films and assuming the area of the cellElism?, Pmaxis estimated.
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Material Voc Jsc Pmax Reference
KN-BNN at (Grinberg et al.,
0.7 mV 0.1pA/cm? 0.07 nW
RT 2013)
KN-BNN at (Grinberg et al.,
35V 40 nAlcn? 140 nW
77K 2013)
(Poosanaas,
PLZT at RT 0.84V 25 nAlcnt 21 nW Dogan, Thakoor,

& Uchino, 1998)
(Park, Won, Ahn,

KNMN at RT 5V 3.2 nAlcnt 16 nW _
& Kim, 2013)
(Spanier et al.,
BTO 8V 0.2 nA 1.6 nW
2016)
(T. Choi, Lee,
BFO 535 mV 54 uA/cm? 28 uW Choi, Kiryukhin,
& Cheong, 2009)
KNBF x=0.25 .
{RT 0.16 V 0.24pA/cm? 38.4nW This study
a

Table 5.9. Vi and Jc values reported in the literature for photoresponses of ferroelectric materials.
TheoreticaPmax values werealculated by théhe producbf § ¢and + gndassuming P\¢ells of 1 cr.

As previously discussed, ol is higherthan0.1 uA/cm? and40 nA/cnfreported at RT
and 77 K forKN-BNN thick film by Grinberg et alln addition,Jsc for KNBF x=0.25is
also superior than 8 nA/énfor a PLZT sample or 25:A/cn? for KNMN or 0.2 nA for
BTO samples measured under ultraviolet illuminatldowever, arr result is still lower
than the photoresponsér BiFeOs reportedfor a 70-mm sample under gredight

illumination.

The ability tocontrol the band gap while maintaining the spontaneous polarisation makes
the KNBF systemspeciallyinteresting for photoinduced processes in a wide temperature

range.
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5.6. Conclusions

DenseKNBF ceramics were prepared by sedithte reaction. Orthorhombic symmetry is
maintained up to x=0.25 as corroborated by XRD, Raman spectroscopy and dielectric
measurement$SEM images confirms the absence of porosity and EDX revealed some
regions rich irsolutes. Finallyit was demonstrated that the band gaprafopedN can

be systematically narrowed by 1 eV (i.e. a ~30% reducti@ngo-substitution of K and

Nb by Bi and Fe, respectivelfRolar KNBF x=0.25 with a band gap of 2.2 eV is a
promising caniiiate asa photoferroelectric. Indeed, a photocurren0&4 pA/cm? was

measured on FEPEEIIl, which is much higher than other values reported in the literature

for ferroelectricqTable 5.9'.
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6. System(1-x) KNbO3- x BIMNO 3

6.1. Introduction

This chaptelis devoted to the synthesis and characterisation of powders and ceramics
from the binary systeifi-x) KNbOs-x BiMnO3z (KNBM) with x=0, 0.05, 0.10, 0.15, 0.20

and 0.25. Ceramic processingfructural dielectric and optical characterisation are
detailed below For this systemferroelectric and piezoelectrimeasurementare not
carried out due tall KNBM ceramicsbeingelectrically very leaky. Indeed, baiyhp

narrowing is observed with increasing #Mn*3 contents.

BiMnO3 has beerknown since 1960, but recently the search for multifemagterials

has renewed the interest in this compound. Concerning the physical properties of
BiMnO3, ferromagnetic ordehas been confirmed by several researchers. Ctrie
temperature was reportatiaround 100 K. In contrast, the ferroelectric nature of BiNInO

has been a controversial issue.

Indeed, the exact crystal symmetryBiMnO3 has also been a matter of debate as shown
by the large number of studi¢dlexei A. Belik, 2012) The first crystalsymmetry
proposed for BIMn®@ was based on the naentrosymmetric C2 space grogfstou,
Chiba, Ohoyama, Yamaguchi, & Syono, 1999; Moreira dos Santos et al.,. 2002)
However posterior studies sugded BiMnQ; to be better described as C2/n space group
(nonpolar phasefA.A. Belik et al., 2007; Montanari et al., 2005; Toulemonde et al.,
2009; Yang et al., 2008] heoretical studies determined C2/n symmetry to be more stable
than the C2 model at RBaettig, Seshadri, & Spaldin, 200T) addition, ferroelectricity

for BiMnO3z compounds still controversial. FE loops in bulk BiMnQ@ are reported with

the Rvalues of 0.043 mC/chat 200 K(Moreira dos Santos et al., 20@2jd 0.06 mC/cth
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at RT (Chi et al., 2007)Conversely, someportsaffirmed ferroelectricity is not detected
in bulk BiIMnOs (Alexei A. Belik, 2012) Optical bandgap of0.9 eV based on -Xay

emission and absorption spedtes beeneportedMcLeod et al., 2010)

6.2. Structural and chemical characterisation

6.2.1. Purity and X-ray diffraction

KNBM (x=0, 0.05, 0.10, 0.15, 0.20 and 0.25) ceramics were prepared by thetatdid
reactionmethod K>CQOs, NbOs, Bi2Os and Mn20Os powdersweighed in the required
stoichiometric ratiosvere mixedovernight in polyethylene bottles with zirconia milling

meda and isopropanol as solvertfter drying, the mixed powdermsere sieved and
calcined twicen air first at 800 °C and then at 900°&ubsequently, pellets weefired in

air for 4 hours at 1@y °C using a controlled heating rate®fC /min. In theliterature,

BiMnO3 is reported to be synthesised under high pressure condiBoigawara, liida,

Syono, & Akimoto, 1968)The roomWHPSHUDWXUH ;5" GDWD IRU .1%

powders are shown|figure 6.1

A significant amount of manganese oxitkngOs) is present in KNBM »0.10 (indicated

with grey squares ¢irigure 6.1(). XRD data for undopeN (Orange pattern} assigned

to an orthorhombic perovskite described by the Amm2 space gFoutNBM x=0.05,
data are also consistent with the formation of a sipbkse perovskite. Moreover, the
absence of any secondary phase or resjghegursoiphase supports the incorporation of
Bi*® and Mri®into KN lattice. This is also accompanied bgradual disappearance of
the peak splitting typical for the orthorhombic structure. With increasiniglineOs
appears s asecond phase, showirtgat under the chosen processing conditions the

homogenisation process is incomplete. This is further corr@mbiay the presence of

some residual KN (indicated with black circlegrogure 6.1{(a) and dashed lingjifigure

6.1{(b)), which remained virtually undoped, as clearly shown by the XRD data for x=0.10

and x=0.15Figure 6.2| shows the rooreemperature XRD data for KNBM ceramics.

After sintering at 1070°C for 4 hours, the secondary phaseddisappears,
supporting the complete incorporation of Mn into the KN lattice. Nevertheless, a closer
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inspection of the XRD data, shows the coexistence of twebEded polymorphs, as
discussdbelow.

Figure 6.1.: RoomtemperatureXRD data of KNBM (x=0, 0.05, 0.10, 0.15, 0.20 and 0.pbwders.
Second phase dt30° is associated with M@s (grey squark In addition, ®me pure KN remains x=0.10
and x=0.15black circles).

Figure 6.2: (a) RoomtemperatureXRD data of KNBM (x=0, 0.05, 0.10, 0.15, 0.20 and (.2&ramics.
(b) Coexistence of two phasesthorhombic KNbased phase (black dasHine) and cubic phase.
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Firstly, reflections of dopedFRPSRVLWLRQV VKLIW WRZDUGV ORZH
there is an increase of the unit callumewith increasingBi*3/Mn*3 contens. This is
consistent with the replacement of Nigr,= 0.64 @by larger M2 (rvi= 0.645 @
Assuming high spin stateshich may give rise to a Jafireller distortion The presence

of larger Mri2, should not be discarded.

Secondly, the tripletbetween 77° and 80° (x=6Yolve to a single peak accompanied by
D ORZHU LQWHQVLW\ UHIJFduk 68(®)).0Mth iKdrebikirhx, thisD Q J O |
reflection looks less intense and disappears for KNBM x=0.20 and x=8p2Bbulatively,

this reflection (black dash lin€jgure 6.2|(b)) could be associated with an orthorhombic
KN-based phase (red dash I|ﬁ¢'gure 6.2|(b)), which is slightly shifted towardewer
D Q JrocHnvparison with undoped KN due to the simultaneous incorporatioriof Bi

and M3, The factthat this reflection does not shift for x> 0.05, suggests that the
solubility limit in orthorhombic KN is limited to 20.05 This is supported by the

Rietveldrefinements inTfable 6.1|andTable 6.2| which also showKRD data of these

compositions are successfully refined as a comlmnaif an orthorhombic phase (space
group Ammz2) and cubic phase (space group #my. Finally, the typical peak splitting

expected for Amm2 crystal is not visible

Table 6.1|landTable 6.2[show the results dRietveldrefinements for all compositions.

In addition, experimental and relative density values are included.
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x=0 x=0.05 x=0.10
Space Group  Amm2 Amm2 Pm & Amm?2 Pm &
22.8(7)8%  77.2(1)% 14.1(55)%  85.9(1) %
Density
(Experimental) 4.35(3) 4.34(22) 4.21(10)
(g/cn?)
Density
(calculated) 4.6273(1) 4.7829(7) 4.7568(4) 4.9560(8) 4.8890(2)
(glcm?)
Relative 94(1) 91(4)* 86(2)*
Density (%)
a (A) 3.9711(1)  3.9883(3)  4.0234(2) 4.0003(3)  4.0325(1)
b (A) 5.6909(1) 5.6979 (6) 4.0234(2) 5.68555)  4.0325(1)
c (A) 5.7158(1)  5.7007(5)  4.0234(2) 5.69146)  4.0325(1)
V/108 (pmd) 64.576(2) 64.771) 65.130(7) 6472(1)  65.572(3)
Rexp 1.26460 0.69640 0.84829
Roprofile 2.97912 1.34817 2.17999
Rwp 4.65175 1.91855 3.16955
GOF 13.53086 7.58975 13.96061

Table 6.1.: Rietveldrefinement results for KNBM x=0, x=0.05 andG0ceramics(*) Relative densities
compared with the weighted average of the theoretical densities from the two cogtistieg.
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x=0.15 x=0.20 x=0.25
Space Group Amm?2 P Pm &n Pm &n
5.4(3) % 94.6(8) %
Density
(Experimental) 4.29(19) 4.32(16) 4.20(10)
(glcm?)
Density
(calculated) 5.1267(7) 5.0480(2) 5.2137(4) 5.3657(9)
(g/cnr)
Relfsltive 85(5) 83(3) 78(1)
Density (%)
a (A) 3.9874(3) 4.0353(1) 4.0356(8) 4.0406(1)
b (A) 5.6800(7) 4.0353(1) 4.0356(8) 4.0406(1)
c (A) 5.7176(8) 4.0353(1) 4.0356(8) 4.0406(1)
V/108 (pmd) 64.748(10) 65.711(3) 65.723(3) 65.97(1)
Rexp 0.83353 0.6694 0.68507
Rprofile 2.27072 1.54564 1.33107
Rwp 3.85881 2.48361 2.22667
GOF 21.43187 13.76548 10.56425

Table 6.2.: Rietveldrefinement for KNBM x=0.15x=0.20 and 5. (*) Relative densities compared wit
the weighted average ofehheoretical densities from the twoexistingphases

All compositions have a relative density above 80% except KNBM x=0.25. The relative
content of orthorhombic phase falls frop23% for x=0.05 toy 5% for x=0.15. KNBM

x=0.20 and x=0.25 are acceptably refined as cubic {Fasem).

unit cell volumes as a function of x.

Figure 6.3| shows the
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Figure 6.3.: Graphical representation ahit cell volumes with x. Black square repreats orthorhombic
phase (Amm2) and regirclesthe cubic phasePm &n)

The orthorhombic phase for KNBM"( ” presents an average volume 1§4.7 16

pm and this value remains almost const&.the other hand, the volume of the cubic
phase PRBm incraxses systematically with x. This fact suggests limited incorporation of
Bi**Mn*3 into the orthorhombic phase. Therefore, difficulties on homogenising the
dopants intahe KN lattice are observed at low concextion of x.

6.3.2. Raman spectroscopy

RoomWHPSHUDWXUH 5DPDQ VSHF \Zwderd Rrghowrt FFigure] ”

6. 4|. Spectra for thcompositions present the same gené&atures as reported for KN

Detailed description of Raman modes for pure KN can be fouGtapter 3.
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Figure 6.4.: RoomWHPSHUDWXUH 5DPDQ VSHFWUD IRU .1%0 S SRZ
emerge in KNBM (»0.15) pwders spectra. Inset graph: monitoring of mixed sharp mode at 192 cm

The modes for doped compositions for this system become briwldieh is directly

related with the disorder of the material) and slightly shift to lower wavenumhers.
explained inprevious chapters, the occurrence of loagge polarisation in KN is
associateavith the presence of a mixed sharp mode at 192 @erefore, it can be used

to monitor the polar phases. The presence of this sharpupdade=0.25 (attached graph

on the righin[Figure 64) can be interpreted in two different wakgsty, KNBM system

exhibits polar nature and secty@nd moreikely, the incomplete homogenisation, as
shown by the XRD data, leads to powders containing residual orthorhombic KN. In
addition, new modes start emerging for compositions w#th20, which are indicated as
1, 2, and 3. These extra modes are better ebder Raman spectra recorded for KNBM

Tl ceramicsn|Figure 6.5
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Figure 65..: RoomWHPSHUDWXUH 5DPDQ VSH F Vedsdmi¢sNew.rdde%1,2 3,4 and
5) emerge in KNBM (»0.15)ceramicsspectra. Inset graph: monitoring of mixed sharp mode at 192 cm

New modes are labelled as 1,2,3,4 and 5. Mode 1 appears atb0ddm™* and mode 2
emerges atl175 cm! as a shoulder of the sharp peak at 192.cBoth modes do not
shift and the intensity increases systematically. Indeed, these modes havbdmread

and explainedn Chapteb and they were speculatively associatétthwo A-O vibrations
within nm-sized clusters rich in either Biand/or K cations For sintered ceramicd)e
sharp mode at 192 chis present up to x=0.15, which supports the presence of an
orthorhombic KNbased phase (ferroelectric phase). Moreaber sharp mode become
less intense with X, in agreement with the dmophe percentage of orthorhombic phase
in KNBM (0.05” [" 15) ceramicscalculated by th&ietveldrefinements. Modes 3 and

4 appear at 740 chand 800 crit respectively and their rdlae intensity increase with

x. Finally, mode 5, the least intense, continuously sHiff 110 cm'® to lower
wavenumbersThe absence of the sharp mode at 192 fon x «0.20, is consistent with
the disappearance of orthorhombic fsed phases, but theepence of Raman modes
for x «0.20, shows that the local structures is not purely cubic, as Raman activity is absent
from crystals described by the centrosymmefio &n space grou@ and

Figure 6.7|show the temperature dependenE®aman spectra fdNBM x=0.15 and

x=0.25, respectely. The presence of a polar phase for x=0.15 is confirmed in a
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temperature range betweelB0°C and 20°C. In contrast KNBM x=0.25 maintains the
non-polar nature from 340 t280°C.

Figure 6.6: Ramanspectra evolution froril00°C to 200°C for KNBM x=0.15 ceramic.

Figure 6.7: Raman spectra evolution frorh00°C to 200°C for KNBM x=0.25 ceramic
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6.3.3. SEM

Scanning ectron microscopy (SEM) images unpolished surfaces KNBM '® "0.25

ceramics are shown in kige6. 8(af).

Figure 6.8.: SEMimages of KNBM ceramics witfa) x=0, (b) x=0.05, (c) x=0.10, (d) x=0.15, (e) x=0.20 and (f)
x=0.25.

Pure KN ceramicgHigure 6.8|(a)) exhibit cubic shaped grains. The grain size varies from

3um to 5um. A distinctive grain size decrease is observed for x=0.05 and xFodLO&
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6. 8la-c). The grain sizes for KNBM x=0.05 and x=0.10 are in a range between 300 and

500 nm. Grain growth is inhibited upon 5% substitution 6f &ir K**in A-site and Mi®

for Nb*™ in the Bsite. This behaviour has been reported previousiiafiterature. The

microstructures of KNBM x=0.10 and x=0.1bigure 6.8|c-d) show differat grain

morphology such as cubic or irregular shape. The grain size for x=0.15, x=0.20 and
x:0.25|(:igure 6.8|d-f) rises continuously reachinguim. This increase is accompanied
by the appearancef cubic shaped graing.his phase could be related with the cubic

phase (Pmin) previously describedmportant to note, some big grains are detected on
KNBM x=0.10 and x=0.15 surface with different appearandech will be examined by
EDX.

6.3.4. EDX

The chemical compositidior KNBM x=0, 0.05, 0.10, 0.15, 0.20 and O@&amicsvere

studied by EDX angkis. Moreover, this study evaluates how homogenethes

distribution of the elements (K, Bi and Mn) across the samplegTsble 6.3|and

Table 6.4| shows the experimental and theoretical molar ratios for undoped KN and

KNBF x=0.05, respectively.

x=0

Theoretical Experimental Relative Error (%)

Wy - 1 1.03(3) 3

Table 6.3.: Experimental (average) and theoretical molar K/Nb, ratio for KNb&amic sintered at
1085°C.

x=0.05
Theoretical Experimental Relative Error (%)
Wy - 1 1.0 (1) 0
Wy, 19 7(3)* 63
va " 19 20(9)* S

Table 6.4.: Experimental (average) and theoretical molar K/Nb, K/Bi and K/Mn ratios for 0.95 KNbO
0.05 BiMnG; ceramic sintered at 1070°C.

Experimental K/Bi and K/Mn ratios (indicated with ‘am|Table 6.4|) do not reflect the

average chemical profile of KNB. The speciesare not well homogenised in this
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material, as observed IEDX measurements provided APPENDIX C.Indeed, high
value of standrd deviation for K/Mn ratio is evidence of the HAeomogeneous
distribution of Mn in the samplla.able 6.5|shavs EDX results for KNBM x=0.10.

x=0.10
Theoretical Experimental Relative Error (%)
Wy - 1 1.2 (3) 20
W, 9 6(2) 33

va . 9 9(4) 0

Table 6.5.: Experimental (average) and theoretical molar K/Nb, K/Bi and K/Mn ratios for 0.90 KNbO
0.10 BiMnQ; ceramic sintered at 1070°C.

Experimental K/Bi value markedly diverges from the theoretical molar ratio, contrary to
K/Nb and K/Mn @atios which are within he error margins. However, high standard
deviation for K/Mn suggest difficulties of incorporating Mn. Some big grains with

smooth surface can be detected between irregular grain aggregates on KNBM x=0.10

surface|Figure 6.9).

Figure 6.9.: SEM image and EDX spectra of unpolished 0.90 KNi#O.10 BiMnG; ceramic sintered at
1070°C reveal also the appearance of grains with high concentration of K and Nb

EDX analyss reveals that these regions arei¢h andNb, Bi and Mn are detecteahly
in minor quantity This fact confirms the coexistence of differgotiases These large
grainscan be attributed to a second perovskite with stoichiomBaBOg. Moreover, it
is demonstrated that different morphologies are associated diffédrent chemical
compositiongTable 6.6[shows EDX results for KNBM x=0.15.
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x=0.15
Theoretical Experimental Relative Error (%)
Wy - 1 1.3 (6) 30
Wy . 15.67 7(4) 23
va . 15.67 7(3) 23

Table 6.6.: Experimentalaverage) and theoretical molar K/Nb, K/Bi and K/Mn ratios for 0.85 KNEO

0.15 BiMnG; ceramic sintered at 1070°C.

Experimental K/Nb, K/Bi and K/Mn ratios differ from the stoichiometric ratios,

particularly K/Biand K/Mnwith a relative error 023%. Thehigh standard deviation for

K/Bi and K/Mnreveals high spreading of the values above and below the mean. In other

words, there is not a homogeneous distribution of the elements. Furthermore, the

coexistence of two phases is shovx1rl¥igure 6.10

Figure 6.10.: SEM image and EDX spectra of unpolished 0.85 KNkQ.15 BiMnG; ceramic sintered at

1070°C reveal also the appearance of grains with high concentration of K and Nb.

Again, EDX spectroscopy reveals a regtbatis K-rich and speculatively can be ascribed

to a second perovskite with stoichiometb2Bz0s. Therefore, tkb coexistence of two

phases is confirmed for KNBM x=0.15 as W

dlable 6.7

and

Table 6.8

results for KNBM x=0.20 and x=0.2espectively.

presenEDX
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x=0.20
Theoretical Experimental Relative Error (%)
Wy 1 1.0(4) 0
Wy, v 4.0(3) 0
va . v 5.2(5) 30

Table 6.7: Experimental (averagednd theoretical K/Nb, K/Bi and K/Mn ratios for 0.80 KNp@0.20
BiMnO3 ceramic sintered at 1070°C.

x=0.25
Theoretical Experimental Relative Error (%)
Wy - 1 0.95(2) S
Wy, u 2.2(1) 27

Wy u 2.8(3) 7

Table 6.8.: Experimental (average) and theoretical K/Nb, K/Bi and K/Mn ratios for 0.75 KkNbMD25
BiMnO3 ceramic sintered at 1070°C.

For x=0.20 and x=0.25, experimental K/Nb, K/Bi and K/Mn ratios are closer to the
theoretical than the previous compositions describledvever, EDX spectroscopy has
detected regions composed mainly of undoped KNddBicient and Krich areas.
Therefore, conventional ceramic processing strongly limits chemical homogenisation of

the samples, especially for low concentrations of x.

EDX mapping of K, Nb, Bi and Mn on KNBM x=0.05 and x=0.2&8ramicsare shown

in |Figure 6. 11| and |Figure 6. 12| respectively Overall, the solutes are more

homogeneously diffuskin the lattice, for KNBMx=0.25 than x=0.05. The existence of
Mn-rich regions in KNBMx=0.05 demonstrates that Kfnhas more difficulties to

disperse than Bf.




Chapter 6 System KNb&BiMnOs

Figure 6.11: (a) SEM image of the examined region and EDX mapping of K, Nb, Bi and Mn for KNBM
x=0.05 (b) EDX spectra of Mrich region (Spectrum 1) is comparedmogeneousegion.

Figure 6.122 SEM image of the examined region and EDX mapping of K, Nb, Bi and Mn for KNBM
x=0.25
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6.4. Electrical Characterisation

6.4.1. Dielectric Characterisation

Temperature dependence of the permittivi$g) énd dielectric losses (t@nfor KN-BM
ceramis (x= 0.05, 0.10, 0.15, 0.20 and 0.25) are measured at 10 kHz, 100 kHz and 250
kHz [Figure 6.13t17). For x=0.03Figure 6.13) and for x=0.1QFigure 6.14{), two broad

dielectric anomalies are visible 4220 °C and1400°C, coresponding to orthorhombic
to-tetragonal and tetragontd-cubic transitions respectively Therefore, this
corroborates the presence ofathorhombic ferroelectric phase. A third anomaly around
100°Cemergesn all compositios (indicated with an arroyv At this stage, therigin of

this anomaly is unknown, however it can arise from a secondary phase. Interestingly, it
is present in x=0.25, which according to data in the previous sections appears to be single

phase material.

The temperature for thdd anomalies remains almost constant, but their magnitude
decreases with frequency. Also, frequency dependence is less marked between 100 kHz

and 250 kHz. KNBM x=0.15 shows a dielectric relaxation which is indicated with an

arrow at 1400°C (Figure 6.15). This is consistent with the 5% of orthorhombic phase

calcubted for KNBM x=0.15 byRietveld refinement.Compositions for x0.20 only

showa dielectrigprotuberancaround 100°@Figure 6.16/andFigure 6.17).
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Figure 6.13.: Temperature dependence §and tan Ufor 0.95KNbO;z .05BiMnO;3 ceramics at 10 kHz,
100 kHz and 250 kHz during cooling

Figure 6.14.: Temperature dependence gand tan Uor 0.90KNbO; .10BiMnO3 ceramics at 10 kHz,
100 kHz and 250 kHz during cooling
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Figure 6.15.: Temperature dependence gand tan Ufor 0.85KNbO;z #.15BiMnO;3 ceramics at 10 kHz,
100 kHz and 250 kHduring cooling

Figure 6.16.: Temperature dependence gand tan Ufor 0.80KNbO;z #.20BiMnO;3 ceramics at 10 kHz,
100 kHz and 250 kHduring cooling
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Figure 6.17.: Temperature dependence gand tan Ufor 0.75KNbO;z 9.25BiMnO;3 ceramics at 10 kHz,
100 kHz and 250 kHduring cooling

Relative permittivity versus temperatumirves at 100 kHzfor KNBM 0 "x "0.25

ceramics are compared

FFigure 6.18

Orange arve (pure KN) shows two clear

dielectric anomalies at 206°C and 394f@seanomalies are still vible for x=0.05 and

x=0.10, but less intense and at lower temperature. For x=0.15, a bump (indicated with an

arrow irfFigure 6.1?} is noticed at1400°C in the dieleatic curve This demonstratebe

presence of an orthorhombic phase in KNBM x=0.05, x=0.10 and x=0.15 observed and
also described in XRD, SEM and Raman results. KNBM x=0.20 and x=0.25 show only

one anomaly at 100 °C
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Figure 6.18.: Temperature dependence ¥fand P = Jfdr KNBM " [” F H U RtA00kNZz

The dielectric losses of doped compositions are higher than for undoped KN. KNBM
ceramics become more conductive with the increase of x (aparthe case of KNBM
x=0.10, explained before). This behaviour could be directly related with thedagand

narrowing, as discussed later.

6.5. Optical Characterisation

6.5.1 Diffuse reflectance spectroscopy

Diffuse reflectance spectroscopy was carried out in the range of 2O00 nm. Band

gaps are obtained from the intersection of the tangent line in the pidX 0f 4; 2 with
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the x-axis, F(R), beingthe KubelkaMunk function and R, the diffuse reflectandata

Figure 6.19]). The n value determines the kind of transition, n=2 is used to plot direct

band gaps and n=1/2 for indirect band gaps. In this shadlidirect and indirect band
gaps are considered because it is difficult to determine the nature of KNBM-dmmd

from the Tauc plot.

Figure 6.19.: Diffuse reflectance as a function of wavelength for KNBMesy{raw data).

The Tauc plot of KNBMO "x "0.25ceramics is constructed for n=2 (direct bayag) in

Figure 6.20, Band-gaps narrow systematically from 3.66 eV (x=0) to 2.44 eV (x=0.25).

A shoulder (indicated with ih[Figure 6.20)) is observedor KNBM with x +0.15 around

2.8 eV and its magnitude increases with increasing x. Purple curve (KNBM x=0.25)

shows two extra features 42 eV and 12.25 eV (indicated with arrows).
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Figure 6.20.: Tauc plot for direct band gaps for KNBM' [” FHUDPLFYV

The Tauc plot of KNBM ceramics constructed for n=1/2 (indirect bgaq) is shown in

Figure 6.21

In this case, it is difficult to determine the bagep. With the increase of x,

band gaps narrow from 3.22 eV (x=0) to 1.29 eV (x=0.25). Three broad shoulders
(indicated with 1, 2 and )|Figure 6.21.

eV, 12.4 eV and12.8 eV. These modeseclearer for higher concentrations of x.

) are present in all doped compositionslat8

Figure 6.21.: Tauc plot forindirect band gaps for KNBM " [” FHUDPLFV
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Figure 6.22|shows direct and indirebandgap valuess afunction of x. Both follow the

same trend, bangaps narrow systemically with the increase of x.

Figure 6.22.: Dependence of direct and indirect band gap with x for KNBM ” FHUDPLFV

6.6. Discussion

Room temperature XRD data of KNBM @ (@.25) ceramics$Higure 6.2) show a phase

transition from orthorhombic (x=0) tpseudaoubic (x=0.25). All reflections of doped

compositiors shift continuously towards lower angles, indicating an increase of the unit

cell volumewith increasing x. The presence ofedlection at 178° 2a(Figure 6.2(b))

suggests the coexistence of two phases in KNBM & 0®.15 ceramics, an orthorhombic
KN-based phase (space group Amm2) and a cubic phase (space gr&up).Phinis
reflection remains atl78° 2aand its intensity decreases with x, therefore the relative
volume of this phase falls systematically until it disappears at x=Riételdrefinement
calculated a concentration of 23% of the orthorhombic phase in KNBM xxhh
drops to 5% in KNBM x=0.15. Raman spectroscopy, SEM images and dielectric

characterisation support the hypothesis of coexistence of these two phases.

First, the existence of a polar orthorhombic Kbked phase ilKNBM 0"x "0.15
ceramics is supported by the presence ofstiep Raman modeentredat 192 cmtin

Raman spectrggure 6.5). This peak beconsdess intense with the increase of x and
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disappears in KNBM x=0.20 spectra, tolling the sme trenddescribedfor XRD
patterns. Indeed, this also consistent with th&ietveld refinements results, which
calculate a drop of the orthorhombic phase, from 23% (x=0) to 5% (x=0.15).

Second, SEM images of KNBM x=0.10 clearly show twdedé&nt morphologies: some

big grains with smooth surface stand out in a small cubic grains agglorfféatee(6.

. EDX analyses reveals k-rich concentration in these regior@verall, sgnificant
decrease of the grain size is observed on SEM images, fiém(8=0) to 300 nm
(x=0.10).Then the grainsizeincreaseantil it reaclesl an (x=0.25). KNBM ceramics

look well densified and the grains are cubic shaped.

Finally, the coexistence of these two phases is also corroborated by the appearance of
three broad dielectric anomalies as a function of tatpre inKNBM 07"x "0.15
ceramics (Figure 6. 135). Two anomalies are attributed to the orthorhontbic
tetragonal at1220°C and the tetragon&b-cubic at 1400 °C phase transition of the
orthorhombic KNbased phase, where the solute$® Bnd Mri® are rot incorporated.
Indeed, the ferroelectrim-paraelectric transition¥400 °Q confirms the polar nature of

the KN-based phase iKNBM 07"x "0.15. The third anomaly around 100°C maybe
associated to the pseudocubic phdee2011, Luismanet al observed a frequency
dependenbroad anomaly in KNb&BiYbOs ceramics with an average pseudocubic

structure.

From reflectivity data, direct barghp values of KNBM system continuously narrow
from 3.66 eV (x=0) to 2.44 eV (x=0.25pn the other hand, indirect baigeips decrease
from 3.22 eV (x=0) to 1.29 eV (x=0.25). However, there are not enough signs to identify
the nature of KNBM bandaps.

6.7. Conclusions

The casolubility of Bi and Mn into the orthorhombic phase of KN is limited to less than
5% mol. Ceramics in th@"x "0.15 regiorwere refinedas a combinatioaf orthorhombic
and pseudaubic phases For x0.20, XRD suggests aubic structurefor KNBM

ceramics, but Raman shows that their local structure iscabit. Direct bandgaps
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varying from 366 eV down to 244 eV and indirect bandjaps from 3.22 eV to 1.29 eV,
are estimated from reflectivity data.
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7. System (1x) KNbO3z- x BiCoO3

7.1. Introduction

This chapteaddressethe synthesis and characterisation of powders and ceramics from
the binary system (&) KNbOs-x BiCoOs (KNBC) with x=0, 0.05, 0.10, 0.15, 0.20 and
0.25. First, KNBC ceramics were prepared by conventional route and were characterised
in terms of crystal structure (XRD and Raman spectroscopy) and chemical homogeneity
(EDX). Then, the impact of different quantities of"Band Co*® into KN lattice was
examined by the evolution of dielectric and optical properkestc and piezoelectric
characterisationvas notperformed because tfie high conductivityand low density of

the samples. Indeed, difficultie® dielectric neasurementsvere encounteredand
detailed below.

BiCoQ:s is a polar compound (P4mm space grasipjilar to weltknown FE materials,
such asBaTiOs and PbTiQ (Izyumskaya, Alivov, & Morkog, 2009)Theoretically,
BiCoOs exhibits antiferromagnetic ordering as well as giant feeek polarization
First principles calculations for BifDs gave aPsvalue as high as 17279 uClcn?
(Oguchi, 2005; Ravindran, Vidya, Eriksson, & Fjellvag, 2008)wever, polarisation
switching of BiCoOs; hasnot yet been demonstrated experimentalllge number of
experimental investigations on BiCe(Dka et al., 2010; Sudayama et al., 20%still
rather small compared with the number of theoretical wopksbably because of
preparation difficulties that require high pressure conditiénSPa(Belik et al., 2006)
Finally, a banehapof 1.7 eV was measured f&CoOs by X-Ray absorption spectra
XAS (McLeod et al., 2010)
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7.2 Structural and chemical characterisation

7.21. Purity and X-ray powder diffraction

KNBC (x=0, 0.05, 0.10, 0.15,.20 and 0.2bpowders wergrepared byhe solidstate
reaction routeRequired amountsf K2COz, NOs, Bi2O3 andCozOs were mixedfor 24
hours, then driedndthe resulting powdewassieved. his powde wascalcinedtwice
in air at 850 °Cfor 4 hoursusing aheating rate of 3°C/min. XRD patterns of KNB
"1 FDOFLQ H shenaArtHiyur e/ 7.1

Figure 7.1: Roomtemperature XRay diffraction data of KNB " [” SRZGH Wy ptases R Q G
are identified as BOs (black square) and @G04 (yellow triangle). Probably,sme pure KN remains in all
compositionslflackdash line).

Main reflections caibe assignedb the perovskite structure, indicating that the most of
starting oxides reacted to form KNBCx=0, 0.05, 0.10, 0.15, 0.20 and 0.25)
Nevertheless, some unreacted@i (black square) and GOs (yellow triangle) are
detected. The appearancetbése phases is more accentuated for compositions with
higher x values. Doped compounds exhibit broader peaks in comparison with pure KN

(x=0), which makeghe assignment ahe corresponding crystal structuwddficult. A




Chapter 7 System KNb&BiCoO3

closer inspection shows nearlydaped KN to be formed in all compositions, as indicated

the dashed black IinEKgure 7.1).

Pellets weefired in air for 4 hours at M °C using a controlled heag rate of3 °C/min.

Figure 7.2|showsXRD data olKNBC  "[” sintered ceramics.

Figure 7.2: Room temperatur&RD patterns folkKNBC (x=0, 0.05, 0.10, 0.15, 0.20 and 0.25) ceramics
sintered al080-1090°C Black squaresdicatesecondary phase of f8)s. The attached graph on the right
illustrates how the triplet for x=0 evolves to a single pleak=0.25.

Sharp peaks and reduction of secondary phases confirm both a higher degree of
crystallisation and enhanced purity for KNBC ceramics in comparison with powders.
However asmall amount of BOs is still present in KNBC x=0.20 and x=0.25 ceramics

A continuous shift bthe XRD peaks towards loweraangles indicates an increase of

the unit cell size with the increase of BiCotdntent.

Figure 7.2|(b) shows in detail the XRD patterns from 75° to B8With increasing x. For

x=0, a tripletis observeatorresponding to (040), (400) and (222) Millerices for the
orthorhombic symmetryFor the rest of compositions, a single peak is perceptible within
the resolution of the measuremeihhis single peak is accompanied dyemarkable
shoulder in x=0.05which also appearsin x=0.10 pattern butis less intense For
015" [” compositionsa sharp peak is observed which could be attributed to (220)
Miller index for the cubic symmetry-However, the assignment of the phases for this

system was ambiguous, due to the resolution of the measurements. Complete
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characterisation of these compoumdl help to determine the crystal structure evolution

with increasing Bi¥/Co™. The refinement of the XRD patterns Ryetveld method

provides information about the space group, lattice parameters and theoretical density of

KNBC ceramics

Table 7.1]jang

Table 7.2). Experimental and relative density are added

in the tables.

x=0 x=0.05 x=0.10
Space Group Amm2 8.1(0)% oL.8(2)% Pm &n
Amm2 Pm- &n
Density
(Experimental) 4.35(3) 4.19(17) 4.21(22)
(g/cm)
Density
(calculated) 4.6273(1) 4.7%02)* 4.9436(4)
(g/crm?)
Relative 94(1) 87(1)* 85(2)
Density (%)
a (A) 3.9711(1) 3.98644) 4.0150(1) 4.02112)
b (A) 5.6909(1) 5.68297) 4.0150(1) 4.02112)
c(A) 5.7158(1) 5.708Q(1) 4.0150(1) 4.02112)
V/108 (pm3) 64.576(2) 64.7233) 64.66(2) 65.02(1)
Rexp 1.26460 1.21332 1.3220
Rp 2.97912 2.56084 4.1034
Rwp 4.65175 3.17835 5.83102
GOF 13.53086 6.8620 194552

Table 7.1: Experimental and theoreticakdsity, lattice parameterand agreemeimdicescalculated by
RietveldRefinement for KNBC (x=0, 0.05 and 0.18Weighed average for the phases.
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x=0.15 x=0.2 x=0.25
Space Group Pm & Pm &n Pm &n
Density
(Experimental) 4.26(7) 4.25(20) 4.18(10)
(g/cn)
Density
(calculated) 5.459Q2) 5.2661(4) 5.42@0(2)
(g/cn?)
Relative 78(2) 81(4) 77(2)
Density (%)
a (A) 4.0245(1) 4.027%(2) 4.0304(1)
b (A) 4.0245(1) 4.027%(2) 4.0304(1)
c (A) 4.0245(1) 4.027%(2) 4.0304(1)
V/10° (pm?d) 65.183(2) 65.33(5) 65.465(3)
Rexp 1.30162 1.26475 1.26090
Rp 3.32856 4.35045 3.01453
Rwp 4.94895 6.57066 4.73736
GOF 14.45641 26.9903 14.1159

Table 7.2: Experimental and theoreticakdsity, lattice parameterand agreement indices calculated by
RietveldRefinement for KNBC (x=0.15, 0.20 and 0.25)

Low relative density values (below 90%) for all KNBC ceramics were obtained. This fact

could be relatedo the unsuccessful densification &iCoO; ceramics atambient
conditions(Belik et al., 2006)KNBC x=0.05is reasonably refineds a combination of

orthorhombic phase (spacgoup Amm2) and cubiphase (space group P#m) as
shown in Figure E.2 (Appendix EXRD patterns for x=0.10, x=0.15, x=0.20 and x=0.25

can be ascribed as cubic phaRey &n). Howeverthereis evidencavhich suggestthese

compositions are neither single phase nor truly cuag will be explained belaw

However, dinear relation between unit cell volume and x is obtai|rl’r'égure 7.3).
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Figure 7.3: Evolutionof the unit cell volumavith x for KNBC " [” FHUDPLFV

Overall, he unit cell volume increases lingamvith x This fact indcates there is a
systematicincorporation of Bi® and Cd2 into KNbQO;s structure. Probably, there is
coexistence of phases in the intermediary concentratbans, f3HUW VRIWZDUH Z
able to fit two phases.

7.22. Raman spectrosgpy

Roomtemperature Raman spectra for BBl " [~ S R Z G Hudtkated thH

Figure 7.4 All KNBC powderspresentsimilar Raman spectra. Mafeaturesreported

for KN (orange pattern) are found in the other spgtioéd dashed lineHowever, these

modes seem to be widand sightly displacedto lower wavenumberfy 111 cmb).

New modes arise for high concentrations of*@ao" and labelled as 1, 2 and 3. In
DGGLWLRQ VPDOO EXPSV SRLQWHG ZLWK p TFRXOG EH
at 192 cm' discloses the potaordering in KN compounds. This mode is detected in all
KNBC powders spectra, which supports the hypothesis proposia XRD section

about the presence of nearly pure orthorhombic KN, which reveals chemical

inhomogeneities in KNBC powdelRoomtemperéure Raman spectrafor KNB " [”

0.25)ceramics sintered 1090°C are examingBigure 7.4lanqFigure 7.5
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Figure 7.4: Roomtemperature Raman spectra for KNBC” [~ powderscalcinedat 850°C two
times New modes (12 and 3 emerge irKNBM (x ¢ SRZGHUV 6PDOO PRGHV LQGLFD!

associated with local impurities.

Figure 7.5: (aRoomtemperature Raman spectra for KNBC” [” FHUDPLFRY108& QW HUH (
1090°C. New modes (1, 2, 3,%ang emerge in KNEE [« S H O O H {)\Attdch étgrapudbows
the monitaing of mixed sharp mode at 192 @m

Raman spectrior KNBC 7 [~ F H Wb Isémé differences in comparison

with powder spectra. Newarising modes are labelled as 1, 2, 3, 4, 5, and 6. Mode 1 and
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2, also visible in the powders, appear at 114 and 174 crt (as a shoulder of the mixed
peakcentredat 192 crt). Both modes keep their position constant. The intensities of
mode 1 is pracally equal for all compositions, in contrast, the intensity of mode 2 seems

to reach a maximum for x=0.10 and 0.15 and then gradually decreases. These modes
appeaiin all the systems investigated in this woakdare attributed to AO vibrations

within nm-sized clusters rich in either Biand/or K cations The absence of the sharp
mixed peak at 192 cfrand the interference dip at 197 ¢support the cubic symmetry
assigned for x=0.28nd x=0.25 in the XRD analysis sectionidence of the coexisteac

of orthorhombic phase (polar phase) and cubic phase (nonpolar phase) for intermediary

concentrations is shown|kigure 7.5|(b). The sharp mode can be intuitedtax=0.20

and its intensity decreases with x. The polar phase may be only in traces for x=0.10 and
x=0.15, because it was not detected by XRD. Modes 3 and 4 app&sCatm’ and
~700cmtonly for x=0.20 and x=0.25. Finally, the intensity of mode-800 cmt) and

mode 6 £870 cm') considerably increaseavith increasing x.
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7.2.3. SEM

SEMimages of unpolished KNBC ( [” ) ceramics are shown|Figure 7.6|(af).

Figure 7.6: Microstructure evolution for KNBC ceramics for (a) x=0, (b) x=0.05, (c) x=0.10, (d) x=0.15,
(e) x=0.20 and (f) x=0.25.

Grain growth is inhibited with the incorporation of'Band Cd2 into the KNbQ lattice.
However, grains preserve the cubic shape in all compositions. Microstructures for x=0.05,
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x=0.10 and x=0.15 present very similar morpholgggyre 7.6| (b-d)). Grain size varies

between 600 nm and 800 nm for theses compositions. For x=0.20, large cubic grains
( 11um) but still a wide grain size spectrum is distinguished in its microstrustare
appearingKNBC x=0.20 and x=0.25 exhibit smooth surfaces. Graia grows up to 2

pum but stilldifferentgrainsizes in the surface of x=0.2&n be found

7.2.4. EDX

Element distribution (K, Nb, Bi and Co) and chemical analyses were performed in all
KNBC (0.05” [” 5) ceramics by EDX. Experimental and theoreti¢&lb, K/Bi and
K/Co ratios and relative errors for KNBC x=0.05 are givamable 7.3

x=0.05
Theoretical Experimental Relative error (%)
Wi
W -~ 1 0.99(3) 1
WVY] . 19 18(4) 5
Wi
Vg . 19 34(12) 79

Table 7.3: Experimental and theoretical molar K/Nb, K/Bi and K/Co ratios for 0.95 KN#MDO05 BiCoQ
ceramic sintered at 1090°C.

The experimental K/Nb and K/Batios matchwith thetheoreticalvalueswithin deviation
margins.On the other hand, K/Coonsiderablyiffers fromtheoreticavalue (79%). The
high standard deviation value indicates famogeneous distribution of Bi and Co

across the sample. An example of different degfé&i*> and Cd2 solubility is shown in

Figure 7.7
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Figure 7.7: SEM image and EDX spectra of unpolished 0.95 KiN¥D.05 BiCoQ ceramic sintered at
1090°C.

The existence of such disparities amongst experimental K/Bi ratios reveals the difficulties

of uniformly incorporating a small amount of BiCo™ into KNbQs.

Table 7.4|shows the experimental antheoretical K/Nb, K/Bi and K/Caelations and

relative errors for KNBC x=0.10 composition.

x=0.10
Theoretical Experimental Relative error (%)
WV% - 1 1.2(4) 20
W, 9 5(2) 44
Wy . 9 7(3) 22

Table 74 Experimental and theoretical K/Nb, K/Bi and K/Co ratios for 0.90 KNB®10 BiCoQ ceramic
sintered at 1090°C.

Despite margin of error, empirical K/Bi and K/Co ratios still diverge from theoretical
ratios. Their lower values reveal high concentration of K and Nb, suggesting difficulties

in incorporating B and Cd2 into the KNbQ lattice |Figure 7.8[shows a SEM image

and the EDX spectra as evidence of inhomogeneous distribution of thesspeci
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Figure 7.8: SEM image and EDX spectra of unpolisi®e80 KNbQ +0.10 BiCoQ ceramic sintered at
1090°C.

High concentration of K is detected in some regions, suggestenappearance of other
phase (LA2BOe).|Table 7 5|show the experimental and theoretical K/Nb, K/Bi and K/Co
relations and relative errors for KNBC x=0.15 composition.

x=0.15
Theoretical Experimental Relative error (%)
WV% N 1 1.0(1) 0
Wy . 5.67 5(1) 12
va) . 5.67 7(2) 23

Table 7.5: Experimental and theoretical K/Nb, K/Bi and K/Co ratios for 0.85 Kik€D.15 BiCoQ
ceramic sintered at 1090°C.

In this case, experimental K/Nb, K/Bi and K/Co ratios are in agreement with the

theoretical stoichiometry of KNBC x=0.15 within the margin eff@ble 7.6|reports he
EDX results for KNBC x=0.20.
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x=0.20
Theoretical Experimental Relative error
WV% R 1 1.0(1) 0
Wy | 4 3.5(5) 12
Wy 4 5(1) 25

Table 7.6: Experimental and theoretical K/Nb, K/Bi and K/Ni ratios for 0.80 KNb£0.20 BiCoQ
ceramic sintered at 1090°C.

Experimental values acceptably coincidéh theoretical values, beside presenting lower

standard deviation. This fact implies a substantial enhancemerif ahBiCd® solubility

into KNbGs. However, Cerich paticles are detected on the surface of the safphjdeie

7.9). Finally, K/Nb, K/Bi and K/Co ratios for KNBN x=0.25 have the closest values to

the intended stoichiometryTable 7.7). As commented above, low standard deviation

values indicate mor&domogeneoushemical distribution. These results confirm the
solubility of Bi*¥/Co™ into KNbQ; is more effective under conditions of high

concentration of BiGOs.

x=0.25
Theoretical Experimental Relative error
WV% - 1 1(1) 0
WV\L' . 3 3(1) 0
WV% . 3 4(1) 33

Table 7.7.. Experimental and theoretical K/Nb, K/Bi and K/Co ratios for 0.75 KNR¥D.25 BiCoQ
ceramic sintered at 1090°C.
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Figure 7.9: SEM image and EDX spectra of unpolished 0.80 KN¥D.20 BiCoQ ceramic sintered at
1090°C.

J 2o -
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In the same way as noted in the other systems, KNBC presents difficufoesing the

solid solution, especially for ¥ concentration of x. In contrast, KNBC x=0.20 and
x=0.25 exhibit more accurate K/Nb, K/Bi and K/Co values than the rest. This is also
supported by EDX mapping of K, Nb, Bi and Co on KNBC x=0.05 sa@
and x=0.29[igure 7.11). Globally, the elements are more homogeneously dispersed on
KNBC x=0.25 than x=0.05. Thexmstence ofCorich regions in KNBC x=0.05

demonstrates that Cbhas difficulties to diffuse into KN latticeDespitesthe large

concentration of porosity that is visitfier x=0.25 a better diffusion of C8 is achieved.

Some Krich region are detected.

Figure 7.10: SEM image of the examined region and EDX mapping of K, Nb, Bi and Co for KNBC x=0.05.

Figure 7.11: SEM image of the examined region EDX mapping of K, Nb, Bi and Co for KNBC x=0.25.
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7.3. Electrical Characterisation

7.3.1. Dielectric Characterisation

The temperature dependence of the permittivgyand dielectric losses, térfor KNBC
ceramics X= 0.05, 0.10, 0.15, 0.20 and 0.25) measured at 1 kHz, 10 kHz, 100 kHz and

250 kHzare shown ifFigure 7.12116. It must not be forgotten that KNBC ceramics

reveal relative densities below 90%, which promotes the sensitivity to analckrectly

affects the physical properties such as electrical conduction.

The only sample that presents two dielectric anomalies (dashed |kiguire 7.12) is
KNBC x=0.05: one at 215°C and the other at 381°C. These anomalies can be attributed

to the orthorhombic solid solution as well as to some purebEded phase left, detected
in EDX. Dielectric response and losses show dependency with frequency. Eb0,x=0

only a broad relaxation is visible at 390°C (dashed lin€ignre 7.13). Again, Y;and

— f Ware heavily influenced by frequency. By inspectiofFmfure 7.14116, dielectric

anomalies are ngierceivedand the frequency dependence is less marked for KNBC
x=0.15, 0.20 and 0.2%Joreover, a protuberands perceived aroun@i00°C in KNBC
x=0.10 and x=0.15yhich could besupposedlyriginated bythe pseudocubic phase.




Chapter 7 System KNb&BiCoO3

Figure 7.12: Temperature dependence gand tan Bor 0.95KNbO; .05BiCo0; ceramic at 1 kHz, 10
kHz and 100 kHduring cooling

Figure 7.13: Temperature dependence ¥and tan Ufor 0.90 KNbO3z .10 BiCoQs solid solution at 1
kHz, 10 kHz and 100 kHz duringooling
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Figure 7.14: Temperature dependence ¥and tan Ufor 0.85KNbO3z #.15 BiCoQ; solid solution at 1
kHz, 10 kHz and 100 kHz duringpoling

Figure 7.15. Temperature dependence ¥and tan Ufor 0.80 KNbO3 .20 BiCoQs solid solution at 1
kHz, 10 kHz and 100 kHduring cooling
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Figure 7.16: Temperature dependence ¥and tan Ufor 0.75KNbO3 #.25 BiCoO; solid solution at 1
kHz, 10 kHz and 100 kHz duringpoling

The temperature dependence of the permittiviy,for KNBC ceramics (x = 0, 0.05,
0.10, 0.15, 0.20 and 0.25) measured at 100 kHz is illustrakggurne 7.17| Upon doping,

the Y(T) curves become flatter than KN curve, which shows two maxima at 205 °C and

400 °C. Those two dielectric anomalies are associated with phase transitions. As
mentioned before, KNBC x=0.05 is the only one that exhibits two anomalies but much

less intense than undoped KN.
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Figure 7.17: Temperature dependence of relative permittivity and dielectric lémsésx) KNbOs &
BiCoOs T FHUDPLFV DW N+]

7.4. Optical Characterisation
7.4.1 Diffuse reflectancespectroscopy

Direct and indirect bandaps for KNBC ceramicx€ 0, 0.05, 0.10, 0.15, 0.20 and 0.25)
were determined using the Tauc plotairthe reflectivity datﬁlgure 7.18) Direct band
gaps continuously narrow from 3.62 eV (x=0) to@e¥ (x=0.25) with increasing of Bi

and Cd° contents into the KN latticg={gure 7.1§t.
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Figure 7.18: Diffuse reflectance as a function of wavelength for KNBC system (raw data).

Figure 7.19: Tauc plot for direct band gaps for KKIB " [” FHUDPLFV

If the electron excitation occurs through an indirect path, the bandgap narrows with

increasing X, reaching 2.15 eV for x=0.@dure 7.20). Two bumps (labelled as 1 and

2) arise at 2.21 eV and 2.45 eV in all the spectra, which become more intense with x.
These absorption regions could be related with tdansitions, hybridize@rbitals or

energetic levels within the band gap.
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Figure 7.20: Tauc plot forindirect band gaps for KNB " [” FHUDPLFV

Figure 7.21|plots the bandjap narrowing as a function of x for direct and indirect

transitions.

Figure 7.21: Compositional evolution of direct and indirect bagep forkNBC " [” ceramics

Predictably, direct bandaps present higher values than indirect bgeyls. In addition,
both show the same trend of narrowing with increasing x. For indirectdsgg] the
most pronounced decrease occurs in betwe=0 and x=0.05. ®the otheihand, direct

bandgaps constantly narrow with increasing¥to™ contents.
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7.5. Discussion

Unreacted bismuth and cobalt oxides were detected in KNBC calcined powders by XRD.
After sintering, small amount of BD3 was perceived in KNBC x=0.20 and x=8.2
ceramics. The main problem found during the ceramic processing of this system was the
impossibility of obtaining high densitgeramics. Densities below 85% lead to very weak
samples, generating stability problems in air and preventing a reliable electric
characterisationThere areonly few papers that have reported BiGasdlid-solutions
prepared by conventional routeasmbientpressur¢Wu et al., 2011; Zhou, Liu, Li, Yuan,

& Chen, 2009) probably due to difficultiesithe ceramic processing.

XRD patterns of KNBC ceramicshow all reflections constantly move towalolwer 2 a
angles with increasing x. KNBC x = 0.05 is acceptably refine as a combination of cubic
and orthorhombic phases. With further increase of théasid Cd3, thesystem evolves

to a pseudocubic phase, which is accompanied by a linear increéseinit cell volume.

In contrast, a polymorphic phase transition between the orthorhombic and the
rhombohedral phase for a similar systemx)Xo.sNaosNbOs-x BiCoGs, was described
DSSUR[LPDWHO\ WWetal.,’2D11)

The presencef the Raman mode at 192 chand the dip at 197 chindicates the
presence of a polar phase up to x=0.15, that was not detected by XRD. The absence of
the mixed Raman mode at 192-€eprroborates the centrosymmetric phase for KNBC
x=0.20 and x=0.25. Hogwer, Raman activity confirms local distortions up to x=0.25.

SEM imaging and EDX analyses show different solubility degrees*éfaBd Ca2 for
low concentration of X, revealing solglate reaction is not adequate processing method,
as already commerdein other similar soliesolutions. For x=0.20 and x=0.25, better

homogenisation of the chemicals leads to the appearance of larger cubic grains.

Dielectric anomaly associated with ferroelectoeparaelectric transitions visible for

KNBC x=0.05 and x=0.Based on EDX resultd seems the ferroelectric behaviour in
this system is dut orthorhombidKNbOs-based In contrast, dielectric maxima are not
detected for x=0.15, x=0.20 and x=0.B6weverelectrical measurements are not reliable

due to thdow density which affects the integritgf the samples.

24/ [
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By inspection of constructed Tauc plots, dirémd indirect)bandgapscontinuously
narrow from 3.62 eV3.22 eV} to 2.60 eV 2.15 e\}, with increasing B# and Cd3

content into the KN lattice.

7.6. Conclusions

Low density KNBC ceramics were prepared by solid state reaction. Coexistence of polar
and nonpolar phases for x=0.05 and x=0.10 is suggested by XRD, Raman and dielectric
measurements. The polar phase is attributed to the preseK®erath regions where

Bi*® and Cd? are not well diffusedasrevealed by SEM and EDX analyses. In contrast,
KNBC x=0.20 and x=0.25 are assigned to pseudocubic symmetry as supported by XRD
and Raman spectroscopy analyse®X confirms a better homogenisation dfet
chemicals, which is accompanied by grain growth. Finally, systematic-damd
narrowing for KNBC system is observed with increasing x.
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8. System (1x) KNbO3s- x BiNiO3

8.1. Introduction

This chapters devoted to the processing and characterisation of ceramictedymary
system (1x) KNbOs-x BiNiOs (KNBN) with x=0, 0.05, 0.10, 0.15, 0.20 and 0.25. First,
the optimal pwder processingeattreatmentvas established. This was followed by an
evaluation of the crystal structure using combined XRD and Raman Spectroscopy
analyses. Thetheimpact of Bi® and Ni®into KNbQO; was investigated by the evolution

of ferroelectric and dielectric properties. Finally, a baag narrowing is observed in this

system with the increase of*‘Biand Ni® content

The triclinic BiNiOs (symmetrygroup P§ is centrosymmetric, and thereforetpolar
(Belik, 2012) In this chapter, the effect of ngrolar BiNiO: dopingon the longrange
polar order of KNb@ is investigated BiNiOz compound is maly reported in the
literature due to its unusual charge distributigiMcLeod et al., 2010)At ambient
pressure, BiNi@ exhibits Bios>*Bio.s>*Ni?*Os charge distribution with ordering of Bi
and BP* chargesn the A sitein a highly distorted perovskite structui@arlsson et al.,
2008; Ishiwata et al., 2002; Mizumaki et al., 2009; Wadati et al., 200%g fact may
lead to inteestingconductivityphenomenan the boundary between insulator and metal
A bandgap of1.1(5) eV basedroX-ray emission and absorptiepectraAzuma et al.,
2007)has been reporte@urthermorewith increasing pressuBiNiOz acquiresPnma
symmetry(Azuma et al., 200Ayhich is accorpanied bya different charge distribution
(Bi®*Ni®*Os) which leadsto insulabr-to-metal electronic changeand a 2.6% volume
reduction(Azuma et al., 2011BiNiO3 also presenta/eak ferromagnetisr{iTn 1300 K)
(Carlsson et al., 2008; Ishiwata et al., 206®)wever there is no experiméa evidence
for BiNiO3 beinga multiferroic (Catalan, 2008)To the best obur knowledge, there are

[ 248 1
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only few reports abouBiNiOs-based solid solution, such as d¥&0sNbOsz BIiNiO3z £
LiSbOs (Liu, Liu, Jiang, & Ma, 201Q)

8.2 Structural and chemical characteristion

8.21. Purity and X-ray diffraction

(1-x) KNbOs-x BiNiO3z (KNBN) with x=0, 0.05, 0.10, 0.15, 0.20 and 0.25 ceramiese
prepared byhesolid-state reaction method 8Os, N,Os, Bi-Oz and NiO powders/ere
weighed in the required stoichiometricioast and mixed overnighi24 hours)by ball

milling in isopropanol. The driedhixed powdersvere thencalcinedtwice in air at 850

°C for 4 hoursusing aheating rate of 3°C/mifkigure 8.1|shows XRDdataof KNBN
"1 FDOFLQHG SRZGHUYV

Figure 8.1: XRD data of (2x) KNbOs-x BiNiO3 (KNBN) with x=0, 0.05, 0.10, 0.15, B0 and 0.25 powders
after calcining twice at 850°C. Grey triangles and black squares indicate secondary phases, NiQsand Bi
respectively.

The mainpeaks can be ascribedaperovskite structure which means KNBN (x=0, 0.05,
0.10, 0.15, 0.20 and 0.2frms a solid solutionAlthough KN calcined powder exhibits
well defined peaks (orange pattern) ambrthorhombiccrystalstructure, broader peaks

for KNBN x>0.05 compositions are observed, which makes difficult to assign the

[ 240 1
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corresponding crystal structure. Moreover, considerable amount of two second phases are
identified in this system, nickel oxide (NiOn all compositims (grey triangle) and
bismuth oxide (BiOs) in .1% 1 "[” compoundgblack square)indicatinglow

reactivity. There is also some small amount of impurity KINBN 0.20”["0.25
compositionsODEHOOHG ZLWKpu"Y EHFDXVH WKfiet KNBR S X ULW
0.05” [ "0.25 powderswere again calcined at 850°@r 4 hours with heating rate of
3°C/min in order tdurtherreact NiO and BOs.|Figure 8.2|shows the XRD patterns of

KNBN "[” SRZGHUV DIWHU WKH WKLUG FDOFLQDWLRC(

Figure 8.2:XRD data of (3x) KNbOs-x BiNiOs (KNBN) with x=0, 0.05, 0.10, 0.15, 0.20 and O&#cined
powdersthree timesat 850°C. Grey triangles and black squareicatesecondary phases, NiO anc:®Gj
respectively

After the third calcination, some residuab®s is still presenin KNBN x=0.10but it is
absent iNKNBN x=0.15. The amount of NiO decreases camgd with the previous
calcination but there is still a considerable quantity of second phase in all compositions.
7KH XQNQRZQ LPSXULW\ p"Y LV RQO\ SUHVHQW LQ
powder pattern (6487°) evolves to a single peak (KNBN x=0)4bigure 8.2((b)). The

intermediary compositions exhibit one broad peak with a shoulder. For x=0.05, the peak
at higher 2iis linked to some orthorhombic khNasedhase where Bf and Ni3 are not

diffused.Between KNBN x=0.05 and x=0.10, the peak and the shoulder swap pgsitions




Chapter 8 System KNb&BIiNiOs

indicating the better diffusion of the solutes with increasing x. In contrast, this swapping

occurred between KNBN x=0.10 and x= 0.15heg first calcinationsHigure 8.1).

Figure 8.3|showsXRD data okNBN " [” elfetssintered at 1070°C for 4 hours

using a heattig rate of 3°C/min.

Figure 8.3.: XRD data of(1-xX) KNbOs-x BiNiOs (KNBN) with x=0, 0.05, 0.10, 0.15, 0.20 and 0.25
ceramics sintered at 1070°C for 8rey trianglesndicatesecondary phase of Nidhe attached graph on
the right illustrates the evolution from the triplet in KN to a sharp single peak.

All reflections for KNBN  "[” eliets shift systematically towards lowera2

angles, indicating an increase of thetwcell size with increasinBi*3 and Ni® contents.
The presencefeome residual NiO suggesteomplete reaction.

Figure 8.3| (b) shows the evolution of the triplet from x=0 to x=0.25single peak is

visible for the rest ofthe compositions within the resolutiosf our measurements. For

x=0.05andx=0.10, an asymmetry of the peak shape is observed on the highieile2

(pointed with arrows ifFigure 8.3) indicating a distortion away from cubic symmetry.

Indeed, complicatiamin refining these patterngere foundFor0.15”[” | single and

sharp peak is observed which could be associated with cubic structure but a simple visual
inspection of XRD patterns is impossible to determine the crystal struCnhga full
characterisation of this system will provide enough information to elucidate crystal

structure evolution with xCrystal metrics for each composition were calculated by

Rietveld refinement, and are listedTiable 8.1{andTable 8.2|alongside theoretical and

[ o510 L
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relative density values for the ceramics. The relatigrsites decrease from 94% for

undoped ceramics to 76%.

x=0 x=0.05 x=0.10
Space Group Amm2 219 (1% 721(9)% Pm &
Amm2 Pm- &n
Density
(Experimental) 4.35(3) 4.19(17) 4.21(22)
(g/cn)
Density
(calculated) 4.6273(1) 4.801(D* 4.9571(4)
(g/cm)
Relative 94(1) 87(1)* 85(2)
Density (%)
a (A) 3.9711(1) 3.98644) 4.0118(1) 4.01441)
b (A) 5.6909(1) 5.68297) 4.0118(1) 4.0146(2
c(A) 5.7158(1) 5.708Q(1) 4.0118(1) 4.0146()
V/108 (pmd) 64.576(2) 6468(2) 64.570(3) 64.7033)
Rexp 1.26460 1.26990 1.31667
Rp 2.97912 2.77807 3.66920
Rwp 4.65175 4.07684 4.60483
GOF 13.53086 10.30640 12.23126

Table 8.1: Experimental and theoreticakdsity, lattice parameterand agreement indices calculated by
RietveldRefinement for KNBC (x=0., 0.05 and 0.18)Veighed average for the phases.

PEF -
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x=0.15 x=0.2 x=0.25
Space Group Pm & Pm &n Pm &n
Density
(Experimental) 4.26(7) 4.25(20) 4.18(10)
(g/cn)
Density
(calculated) 5.1331(2) 5.30132) 5.47052)
(g/cn?)
Relative 832) 80(4) 76(2)
Density (%)
a (A) 4.0167(1) 4.01811) 4.0192(1)
b (A) 4.0167(1) 4.0181(1) 4.0192(1)
c (A) 4.0167(1) 4.0181(1) 4.0192(1)
V/10° (pm?d) 64.805(3) 64.8733) 64.926(3)
Rexp 1.34213 1.36698 1.47013
Rp 3.25375 4.21412 4.28872
Rwp 4.70176 5.75481 6.14752
GOF 12.27251 17.72312 17.48605

Table 8.2: Experimental and theoreticakdsity, lattice parameterand agreemeiidicescalculated by
RietveldRefinement for KNBC (x=0.15, 0.20 and 0.25)

As largelydiscussed in this workupe KN (x=0)is described as an orthorhombic phase

XRD data of KNBN x=0.0%s refinedasa combination of orthorhombic phase (symmetry

group Ammz2) and cubic phase (symmetry greap &n). As commented beforg=0.10

shows a small shoulddFigure 8.3|(b)) which made the phasessignmendifficult.

Different symmetries were attempted, such as orthorhombic, cubic or anatiobiof

both, which based on previous systems seemed to be the most likely option. However,

the software was not able to refine the coexistence of both phases. Alternative refinement

into orthorhombic phase for x=0.10 is shown in Appendix=0.15, x=020 and x=0.25

patterns are ascribed to cubic symmefyy&n). Even if theXRD patterns seems to

describe cubic symmetry, some evidence sugdbst presence dd polar phase up to

x=0.25, as will be explained belg#igure 8.4|shows compositionavolutionof the unit
"1 F H Udaledldted byRrietveldrefinement

cell volume forKNBN

[ 253 1
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Figure 8.4: Evoluion of the unit cell volumevith x for (1-x) KNbOs-x BiNiOz " [” FHUDPLFV
The unit cell volume increases lineawith increasing x, which means the compositional
evolution for KNBN systeml RO OR ZV 9 H.Howesdf theoudiZcell volume of the
orthorhombic phase for x=0.05 is larger than the cubic phase, which is not consistent with
XRD data inFigure 8.1(b). Figure F.3 (Appendix FBhows the inability oRietveld

method to refine the orthorhombic phase.

8.22. Raman spectroscopy

Roomtemperature Raman spectra for BN 7 [~ S R zakinéd\at 850°C

three timesareshownin|Figure 8.5{ All compositions present the same general modes as

reported for KN (bold dashed lige buttheseare broadedue todisorderof thematerial

and slightshift to lower wavenumber$loreover, new modes emerge with the increase

of Bi*® and Ni contents into KNb@ labelled as 1, 2 ,3, 4, 5 andA& demonstrateth

previous chaptershe presence of the sharp modd @2 cm' indicates the longange

polar orderfor all KN-BN I SRZGHUV ORGHV DQG LQG!
in agreement with XRD data|figure 8.1 Roomtemperature Raman spectra for KN

BN " ["  ceramics sinteredt1070°Carealso examined @
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Figure 8.5: Roomtemperature Raman spectra for KNBN” [” powderscalcined three times at
850°C New modes (1,2,4 and § emerge in KNBI (x «0.05).

Figure 8.6: (a) Roomtemperature Ramaspectra for KNBI " [” F H U D é&édaM 0vVeeQ W
New modes (1, 2,3,5and6 HPHUJH LQ .1%1 [~ B®)HVorirdiing \bf Miseld Bharp D
mode at 192 crh

Raman spectrior KNBN 7 [” F H ehbik $avhe general featuregth the
powders (labelled with dashed lines). Emerging modes are indicated by 1, 2, 3, 4, 5, and
6. Mode 1 arises at 114 crand mode 2 appears &175 cm! as a shoulder of the sharp

[ o255 L




Chapter 8 System KNb&BIiNiOs

peak at 192 crh Both modes do not shift and the intensity is maintained constant with
the increase of x. Modes 1 and 2 abservedn almost all the systems studied in this
work and hypotheticallyattributedto A-O vibrations within nresized clusters rich in
either BF* and/or K cations Mode 1 is preserith all doped ceramics but nat iall
powders.The sharp mode at 192 chand the interference dip at 197 ¢mre visible in

all compositions, which supports the existence of orthorhombic phase (polar phase) up to
x=0.25 (attached graph I@ The intensity the sharp mode decreases with
increasingx, which it may confirm thesystematiaeduction of the orthorhombjghase

Modes 3 and 4 emerge €600 cm'and~700cm? only for KNBN x=0.20 and x=0.25.
Finally, the intensity of mode 5800 cm') and mode 6~875 cm') systematicallyises

with increasing x.

The temperaturegppendence of Raman spedior KNBN x=0.05 areKNBN x=0.25 is
shown inFigure 8.7[andFigure 8.8 respectiely. In this range of temperatures (frem

180°C b 340°C), the transitions fronm@ambohedrato orthorhombicto tetragonalare
visible for KNBN x=0.05.The $arp mode (indicated with arrows apparenup to
340°Cfor KNBN x=0.05 suggesting polar phagestill present. Indeed, this temperature

is below its Curie temperaturel890°C|Figure 8.18). For x=0.25 this sharp mode

disappears at80°C suggesting a phase transition from polar topwar stateat this
temperaturelnterestingly this transition occurs at lower temperature than observed for

orthorhombic KNbased solid solutions1400°C).This phenomenon may be linked with

the apparance of a broad dielectric anomalyld30°C|Figure 8.22).
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Figure 8.7: Raman spectra evolution frorh80°Cto 340 °C folKkNBN x=0.05 ceramics.

Figure 8.8: Raman spectra evolution frorh80°C to 340 °C foKNBN x=0.25 ceramics.

8.2.3. SEM

SEM surface images of unpolished KNBN’( [” ) ceramics are shown|Figure 8.

El(aff). Upon Bi*¥/Ni*3 doping into the KN lattice, cubic large grains &8um for x=0

[ o57 L




Chapter 8 System KNb&BIiNiOs

Figure 8.9|a) become round small grains d600nm (x=0.05,|Figure 8.9|b). The

inhibition of the grain growth is also observed in all systetodiad in this investigation.
A heterogenous grain size distribution is perceived in KNBN (0.3 5) ceramics,
which is accompanied by different grain morphologies such as agglomerates of small

grains, irregular shaped grains as well as cubic grains. However, cubic grains seem to

continuously emerge with increasingkidure 8.9| c-e). For x=0.25, mostly all grains

are cubic shaped with the grain size in betwd®0 nm and1l um. The complex
microstructures for KNBN ceramics can be associated firstly, with the coexistence of
multiple phases, as supported by XRD and Raman results. And secondly, to difficulties
on forming solid solutions and consequently inhomogaséncorporation of the dopants

in the grains. To validate this statememtergy dispersive-ray spectra and mappiraye

collected for all compositions theKNBN system.
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Figure 8.9 (a-f): Microstructure evolution for (k) KNbOs-x BiNiO3 ceramics from (a) x=0, (b) x=0.05,
(c) x=0.10, (d) x=0.15, (e) x=0.15 and (f) x=0.25.

[ 250 L
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8.2.4. EDX

The chemical compositiofor KNBN x=0, 0.05, 0.10, 0.15, 0.20 and 0.@&ramicsis

studied by EDX analys, showing th@on-homogeneous distribution of the elements (K,

Nb, Bi andNi) across the sampl¢§able 8.3|reports the experimental and theoretical

ratiosand relative error of thédifferent elements for x=0.05.

x=0.05
Theoretical Experimental Relative error (%)
Wi
W -~ 1 0.97(5) 3
Wi
W . 19 21(7) 10
WV\é . 19 31(9) 64

Table 8.3: Experimental (average) and theoretical molar K/Nb, K/Bi and K/Ni ratios for 0.95 KNbO
0.05 BiNiG; ceramic sintered at 1070°C.

K/Ni ratio is much larger than the theoreticahindicationof Ni-rich regions. This fact
supports the difficulties of NiQeacting with the rest ahe oxides. Fidence of unreacted
NiO is shown ifpFigure 8.10

Figure 8.10: SEM image and EDX spectdd unpolished 0.95 KNb©+0.05 BiNiO; ceramic sintered at
1070°C.

EDX anaysis detected NiO parties, in agreement with XRD dgtable 8 4|informs the

experimental and theoretical molar K/Nb, K/Bi and K/Ni ratios and redadrrors for

x=0.10 composition.
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x=0.10
Stoichiometric Experimental Relative error (%)
Wy - 1 1.07(5) 7
Wy | 10 10(4) 0
Wy 10 16(7) 60

Table 8.4.: Experimental (average) and theoretical molar K/Nb, K/Bi and K/Ni ratios for 0.90 KNbO
0.10 BIiNiG; ceramic sintered at 1070°C.

Within the margin of errors, empirical K/Nind K/Bi ratios are in agreement widhe
desired stoichiometry. The high K/Ni fraction again reveals concentration oldves

in KNBN x=0.10|Figure 8.11} demanstrates nomniform distribution of the spees

across the sample.

Figure 8.11: SEM image and EDX spectra of unpolished 0.90 Ki&XD.10 BiNiO; ceramic sintered at
1070°C.

Large grains with smooth surface stand out aboveatg®merates of irregulamsall
grains. EDX spectra revehigh concentration of K, approximately the double of Nb.
Indeedthiscould be related with the formation of a second perovskite with stoictriipme
1A>BOs.[Table 8.5|presents EDX results for KNBN x=0.15.

[ 261 L
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x=0.15
Theoretical Experimental Relative error (%)
Wy - 1 0.99(4) 1
Y, 5.67 6(1) 6
Wy, 5.67 10(2) 75

Table 8.5: Experimental &dverage and theoretical K/Nb, K/Bi and K/Ni ratios for 0.85 KNb@0.15
BiNiO3 ceramic sintered at 1070°C.

Once more, K/Ni ratio is high for this composition. In contrast, molar K/NbkdBd

relations match with the intended stoichiometry of KNBN x=0.15 within the maifgin
error. Grains of NiO are found on the ceramic surf&egufe 8.12) which canfirms the

same tendency of nemomogeneous chemical distribution as obserwedrevious
samples.

Figure 8.12 SEM image and EDX spectra of unpolished 0.85 KiHD.15 BiNiO; ceramic sintered at
1070°C.

EDX analyss reveals moreaomogeneoushemical distribution for x Table 8.6))
However, secondary phases are again detected, such as NiO pgrigies 8.13’ and
K -rich regionq 1A2BOg) (Figure 8.14) also observed for x=0.15
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x=0.20
Theoretical Experimental Relative error (%)
Wiy, - 1 0.95(4) 5
Wy | 4 4(2) 0
Wy 4 7(2) 75

Table 8.6: Experimental (average) and theoretical K/Nb, K/Bi and K/Ni ratios for 0.80 KNb@20
BiNiO3 ceramic sintered at 1070°C.

Figure 8.13: SEM image and EDX spectra of unpolished 0.80 Ki&XD.20 BiNiO; ceramic sintered at
1070°C. NiO is detected.

Figure 8.14: SEM image and EDX spectra ofipolished 0.80 KNb© +0.20 BiNiO; ceramic sintered at
1070°C reveal also the appearance of grains with high concentration of K and Nb.

[ 263 L
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Finally, KNBN x=0.25 shows the closest experimental molar relations to the intended
stoichiometry. Higher concentratiasf Bi** and Ni® enhance the solubility of these

speces(Table 8.7). Nevertheless, Kich regions are also detectin this composition
Figure 8.15}.

x=0.25
Stoichiometric Experimental Relative error (%)
My - 1 0.94(7) 6
W . 3 3.4(5) 13
Wy, 3 4 (1) 33

Table 8.7: Experimental dverage and theoretical K/Nb, K/Bi and K/Ni ratios for 0.75 KNbQ@0.25
BiNiO3 ceramic sintered at 1070°C.

Figure 8.15: SEM image and EDX spectra of unpolished 0.75 KD.25 BiNiO; ceramic sintered at
1070°C.

Summarising, KNBNsystem shows difficulties to achieve the intended stoichiometry,

especially for Ni. Unreacted NiQF{gure 8.16) leads to low concentration of Ni in the

solid-solution Indeed, high molar K/Ni values are obtainadall KNBN composition.
Elements are more homogeneously dispens&NBN x=0.20 and x=0.25, as confirmed
by EDX mappingNiO particles and Kich regions are detectédr x=0.05 and x=0.20
by EDX mapping
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Figure 8.16: SEM image of the examined region EDX mapping of K, Nb, Bi and Ni for KNBN x=0.05

Figure 8.17: SEM image of the examined region EDX mapping of K, Nb, Bi and Ni for KNBN x=0.20

8.3 Electrical Characterisation

8.3.1. Dielectric Characterisation

The temperature dependence of the permittivigyand dielectric losses, ténfor KN-
BN ceramics X= 0.05, 0.10, 0.15, 0.20 and 0.25) measured at 1 kHz, 10 kHz, 100 kHz

and 250 kHas shown in the following figure

HHigure 8.18

22)). The impact of doping

onphase transitions is examined and comgbauiéh dielectric anomalies of undoped KN.
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Forx=0.05 |Figure 8.18), x= 0.10|Figure 8.19} and x=0.19Figure 8.20), three broad

dielectric anomalies are observeddi00 (, at 1220 ( and 1390( . The first anomaly

can be hypotheticlyl attributed to a pseudocubic secondary phase. As described in
Chapter 3 the two maxima values & at 1200 ( and 1400( , are related to the
orthorhombieto-tetragonal and the tetragortatcubic structural phase transitions,
respectively. The temperatufer these anomalies remains almost constant,thoeit
magnitude decreases with x. Moreover, a strong frequency dependence dfdudh
tanUis measured for all the composit®rNeverthelessKNBN x t0.20 compositions

only show the broad dielectric amaly at 1100 ( and the frequency dependence is less

marked, as shown |lRigure 8.21landFigure 8.22

Figure 8.18: Temperature dependence gand tan Uor 0.95KNbO; 6.05BiNiO3 solid solution at 1
kHz, 10 kHz and 100 kHz during cooling
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Figure 8.19 Temperature dependence ¥and tan Ufor 0.90KNbO3 9.10BiNiO3 solid solution at 1
kHz, 10 kHz and 100 kHduring cooling

Figure 8.20: Temperature dependence ghndtan Uor 0.85KNbOsz 9.15BiNiO3 solid solution at 1 kHz,
10 kHz and 100 kHduring cooling
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Figure 8.21: Temperature dependence gandtan Uor 0.8GKNbO3z 6.20BiNiO3 solid solution at 1 kHz,
10 kHz and 100 kHduring cooling

Figure 8.22: Temperature dependence gfindtan Uor 0.75KNbO;3; 9.25BiNiO3 solid solution at 1 kHz,
10 kHz and 100 kHduringcooling
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KNBN x=0.25only shows the broad anomaly at100°C, which might be linked to the
phase described for this samfitem Raman spectrum evolution with temperature in
section 8.7. Indeed, the polarnonpolar plase transition is observed the same

temperature range as the dielectric anomaly.

The temperature dependence of relative permittivity and dielectric loss&IN&IN

ceramics at 100 kH® shown irEigure 8.23

Figure 8.23: Temperature dependence of relative permittivity and dielectric losses-f)ribOs &
BiNiO3 N F H U IDP kHzVNaté\dielectric response for KN (orange curve) has different
scale (right axes).

As explained in Chapter 4, KM € 0) shows two maxima values & at 1205 ( and
1400( , which are related with the orthorhomitetetragonal and the tetragortal
cubic structural phase transitions, respectively. These anomalies are visible up to x=0.15,
suggesting the presence of a polar phase, even if it was not detected by XRD. No
anomalies are measured for x=0.20 and x=0.25. The protuberance at 100°C is
unnotceable for 100 kHz. Undoped KN exhibit lower dielectric losses than thef tbst

compositions.
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8.4. Optical Characterisation

8.4.1 Diffuse reflectancespectroscopy

Tauc plots for KNBN O0x "0.25 ceramics are constructed from diffuse reflectance data

Figure 8.24) and shown ifFigure 8.25((direct optical bangjaps) angrigure 8.26

(indirect optical bangyap). The maximunof the valencebandof KNBN compositions
can be attributed to O 2p orbital and the condudieomd minimunto Nb4d dates. Direct
bandgaps narrow from 3.62 eV (x=0) ta3® eV (x=0.25) with increasingi*3/Ni*3

contents into the KN lattice.

Figure 8.24: Diffuse reflectance as a function of wavelength for KN8dtem (raw data).
In the caseof KNBN compoundghey present indirect optical band gaps, the narrowing

is producedrom 3.20 eV (x=0) to 2.87 eV (x=0.25jour lumps (labelled as 1, 2, 3 and
4 infFigure 8.26) emerge at 1 eV, 1.53 eV, 1.73 eV and 2.82 eV in all the spectra. Similar

pattern is reported in literature for KBNN compositions(Wu et al., 2015 These
absorption bands are related witid dransitionsby Ni*? ions within the bulk ofrom
hybridized Ni 3d and O 2p to Nb 4d states transitions. Indeed as nextitid@hapter 1,
low band gap in KN solid solutions doped with Ni may arfsem inadequate

interpretation of these absorbance regions.
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Figure 8.25: Tauc plot for direct band gaps for KNB " [” FHUDPLFV

Figure 8.26.: Tauc plot forindirect band gaps for KNB " [” FHUDPLFV

Evolution of direct and indirettandgap values as a function of x is illustrateFigure

8. 27

271
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Figure 8.27: compositional evolution of direct and indirect begap forKNBN " [” FHUDPLFV

As expected, direct band gaps present larger values than indirect band gaps. Both decrease
following the same trend. The largest reduction happens in between x=0 and x=0.05.
Apartfrom that, the values decrease systematically with x.

8.5. Discussion

Unreacted oxides, BO> and NiO, were detected in ceramic powders after two
calcinations by XRD analyses. An extra heat treatment at 850°C for 4 hours helped the
reaction, indeed BO. phase disappeared atie amount oNiO phase was considerably
reduced asklown in XRD results. NiO particles were detected in SEM images due to

theirmorphology and in EDX analyses dudheirchemical composition. Unreaat NiO

particles causéow concentration of Ni in KNBN systeriréble 8.8), especially for

x=0.05, x=0.10 and x=0.15. This phenomenon evidences the enhancement of NiO
solubility for larger concentration of BYNi*3, Moreover, high deviation errors mean

heterogeneus chental distributions, ag is shown in Appendix E.

x=0.05 x=0.10 x=0.15 x=0.20 x=0.25

KWL, gy 3109 16(7) 10(2) 7(1) 4(1)

W
k V¥'0€Z<-”<§.%oj 19 10 5.67 4 3




Chapter 8 System KNb&BIiNiOs

Table 8.8.: Experimental andheoretical K/Ni ratios for () KNbOs-x BiNiO3 (0.5 "x "0.25) ceramics
sintered at 1070°C.

Difficulties on crystal structure assignment were aiscounteredbr this system. Firstly,

XRD results do not provide enough resolution to accurately determenerifstal
symmetries. XRD data were refined Bjetveldmethod and cubic symmetry (Pimn)

was attributed up to x=0.25. The coexistence of orthorhombic (Amm2) and cubic (Pm
#n) phase is only ascribed for x=0.05. However, the appeararfuesbiarp mode at92
cmtand the interference dip at 197 ¢in Ramarspectraand dielectric anomalies with
temperature atl220 ( and 1390( for KNBN x=0.05, x=0.10 and x=0.15 demonstrate

the occurrence of a polar phase up to x=0.15. For the réise obmpositions, neliter
dielectric anomalies nor sharp peaks in Raman spectra are visible, which agrees with the

cubic symmetry assignment. Raman activity reveat troity cubic symmetry.

Despite these difficulties, the incorporation of B\i*3 into KNbG; lattice is suppded
by: first, reflectionsn XRD patterns shift towards loweraangles with x, which means
the unit cell increases with increasing x. Second, EDX analysestbhtweramicshave
the tendency to get closer to the intended stoichiometry withistdrelard deviation

margins. Third, systematic baigap narrowing is observed with increasing x.

Locally, different facts also show ndromogeneous incorporation of the dopants into
KNbOsa. First, multiphase formatioasexplained aboveSecond, broader Ramanodes

with increasing BiNiQcontent, which indicates more disorder in the lattice. Furthermore,
extra modes emerge in Raman spectra, which can be related with local impurities. Third,
SEM images show a wide spectrum of grain morphologies that is acomupaith
changesin the chemical composition (detected by EDX analysésurth, broad

dielectric anomaliesxistas a function of the temperature.

8.6. Conclusions

KNBN system regired three calcinations teact the starting oxides émarbonates.
XRD revealed unreacted NiO phase the sintered ceramics, promoting low
concentrations in all compositions. Upon dopitige pseudocubic unit celolume
continuously increases with increasing X. However, Raman results combined with

dielectric measurementsyqved the occurrence of a polar phase up to x=0.15. For
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compositions with low concentrations of "BNi*3 (0.05"x "0.15) norhomogeneous
microstructure and regions with different chemical compositions were detected by XRD,
Raman spectroscopy, SElhd EDX. However, EDX mapping confirmed a better
homogenisation of the chemicals for x=0.20 and =0.25, which is accompanied by grain
growth. Despitall these problems, a systematic bajagh narrowing was observed with

increasing X.
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9. Ferroelectric and optical properties for:
KNbO 3 vs Ko.odBao.1Nbo.9gNi0.0503

Ko.sNap.sNbOs3 vs Ko.adNap adBao.0aNDo.odNi0.0103

9.1. Introduction

JROORZLQJ WKH TV 1IDWXUH @ 8.W\BaNJsNBeR (KRL Q J
BNN) to bea polar perovskite at room temperature, with a direct fgaq of 1.39 eV
and exhibiting a photocurrent density #60 times larger than (Rb.ao.s) (ZrosTios) Os,
some other researchers investigated th&) (KNbOs- x BaNip.sNbosOs system(llya
Grinberg et al., 2013)The aforementioned results were also rationalised by different
theoretical workgF. Wang, Grinberg, & Rappe, 2014; Fenggong Wang & Rappe, 2015)
Details onthe origin of the banejap narrowing in the KNBNN solid solutionswere

reviewed in section 1.5. of this thesA few researchers reported bagaps as wide as

3.20 eV, as listed |able 9.1} which also includes spontaneous polarisation vakies.

more detailed review of tise works is provided in Chapter 1. In the initial refftya
Grinberg et al.,, 20@) KN-BNN was deemed too conductive at retemperature to
attempt the evaluation of its polarisation response to a large electric field for this reason
that measurement was carried out between 77 K and 170 K, and a spontaneous
polarisation of 20uC/cn?, measured unde250 kV/m was reported. Spontaneous
polarisation for KNBNN ceramics seems to readi0 uC/cn? at RT under 80 kV/cm

(Bai, Siponkoski, Perantie, Jantunen, & Juuti, 200%e of the motivations of this

Chapter is the attempt to resolve tdomtroversial issuesurroundinghis compound.
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KN- BNN
Reference Band-gap (eV) Ps
(I. Grinberg et al., 2013) 1.39 20pCim*at170 K
under 250 kV/m
(Song et al., 2017) 1.8 -
(Zhou, Deng, Yang, & 18 ]
Chu, 2014)
(Bai, Siponkoski, et al., 148 110 uC/cn? at RT under
2017) 80 kV/cm
(Zhou, Deng, Yang, &
Chu, 2016) 251 '
(Wu et al., 2016) 3.20 -

Table 9.1: Experimental band gap and spontaneous polarisation values f&NMN(0.9 KNbOs- 0.10
BaNio sNbp.s03) ceramic found in the literature.

In 2017,Bai et al investigated a similar compound based on B&®aysNbOs- 0.02
BaNio.sNbo 503 (KNN-BNN), which is able to withstand at roetmperature an electric
field of 90 kV/cm leadingo Ps=26uC/cn? and shows a bakgapas narrow as 1.6 eV

Table 9.3). Interestingly, FE properties of KNEBNN are apparently comparable to
those of undoped ¢sNao.sNbOs (KNN) but with 11 eV bandgap rarrower(Table 9.2).

KNN
Reference Band-gap (eV) Reference Ps
(Birol,
_ _ 125uClen? at RT
(Sun et al., 2017) 2.70 Damjanovic, &

under 80 kV/cm
Setter, 2006)

Table 9.2: Experimental Bnd gap and spontaneous polarisation value for KNiNNEy sNbOs) ceramic
found in the literature.
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KNN-BNN
Reference Band-gap (eV) Ps
. 26 uC/cn? at RT
(Bai, Tofel, et al., 2017) 1.60

under 90 kV/cm

Table 9.3.: Experimental band gap and spontaneous polarisation value forBONN(0.98K ¢ sNap sNbOs-
0.02 BaNj.sNbo s03) ceramic found in the literature.

In summary, this chapter addresses the incongruence in the literature previously
described. KoBao.1Nbo.osNio.0sOs (KN-BNN) ceramic is prepared by soldate
reaction. In addition, K4d\ao.49Ba0.02Nbo.9dNi0.0103 (KNN-BNN) ceramic is prepared in
order to reproduce the recent promising photoferroelectric properties reported. Their
crystal structure, chemical composition, FE and optical properties will be characterised
and compared to KNbfand Ko.sNao.sNbOs results

9.2 Structural and chemical characterisation

9.2.1. Purity and X-ray powder diffraction

KN, KN-BNN, KNN and KNNBNN ceramicswere prepared by solidtate reaction
method. Stoibiometricratios of KCOs, NOs, Na.COz, BaCO3z and NiOpowders wee
milledovernight and sievefdr obtaining fine powderThe mixed powdensere calcined
in air at 850 °C two time$or 4 hours with heating rate of 3°C/miRowders were
compacted into pellets arfated in air for 4 hours al070118CC using a controlled
heating rate o8 °C /min.

9.2.1.1. Results for KN and KBNN powders and ceramics

Figure 91jandFigure 92|lllustrate RT XRD data for KN and KIBNN calcined powders

and sintered pellets, resprely.
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Figure 9.1: RoomtemperatureXRD patterns of KNand KN-BNN calcined powdersSecondary phases,
Nb2Os and NiO, are indicated with red and green symheispectively

Figure 9.2: RoomtemperatureXRD patterns of KNand KN-BNN sintered pellets.

XRD pattern of KNBNN ceramic can be ascribed to orthorhombic crystal structure
(Amm2 symmetry) as well as KN pattetdowever, KNBNN pattern exhibits broader
peaks and peak splitting is not as clear as for KN, which could be related to the crystals
size.After calcination, minor amounts of starting reactants(land NiO) are detected,

and after sinteringa small quartity of NiO is still present. This result is in agreement
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with the literature(Bai, Siponkoski, et al., 2017; llya Grinberg et al., 2018%
demonstrated in Chapter BIiO exhibits major difficulties n reacting with the rest of
oxides. Lattice parameters are calculated Byetveld method as a=3.9820(2)@
b=5.8027(3) @nd c=5.7041(3)@The unit cell volume is only 0.12% larger than for KN.
The sintering and the melting temperature of BENN ceramic are very close, generating
difficulties in the densification. Indeed, this compound only reached a relativeéydeinsi
87% after firing at 1075°@r 4 h, while it melted at 1080Rietveldrefinements results

are summarised jhable 94

9.2.1.2. Results for KNN and KNBNN powders and ceramics

Roomtemperature XRD analysis for KNN and KNBNN calcined powders and

sintered ceramics are shoerFigure 9.3landFigure 9.4| respectively.

Figure 9.3: Roomtemperatur&XRD patterns of KN and KNN-BNN calcined powders
XRD pattern for KNNBNN powde exhibits much broader peaks than KNN, preventing
to distinguish the peak splitting. Broader peaks are often associated with non

homogeneity in powders produced by sdltdte reaction method.
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Figure 9.4: Roomtemperatur&XRD patterns of KW and KNN-BNN sintered ceramics.

Again, KNN-BNN ceramics exhibit weltlefined sharp peaksshich can be indexed to
an orthorhombic cell with Ammaymmetry Both KNN and KNNBNN show very
similar XRD patterns. The same secondary piak®) is found on KNNBNN, which
again evidences chemical inhomogeyeit the sampleThis second phase Wwalso
reported by Bain 2017 .Rietveldrefinement estimates lattice parameters for KBININ:
a=3.9488@b=5.6394(4) @and c¢=5.6648(3)aand its unit cell volume is 1.25% larger
than KNN. In addition, KNBNN ceramic was sintered at 1175°C in contrast to KNN that

was sintered at 1100°C and reached a relative density oFaB&eeldrefinements results

are slown inTable 94
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KN KN-BNN KNN KNN-BNN
Space Group Amm?2 Amm?2 Amm2 Amm?2
Density
(Experimental) 4.35(3) 4.22(16) 4.29(10) 4.35(12)
(g/cm?)
Density
(calculated) 4.6273(1) 4.831@4) 4.58315) 4.57314)
(g/cm?)
Relative 94(1) 87(3) 90(2) 95(2)
Density (%)
a (A) 3.9711(1) 3.9820(2) 3.9299(2) 3.9488(2)
b (A) 5.6909(1) 5.6927(3) 5.6148(4) 5.6394(3)
c (A) 5.7158(1) 5.7041(3) 5.6460(3)  5.6648(3)
V/108 (pmd) 64.576(2) 64.651(6) 62.291(6)  63.074(5)
Rexp 1.26460 1.32958 2.15325 2.27382
Rprofile 2.97912 2.33741 2.84928 2.99204
Rwp 4.65175 3.55947 3.89764 3.87318
GOF 13.53086 7.16704 3.27654 2.90151

Table 94: Experimental antheoretical density, lattice parameters and agreement indices f¢MO3),

KN-BNN, KNN and KNN-BNN calculate by Rietveld Refinement.

9.22. Raman spectroscopy

9.2.2.1. Results for KN and KBINN

The Raman spectrum for KIBNN calcined powders is velgimilar to that of undoped

KN (Figure 9.5). All Raman modes for KN (described in Chapter 4) can be assigned to

KN-BNN spectra, confirming the orthorhombic symmetifdevertheless, some

differences are perceived ithe Raman spectrum for KIBNN sintered pellets in

comparison to KN spectrurnigure 9.6

such as broader peaks andftsd to lower

wavenumber. The shift at low and high frequencieklia cm' and 16 cm?, respectively

In addition, the emergence of (1) and (2) modes, one at 1&4cdhother at 164 chas

[ L
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a shouldeof thesharp peak at 192 chindicated with arrow) wasalso observed and

described in other systems (Chapters 4,5,6,7 and 8)). It is noted, mode (1) was already in

theKN%11 SRZGHU DQG WKH EJ

FR)Ge® B

diddpents B cBremies. L Q

Figure 9.5: Roomtemperature Raman spectra for KN and-BNN calcined powders.

Figure 9.6: Roomtemperature Raman spectra for KN and-BNN sintered pellets.
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9.2.22. Results for KN and KNN-BNN

Roomtemperature Raman spectra for KNN and KEBNN calcined powders and

sintered ceramics are shown/kiigure 9.7|and|Figure 9.8| respectively. All spectra

present the typicaleatures for KNN, which has 12 Ramaative optical modes of
4A1+4B1+3B; +A2, which are labelled according to the assignmeri{ékimoto et al in
2005

Vibrational modes can be separated into translational modes of an isolated cation and
internal modes of coordination polyhedra. In that case, the vibrations of the NbO
octahedra consist of L4 ig+1Ey (ig+2Fw(i;ag+Fog(ig+ Fau(i.). Of these
vibrations, 1Ay i5)+1Ey (ig+2Fw(i;& g are stretching and the rest are bending modes
The other internal vibrational modes of NbxGztahedra appear in a wide range from 200

to 900 cm'. In particular,is(615 cmt) and i4(256 cm?) are detected as relatively strong
scatterings. Thdé. mode of Nb@ also appearat 141 crt, although itgpeak intensity is

still much lower than the other internal vibrational modes, its intensity increases for
ceramics. The weak peaks (humps) observed at around 60 and 196éoh appear to

the left of igas a shoulder, are assigned to the translatimoales of N&K* and K

cations versus Nb§bctahedra, respectively.

Figure 9.7: Roomtemperature Raman spectra for KNN and kBNN calcined powders.
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Figure 9.8: Roomtemperature Raman spectra for KNN and KBNN sintered pellets.

9.2.3. SEM

SEM images of unpolished surfaces of KN vs -BNN and KNN vs KNNBNN

ceramics are illustrated|iFigure 9.9| (a and b) an&igure 9.10|(a and b).

Figure 9.9: Secondarlectronimages of (a) KN and (b) KMBNN.
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Figure 9.10: Secondarglectron images of (a) KNN and (b) KNBNN.

Both KN and KNN ceramicggure 9.9jandFigure 9.10{a)) morphologies, displaying

well-defined cubic grains. Also, thebsenceof almost anyporosity confirms the high
density obtained ithe previous section. Even if different grain sizes bandetectedh
both ceramics, the average grain size of KNN seems to be slightly ldf@pin) than
KN ( 15 pum). The incorporation of Ba and Ni in KN leads to a dramatic reduction of the
grain size of the final microstructure. This marked alteration ®@miicrostructure of KN
BNN and KNN-BNN, is also noticed in all systems for low concentration of dopants (x)

investigated in the present work.

9.2.4. EDX

The chemical composition of KN, KIBNN, KNN and KNNBNN ceramicswas

determinedby EDX analyses. M@&over, chemical inhomogeneities can be detected

combining this analyses with SEM imagifigable 95(andTable 9.6/shows experimental
and theoretical molar K/Nb, K/Ba andMi/relations for KN and KNBNN.

KN
Theoretical Experimental Relative error (%)
vaé A 1 1.03(3) 3

Table 9.5: Theoretical and experimental molar K/Nb ratio for KN. Relative error between the two values
is included.
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KN-BNN
Theoretical Experimental Relative error (%)
Wy ~ 10.95 1.1 (1) 15
Y 4 9 15(9) 67
Wy | 18 38(18) >100

Table 9.6: Theoretical and experimental molar K/Nb, K/Ba, K/Ni ratio for KN. Relative error between the
two values is included.

While experimental stoichiometry for KN is acceptably adjusted to theoretical,

stoichiometry for KNBNN considerably differs from theoretical. Also, high standard

deviation errors indicate a nehomogerous chemical distribution on the surface,

especially for Ni. Indeed, in some regions Ni is not detected at all as sh{fvguire 9.
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Figure 9.11: SEM image and EDX spectra of unpolishéd-BNN ceramic sintered at 85°C.

Spectrum 63 gives the ideal atomic percent for intendedBKINl solid solution.

However, other regions reveal low concentration of Ba and Ni (if it is detattdpl In

addition, some large grains (>fuén) with different morphology are observgedure 9.

and Figure 9.13). Both EDX spectra reveals low concentration of K and the absence
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of Ni. Indeed,this could be related with the formation of a second perovskite with the
following stoichiometry: K;3Bay/sNbO:s.

Figure 9.122 SEM image and EDX spectra of second phase detected on unpolished surfac8&NKN
ceramic.

Figure 9.13: SEM image and EDX spectra of second phase detected on unpolished stiKAE&NN
ceramic.

Experimental and theoretical molar K/Nb, K/Ba, K/Nb and K/Ni ratios for KNN and

KNN-BNN are shown ifTable 9.7jangTable 9.8| respectively.
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KNN
Theoretical Experimental Relative error (%)
WV% + 1 0.9(4) 10
Wy - 0.5 0.4(1) 20

Table 9.7.: Theoretical and experimental mokaiNa and K/Nb ratio for KNN. Relative error between the
two values is included.

Experimental stoichiometry for KNN coincides with theoretical, within error margins and

consequently low relative errors. Nevertheless, some chemical inhomogeneities are

perceved, as exposed|figure 9.14,

Figure 9.14: SEM image and EDX spectra of second phase detected on unpolished surface of KNN
ceramic.

While small grains on the ceramic surface reveal slightly lower K concentration than
theoreticallargegrains present thaesiredstoichiometry. In addition, a fibre shaped grain
rich in Si and Al is detected which can be attributed to a possible contemmifram the

firing environment or from the equipment.

Table 9.8| provides EDX results for KNNBNN ceramic and it is perceived this

compound presents the same difficulirshomogenising thepeciesas described for

KN-BNN ceramic. First, Ni is absent in some areas of the ceramics, as shbignri@

9. 15| Second, regions mostly made of KNN are identified, where Ba and Ni are found in
trace quantitiesm}. And third, big grains with smooth surface that stand out
from the small graingigure 9.16|), are K and Ni deficient, similarly to the sew phase
found on KNBNN.
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KNN-BNN
Theoretical Experimental Relative error (%)
My 4 1 1.0(4) 0
Y, 4 24.5 21(14) 14
Wy - 0.5 0.4 (1) 20
Wy 49 56(54) 14~

Table 9.8: Theoretical and experimental molar K/Na, K/IMANb and K/Ni ratios for KNNBNN. Relative
error between the two values is included.

Summarising, the experimental results confirm KN and KNN ceramics have the desired
stoichiometry and do not show second phases. In contrast, beBNtWN\Nand KNN-BNN
ceramcs are heterogeneous. EDX analyses revealed regions depleted of Ni or where Ba
and Ni are in trace quantities ord€ficient areas. Therefore, the chemical homogeneity

iIs not achieved in these compositions by conventional ceramic processing. The main
reasm of this failure isattemptingo homogenise a small quantity B&Nky sNio.s03 into

KN and KNN lattice, which at theametime are very sensitive materials to moisture

absorption and to K losses.
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Figure 9.15: SEM image an&EDX spectra of second phase detected on unpolished surface oBKINN
ceramics.
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Figure 9.16: SEM image and EDX spectra of second phase detected on unpolished surface BNKNN
ceramic.
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9.3 Electrical Characterisation

9.3.1. Dielectric measurements

Dielectric, piezeandferroelectric characterisation for undoped KNlgwnin Chapter
3. KN-BNN sample is conductivasobserved by Grinberg et ainly dielectric response
was measue At ambient conditions, KNN ceranscget pulverisé, making it

impossible to measure any electrical property.

Temperature dependence of the permittivi) and dielectric losses (tdfor KN-BNN
and KNN-BNN ceramicsmeasured at kHz,10 kHz, 100 kHz and 250 kHare shown
in|Figure 9.17jandFigure 9.18| respectivelyKN-BNN exhibistwo dielectric aomalies

at 1210°C and 1405°C, corresponding to orthorhomHia-tetragonal and tetragontd-
cubic transitionsrespectivelyThe values of the relative permittivity aggtremelylow
in comparison withKN. On the other hand,ielectric anomalies foKNN-BNN are
visible at 1167 °C and 1375°C These results areonsistent with theassignment to
orthorhombic phaséor the two compositionby Rietveldrefinement.The temperature
for the Hanomaliegsloesnot changebut the magnitude decreases with frequeénciKN-
BNN. Also, frequency dependencenmre markedfor KN-BNN than KNN-BNN. The
dielectric losses arenthe same order for both compositions.
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Figure 9.17.: Temperature dependence of the (a)tnetapermittivity and (b) tand (250 kHz, 100 kHz
and 10 kHz) of WN-BNN, duringcooling.

Figure 9.18.: Temperature dependence of the (a) relative permittivity and (btaB60 kHz, 100 kHz,
10 kHzand 1kH2 of KNN-BNN, during cooling.
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9.3.2. Piezo and Ferroelectric Characterisation

Evolution of RE and SE loopsfor KNN-BNN ceramic under different electric fields
from 20 kV/cmto 60 kV/cm at RTis shown irrFigure 9.19landFigure 9.20f KNN-BNN
sample is able to withstand 60 kV/cm. This cerashiows a spontaneougolarisation,

Ps of 120 uC/cn?, a remnant polarization,,Rof 117 uC/cn? and a coercive fieldgc,
of 114 kV/cm The bipolar electridield induced strain for KNNBNN reaches about
0.10% under a field 060 kV cmi?, as showrn|Figure 9.20| The strain curve shes that

the negative strain careach 10.04%, which is dueto the ferroelectric domain and

domain wall switching.

Figure 9.19: P-E loopsfor KNN-BNN ceramics under electric field from 20 kV/ap to60 kV/cm at RT
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Figure 9.20: S-E loopsfor KNN-BNN ceramics under electric field from 20 kV/amp to60 kV/cm at RT

Temperature dependenceP-E and SE loops fromRT to 140°C under an electric field

of 50 kV/cm is shown in|Figure 9.21] and|Figure 9.22| respectively. Spontaneous
polarisation, Ps rises t@21 pC/cn? at 60°C but then Ps drops #d.8 uC/cn? at 180°C.
This tendency of slightly decreasing RPalues with increasing the temperature was
observed in KN (Chapted) and KBBNZ x=0.05 ceramics (Chap#x This behaviour
was attributedto the proximity of the composition to thephase transition from

orthorhombieto-tetragonal @180°C) In contrast, raximum strain value continuously

increases up td0.12%with increasing temperature.
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Figure 9.21: P-E loopsfrom RT up t0140° under electric field of 50 kV/cm for KNRINN

Figure 9.22.: P-E loopsfrom RT up t0140° under electric field of 50 kV/cm for KNRNN.
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9.4. Optical Characterisation

9.4.1 Diffuse reflectancespectroscopy

Direct and indirect bandaps are estimatddom reflectivity dataplotted in relation to

wavelength|Eigure 9.23).

Figure 9.23.: Diffuse reflectance as a function whvelength for KN, KNBNN, KNN and KNNBNN
(raw data)

Direct and indirect bandap values are determined from (F@®) and (F(R) Di)*?

curves vs photon energy, showrFigure 9.24landFigure 9.25

The nature (direct or indirect) and the value of KN bgagd were largely discussed in
Chapter 1 andxperimentallyalidated inChapter3. It is strongly recommended that the
reader refes totheses chapters. Supposedly, KN exhibits an indirect-gapaf 3.2 eV.

Direct and indirect bardaps for KNBNN ceramic are calculated as 3.37 eV and 3 eV,
contrary to workgBai, Siponkoski, et al., 2017; 1. Grinberg et al., 20t®t reportd

direct bandgaps as low as 1.4 eV.
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Figure 9.24: Tauw plot for direct band gaps of KN and KBNN ceramics

Figure 9.25: Tauwc plot for indirectband gaps of KN and KIBNN ceramics

Also, four absorption bands (labelled as 1, 2, 3 and

Figare 9.25

emerge at 1 eV,

1.56 eV, 1.73 eV and 2.90 eV in KBNN spectra, which were also observed in KNBN
system (Chapte8). Theseprotuberancédands are attributed toditransitionsby Ni*2
ions within the bulk ofrom hybridized Ni 3d and O 2p to Nb 4d states transit{d\is

et al., 2016)Again, direct and indirect barghps are considered for KNN and KNN

BNN, because there are not enough indications to determinate the nature of their band

gaps.Tauc plots constructed for n=2 and n=1/2 are iIIustrat|stgure 9.26| andFigure

9. 27|, respectively.
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Figure 9.26 Tauw plot for direct band gaps of KNN and KNBNN ceramics

Figure 9.27.: Tawc plot forindirect band gaps of KNN and KNRNN ceramics

A direct bandgap of 3.38 eV for KNN and slightly lower value for KNBNN, 3.34 eV

is determined from the Tauc plots. In the same way, indirect-gapd are calculated as

3.18 eV and 2.95 eV for KNN and KNRNN, respectively

Table 9.9

band gap obtained for thiesur compositions under study.

Summarises all
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Direct band-gap (eV) Indirect band-gap (eV)

KN 3.65 3.20
KN-BNN 3.37 3.00
KNN 3.38 3.18
KNN-BNN 3.34 2.95

Table 9.9: Direct and indirect bandapextrapolatedrom Tauc plotsfor KN, KN-BNN, KNN and KNN
BNN ceramics

9.5 Discussion

KN-BNN composition was proposed as promisjpigotoferroéectric material in an

influential journal such as Natui@ Grinberg et al.2013) It did not take long for

investigations on this compound to appgafe 9.1). As explained in Chapter 1 and in

the introduction of this chapter, the lardiscrepancy in bangiap value of KNBNN in

the literature, motivated us to investigate this controversy. Very recently, a similar
compound, KNNBNN, has been reported to have even better FE properties than KN
BNN, and a low bandjap of 1.60 e\(Bai, Tofel, et al., 2017)

KN-BNN and KNNBNN ceranics were prepared by solid state reaction following the
methodology detaileoh Chapter 3 and their characterisation is compared with the parent

KN and KNN compounds.

In terms of crystal structure symmetry, KBINN and KNN-BNN are isostructural and

can be dscribed by the orthorhombic Amm2 space group, like their parent KN and KNN
compounds. XRD in combination with Raman spectra support this statement. In
agreement with literature, XRD data of both 8NN and KNNBNN reveal the
presence of small amounts ofQy suggesting difficultiesn homogenisation of Ni.
Raman spectra of KIBNN shows the same general features as KN and the same happens
for KNN-BNN and KNN.

To the best obur knowledge, there are studies about morphology and chemistry of
KN-BNN and KNN-BNN ceramics by SEM and EDX. The first thing to notice, is a
drastic changein the microstructure of KN and KNN when Bal\NliosOs is
incorporated, generating inhibition of the grain growth. This phenomenon occurs in all
the systems studied in this woakid also is reported in the literatyi®aito & Takao,
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2006; Zuo, Rodel, Chen, & Li, 2006)he appearance of small crystals|{rt) can be
related with the broadening of the XRD peaks for-BNN and KNN-BNN.

KN and KNN ceramics are free of sedamny phase and show the expected stoichiometry.
In contrast, considerable compositional deviations are found HBKN and KNN-BNN
ceramics. EDX analysis identified regions in both compounds where: Ni is not detected
at all, KN or KNN compositions are preghinant (minor quantities of Ba and Ni) or K is
deficient, leadingto the formation of secondary phaseThese compositional

inhomogeneities are not perceived by XRD.

These results evidence the difficulties of obtaining homogenised samples by solid state
reaction, especially when a small quantity of dopants has to be uniformly incorporated.
Indeed, BaNbsNiosO3 represergonly 10% and 2% of the entire composition for KN

BNN and KNNBNN, respectively. Similar issues regarding solid state reaction
procedure are reported in the literature Nir-doped BTceramics(Maso et al., 2006)
Therefore, even if macroscopically KBNN and KNBNN are single phase (except for
NiO), the presence of chemical inhomogeneities could be a source of error when
interpreting the experimental results.

FE measurements at RT of KBNN ceranic were not possible to perfordust one study
was abé to apply an electric field of 80 kV/cm to KBNN ceramic at RT, showing
unsaturated FE loogBai, Siponkoski, et al., 201.7The same authors also reported FE
loops and a spontaneous polarisatiomvab25uC/cn? for KNN-BNN comnposition.
Experimental evidenceorroborate the ferroelectric nature at RT of this composition,
reachinga spontaneoupolarisation,of 120 puC/cn?, a remnant polarizatioof 117
uC/cn? and a coercive fieldf 114 kV/cmunder arelectric field of 60 kV/cm. Also,
electromechanical properties were studied and a strain deformati@il@6 was
obtained.

Finally, to resolve the discrepancy of the bajagh values, thdiffusereflectance of KN,
KN-BNN, KNN and KNNBNN ceramicswasmeaured and compare with the largely
reported bandgjap of MAPDb} (1.58 eV). In addition, direct and indirect bagalps were
considered, because thé&&ot enough experimental evidence to be sure of the origin of
the transition. Reflectivity data anichuc plots constructed for direct and indirect band
gaps of KN, KNBNN, KNN, KNN-BNN and MAPbg are shown ifFigure 9.28|(Figure

9. 29landFigure 9.30
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Figure 9.28: Reflectance (%) datfar KN, KN-BNN, KNN, KNN-BNN and MAPb compounds.

Figure 9.29 Taw plot for direct band gaps of KN, KENN, KNN, KNN-BNN and MAPbg compounds.
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Figure 9.30: Tawc plot for indirect band gaps of KN, KRNN, KNN, KNN-BNN and MAPbt compounds.

The major absorption region in terms of light energy for KN-BNN, KNN and KNN-
BNN correspond to ranges from 3.25 eV to 3.6 eV for diracisitions and from 3 eV to
3.25 eV for indirect transitions. Ba @Ni modifications slightly narrow the KN band
gap (aly 0.12 eV) which is similar with results reported Wu et alin 2016.0n the
other hand, KNN seems to have even lower bgequ than KNNBNN in contradiction
to reported resultBfai, et al2017).

The Tauc plot constructed for n=1Rigure 9.25(andFigure 9.27) shows four broad
bumps below the banglap for KNBNN and KNN-BNN that were attribut to dd

transitions generated by Ni catioWu et al.proposed the misinterpretation of these

absoption regions might be the origin of the discrepancy of the gapdvalues for KN
BNN. However, Grinberg and Bai reported direct nature for the-gapd of KNBNN
and KNN-BNN in their respective studies.

Finally, we realisedhatdepending on the scaé&which the (F(R)- D2 curveis plotted
the banelgap values from the intercept of the@xs and the tangent line of the curve may
be different. Indeed, it is demonstrated here byatoomingat the bottom part of the
Tauc plot, we obtained barghpvalues for KNBNN and KNN-BNN as low as 1.42 eV

and 1.46 eV, respectivelyFigure 9.31). Coincidentally, these values are in broad

agreement withthosereported by Grinberg and Bai.
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Figure 9.31 Zoom of Tawc plot for direct band gaps of KN, KENN, KNN, KNN-BNN and MAPb}
compounds
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9.6. Conclusions

SEM and EDX analyses evidence the difficulties of obtaicimgmicallyhomogenised
sampleof KN-BNN and KNN-BNN by conventional ceramic processing. Bagaps of

3.37 eV and 3.34 eV are obtained for these compositions from reflectivity data. These
results areonsistentvith the ability of KNN-BNN to withstand an electric fields high

as 60 kV/cm up to 140°C. Discrepancies of bgad values in the literature are attributed

to: firstly, nonadequate processing route that may leathe appearance of chemical
inhomogeneities which modify the physical properties, secondly aterigretation of
some absorption regions beldke bandgap due to dl transitions in the Tauc plot and

thirdly the use of nostandardise scale for the Tauc plots.
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10. Discussion

10.1. Ceramic processing

The ®lid-state reaction methgdlso known asonventional processing, was selected for
preparing all the compositions presented in this work. The main processing issue with
KNbOs concerns K loss during heat treatments, which promotes the appearance of the
hygroscopic phas&4NbsO17. This secondarghase affects the structural integrity of KN
ceramics. In order to mitigate this issue, several strategies have been explored. For
example, peparation methods that requiogver sintering temperature than conventional,
such as sedel processing(NazertEshghi, Kuang, & Mackenzie, 199®nd co
precipitation method¢K. K. and T. I. and H. Ohsato, 2008)r the introduction of
additives, such as CuO and ZnO, that were described in detail in Chapter 3.

In this work, it was shown that is possible to prepare high density add€l ceramics
(1{v ") by solid state reaction. Ceramic processing involved the synttielaBlzerately
nonstoichiometridKN ceramics, in order to gather somesight ofthe effect opotential
K-loss on properties. Comparison wio routesbasedon gereral recommendains
reported in the literature was carried @Dhapter 3Table 3.1. andable 3.2).

The selection of calcination temperatures was crucial to obtain ghgke samples.
These temperatures must not exc&800°C, to control K losses. KBamples were
successfully synthesised after double calcination at 850°C during 4 hours with a heating
rate of 3°C/min. Alsothe control of the firing environment during the sintering using
atmospheric powder and double crucillas decisive to inhibit # K losses during

sintering |Figure 10.1). The sintering temperature was at 10756€C4 hours with a

heating rate of 3°C/min.
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Figure 10.1: Schematic representation of the sintering environment. The green body is imbedded into
atmospheric powder and covered with two crucibles.

Most powders for the KNbased systems, presented in this thesis, were double calcined
at 850°C. KNBM and KNBN sstems were exceptions. KNBM powders were calcined at
800°C and 900°C, because literature shows BiMm® require higher reacting
temperature than BiFe@Woo, Tyson, Croft, Cheong, & Wk, 2001)and the KNBN

system needed three calcinations to réaestarting oxides, as shown in this thesis.

Nevertheless, some issues regarding the-stditk route wrenoticed during the powders
preparation. After the synthesis, most of the cositipns presented some orthorhombic
KNbOs-based phase, where the solutes were not well incorporated, due to an incomplete
reaction among the reactants. The presence of nearly unédpeds detected by XRD

combined with Raman analgs

Diffusion of low @ncentration of dopants (8.15) into the KNb® lattice was
incomplete even after sintering, generating compositionally inhomogeneous regions.
Cations of tharansitionmetals (M3, Fe'3, Co'3, Ni*¥*2 and Zri?) appeared to be more
difficult of being incaporated into KNb@than Bi® and B&?, specially, Ni¥*2 and Zri?

Table 101). Unreacted NiO was detected by XRD and EDX analyses in all system that
contained Ni® (KNBN from x=0.05 to x=0.25, KNBNN and KNN-BNN compounds).

This phenomenon has been reported in teedlitirgBai, Siponkoski, Peréntie, Jantunen,

& Juuti, 2017; Grinberg et al., 2013; Hawley et al., 2017)

Chemical homogeneity was achieved in most systems for x=0.20 and x=0.25, as
confirmed by EDXmapping analysis. To avoid chemical inhomogeneities for low
concentration of solutes, higher dodger heat treatments would be required, but in turn,
would promote K ad O losses. Alternatively, the number of calcinasioanbe increased

or the use of mastdratch method which enables a precise control of the composition.
This method relies on a@eential mixing process. Firstly, same quantity of solutes and
solvent is mixed up. Subsequently, the solvent is progressively added until the desired

stoichiometryis obtained
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The solidstate reaction shows some limitations to prepare these solid seluéind
therefore, it woud be interesting to investigatew synthesis and sintering routes, such
as solgel (Maso et al., 2006)ombustior{Pecchi, Cabrera, Delgado, Garcia, & Jimenez,
2013), HP-HT (high pressure ahhigh temperature]Chi et al., 2007and SPS (spark
plasmasintering)(Jiang, Nan, Wang, Liu, & Shen, 2008)

Polarisation measurement singlephaseKN are strongly affected byhe moisture
absorption from the environment. A simple experiment enables us to demonstrate this
phenomenon and it is easily reproduciie?-E loop for undoped KN sample left in air

is round and resembles the loop and the values reportendet al 2005(P-E loop 1,

Figure 102). Then, if the sanip is driedat over 200°C for 10 minutes, it becomes more

resistive, showing a typical ferroelectric loop as reporteldiimoto et al in2004(P-E

loop 2|Figure 10.2). Moreover, the sample was again left at room conditions for 10

minutes, which caused an increase of the polarisatidh Ig»p 3|Figure 10.2). The

conductivity of the KN sample increases by the absorptiomadér, giving rise to the
current instead ahe electic polarization undeelectric fieldandoverestimating theP;

values of undoped KN.

Figure 102.: Reproducibility of the experiment described in Cleagt section 3.6.. RTP-
E loopsfor undoped KNceramics unde0 kV/cm before IP-E loop 1) and after IP-E loop 2 drying at 200
°C. An increase of the spontaneous polarisation is noticed if the same satgfiléid0 min in open air
(P-E loop 3).




(1-X) KNbOa-x BiMNO3  (1-x) KNbOa-x BiFeOs  (1-x) KNbO3-x BiCoOs  (1-x) KNbO3-x BiNiOs  (1-x) KNbO3-x BaBiZnOs3

x=0.05

X=0.25

Table 101: EDX mapping for x=0.05 and x=0.25 of the transitions metals for the systems object of this thesis, KNBM, KNBF, KNBC, KNBN &fi KB concentrations
(x=0.05 of metal transitions cations, N Fe3, Co'®, Ni*® and Zri?, show difficulties of being diffusénto the KNbQ, leading the appearance of compositiona
inhomogeneous regions, specially; Nand Zri% On the other hand, for high concentration of solutes (x>0a2%)pre homogeneous distributimnobserved. Porosity cal
induce misinterpretation ohé EDX mapping, as for example KNBC x=0.25. KNBF exhibits better diffusion'dfireomparison with the other systems.
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10.2. (1-x) KNbOsx BiMeOs OH )H 0Q &R 1L systeims

(1-x) KNbOs-x BiMeOs OH )H 0Q &R 1L systgins were prepared with
the objective of retaining the spontaneous polarisation of the parent compoundsjKNbO
while narrowing the bandap, through the modification of the electronic configuration
of B-site but without gnerating oxygen vacancies, which would lead to recombination
of photocarriers. K is substituted by a higher valence cation’>*Bivhereas NI is
replaced by a transition metal, Mgin order to maintain charge neutralifihestructural

and chemical ltaracterization of KNBM, KNBC and KNBN systems revealed
coexistence of different polymorptsmm2 and Pm#m) for some ranges of ¥orsome
compositions it was difficult to identify secondary phaseby XRD. Reflections
corresponding to secondary phasesanery weak in intensity and sometime overlapped,
making very ambiguous the identification of the phases preddetce the
characterisation of each system was accomplished through the combination of analyses
of data obtained from different techniquesshswn below.

Firstly, the coexistence of a pseudocubic phase with a residharhombicKN-based
phase was inferred from XRD data. In some sdde= the KNBM system,it was easier

to identify the residual orthorhombic phase. Sebtpnithaging (SEM) and elemental
mapping by EDX showed-rich regions with different morphology than the rest of
grains, that were attributed to this orthorhombic phase. Thittynonitoringof Raman
modes at 192 cthand 830 crit (more evident in powders) wih indicate the polar order

in undoped KN. Indeed, the sharp mode at 192! @uggests the occurrence of
spontaneous polarisation, which is fundamental to develop the anomalous photovoltaic
effect. Finally, two dielectric anomalies linked to the orthorbaato-tetragonal and
tetragonato-cubic phase transition of ferroelectric KN. The combination of these results
demonstrated the presence of the ferroeleomticorhombighase in some compositions.
Onthe othehand,and simultaneously, the pseudocytiiase was monitedby XRD
andRaman speabiscopy. Thehird broad dielectric anomaly around 100%Sible in
KNBM, KNBC and KNBN systemswas speculatively attributed to a weataxor
behavioumf a pseudocubic phase that wegorted by uismanet alfor similar solid
solution,KNbO3-BiYbOs, in 2011. This phase could be hypothetically connected with
the phase revealed by Ramagmectroscopy with temperature in KNBN x=0.25
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ceramic, which presented a pbto-nonpolar phase transition in the same

temperature rangeith the appearance of the dielectric anomaly.

Another similarity among KNBMKNBC and KNBN systems was the tendency to

macroscopically evolve to a pseudocubic symmetry with increaei@gure 10.3),

resulting in theabsence of longangepolarordering.Onthe other hand, microscopically
all compositions show distortions from the cubic ph@ikés phenomenomwas previously
described in (X) PbTiGs- xBiMnOs3 solid solutiors (Reaney, 2004)while authors were
attemptingto validatethe hypothesis that coupling of tdahnf eller effectof BiMnO3
couldenhance the spontaneous stiaithe téragonal structure close to the MPB in the
BiMnO3z #bTiGs solid solution.

Figure 10.3: Compositional unit cell volume evolution for KNBM, KNBF, KNBC and KNBN. Squares
and circles indicate orthorhombkand cubic phasesespectively.

For KNBC and KNBN systems, the two polymorphs coexist up to x=0.05. In KNBM
system while the content of orthorhombic phase drops continuously until it disappears,
the cubic and orthorhombic phases coexist up to x=0rlSummary, upon doping
systems have the tendency of being ascribedpcd- XELF {1 § O BeSuls frdfiHseZ K L F K
of microdomains of small orthorhombdistortion. Furthermore the unit cell volume

increases with increasing x.
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In contrast, KNBF system seentslie single phase and maintains the polar phase up to
x=0.25. Also, the unit cell volumgiecreasewith x. Immediately, a question arises, what

makes KNBF different from the other systems?
To address this question, it is required to go back to somedmasiepts.

Formation of substitutional solid solutions between two compounds is governed by the
following rules, also known as Huriothery rulegKittel & Hellwarth, 1957) (a) Size
difference between the atomfssolute and the parent compound should be less than 15%.
(b) The electronegativity difference between the metals should be small. (c) For complete
solubility over the entire range of compositions the crystal structures of the solute and the

solvent must b the same. (Bimilar valencéetween the metals.

Table 102|informs abouthe coordination numbers, ionic radii and electronegativity for

K*L Bi*3, Nb*®, Mn*3, Fe3, Co™ andNi*2 cations.

A-site

Coordination |onic radius (@ Electronegativity

K+t Xl 1.64 0.82
Bi*3 Xl 1.33 2.02
B-site
Nb*> Vi 0.64 1.60
Mn+3 VI 0.645 1.55
Fe™s Vi 0.645 1.83
Co* Vi 0.61 1.88
Ni+3 VI 0.60 1.91

Table 10.2: Coordination numbers, ionic radii and electronegativity for the cations invalvENBM,
KNBF, KNBC and KNBN(Shannon, 1976)

B-site cations have very similar ionic radii to Rbin contrat, there is a considerable
difference of size in Asite cations and more than double of electronegativity. This aspect

could hinder the formation of the solablutions. As described |iﬁigure 10.3| the unit

cell volume of the solid solutions increases monotonically with increasing amount of

substitution. However, this tendency cannot be explained by the difference in the ionic

radii of substitution iongTable 10.2). Bi*3 (1.33 @XII) exhibits a smaller cation size

than K (1.64 @XII), while Mn*3, F&3, Co™ and Ni*® have ionic radii equivalent to that
of Nb®* (0.64 @VI). Therefore, the incorporation of a smaller catiBii'{) into the K*
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site should decrease the dimensions of the unitloatbntrast, the opposite behaviaar
observed. Thisnay be due to the incorporation of*B{0.76 @VI) into the Bsite
position, replacing NI and promoting @ increase of the unit cell volume. Other
possibility could be the occurrence of the Jdlefier effect that produces octahedral

distortions which in turn might lead the increase of the unit cell volume.

Table 10.3[ shows the crystal symmetry and the lattice parameters for KNBKANOs3,

BiFeO; and BiNiGs.

_ Volume
Crystal symmetry Lattice parameters
(pm?3/10P)
a=3.971@ A
Amm?2 UG uLuU
KNbO3 _ Polar b=5.697 @ 64.74 [1]
Orthorhombic =90°
c=5.723 @
a=9.464 @ i
_ C2/c Non- +110.70°
BiMnO 3 o b=5.479 @ R 61.78 [2]
Monoclinic polar U= U=90°
c=9.585@
ah= brh = G U o
R3c =5581@ =(559.2
BiFeOs Polar S 62.30 [3]
Rhombohedra a=br=5.58@ W W90°
c=4.720@  U=120°
a=3.719@ o
) P4mm G UL U
BiCoOs3 Polar b=3.719 @ 65.70 [4]
Tetragonal =90°
c=4.720 @
a=5.385@  U=91.95°
o P$ Non- .
BiNiO3 o b=5.650@  U=89.81° 58.57 [5]
Triclinic polar

c=7.708@  (F91.54°

Table 103: Crystal symmetry and lattice parameters for KNDBIMNnOs, BiFeQ; and BiNiO; (A.A. Belik,
2012) Refereces: [1[Shuvaeva, V.A., & Antipin, 1995)2] (A.A. Belik et al., 2007) [3](Soshowska,
Schéafer, Kockelmann, Andersen, & Troyanchuk, 2002Alexei A. Belik et al., 2006and [5] (Ishiwata
et al., 2002)

None of the solute perovskites crystallises with the same symiaeKNbQ. Indeed,
BiMOs compounds (being M transition materials from th& dgeriod) that have

incomplete Gorbitals,are predisposed to acquaentrosymmetric crystatructurgA.A.
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Belik, 2012) However,BiFeO; and BiCoQ canbe consideredasexceptions from this
generakendencyCatalan & Scott, 2009; Oka et al., 2010)

Another point tobe considered is the transition metals (Mgve multiple potential
oxidation statesbecause unpaired electrans3d orbitalsare unstable an@ndto bond

with other chemical specieBuring traditional sintering, there is roontrol ofoxidation
states,which may resultin cations g#ing reducel (gain electrons) ooxidised (lose
electrons) t@chieve the stability and react with otspeciesand not bagin thedesired

state. Sintering at high pressure prevents the appearance of unusual oxidatioA states.
study on ferroelectric and piezoelectric properties of Kjtbaped with small amount of
Fe™3, La"™® and Mri® (K. K. and I. M. and H. Ohsato, 2008)vealed the neoontrol of

the oxidation states fomanganeseations (Mn*/Mn*3Mn*?), while F&3 (being a

multivalention as well) maintained its valence séa

Finally, stoichiometric BiMn@, BiNiOz and BiCoQ can be only synthesized at high
pressure. From our point of view, this aspect would be an important contribution to the

sintering issue presented in this work.

BiMnOz is not stable at atmospheric pragswand it requires pressures of approximately

6 GPa and temperatures of approximately 1100 K to be fabricated in bulk from a mixture
of BioOs and MnOs (A.A. Belik et al., 2007)Under ambient pressure the reaction of the
metal oxides is BO3+Mn20Oz : %Mn4O9+0.5 BpOs (Levin, Robbins, & McMurdie,
1964)and it is therefore an inaccessible material to synthesise at ambient pressure. In the
same way, BiCo®and BiNiQ; ceramicsre only stable at higpressures and thus to be
regarded as metastable under ambient condi{Giti®li & Ehm, 2014; Oka et al., 2010;

Yasui et al., 2008)However,BiFeQ; is again unusual compound among thebBsed

perovskites because it can be prepared uad#ientconditions.

As was described, there are several factors that could affect the formation ephiagge

solid solutions. However, BiFeQs an exception among the -Based compounds
because it crystallises in a polar phase and can be prepared by conventional methods at
ambient pressure, and this is reflected on KNBF system that displays completely different
development from KNBM, KNBC anNBN systems. Indeed, there are a wide spectrum

of applications and studies for solid solution based on BiFefeciallyto examine
piezoelectric properties in the MPB such as K& s0s-BiFeOs (Sun et al., 2008)r
PbTiOs-BiFeO: (Woodward, Reaney, Eitel, & Randall, 2008) addition,Kowal et al
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reportedn 2017that BiFeQ-BaTiOs solid solutiongossess both feretectric and weak
ferromagnetiqroperties

In all these system3KNBM, KNBF, KNBC and KNBN, a continuous bandap
narrowing was achieved as well as the formation of the s&didtions, that wsproved
through the validation o H J D U G TTWeddeically the mechanism which leatisthe
bandgap narrowing ighe local imbalance created dyle*® substitution in Bsite of
KNbOQs, giving riseto the repulsion between ndoonding 3d orbitals of thde*® and 2p
orbitals of @ and consequentlypshifting the VBM. The transition metalvere chose
following the periodic table order in the fourth perié@®, Mn, Co and NiFerroelectric

characterisation was unfeasible due to the high conduativihese samples.

10.3. Photovoltaic effect in orthorhombic 0.75 KNbQ-0.25 BiFeQ solid-

solution

KNBF x=0.25 ceramic retains the polar order in a wide rasfgeemperatures and its
bandgap is narrowd by 1eV in comparison with undoped Khaking this composition
interesting for photoinduced phenomenkBo measure the photoresponse of this
composition, thin filng of KNBF x=0.25 were deposited by PLD. The most appropriate
temperature, oxygen pressure and substrate to deposit KNBF x=0.25 were 600°C, 0.15
mBar and STO, respectivelyndesirablepolycrystalline thin filns were obtaired
therefore further optimisatias still required before measuring photorespohtavever,

we were able to measure photoresponsa el filled by KNBF x=0.25 paste The
measured ¥ and Jcare about 0.16 V ar@l24pA/cm?, respectively and Rnaxof 0.016

MW and FF of 141%. Table 5.9(Chapter 5)jnforms about ¥: and Jc values found in
the literature for ferroelectric filmdt is important to notepur Jsc is higherthan 0.1
HA/cm? reported folKN-BNN thick film at RT by Grinberg et ah 2013 Moreover,our

Jcis alsogreater thad0 nA/cnt obtainedat 77 K for the same composition.
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10.4. Experimental validation and nonreproducibility of band-gap

narrowing in solid solutions based on KNbQ from literature

The first part of this section addresses the experimeniidatian of ferroelectriity in
KNbOs-based materigropose by atheoretical study that predeztlow bandgaps upon
doping. This part exposes both the helpfulness and the limitation of this kind of studies.

In 2014 Wanget al proposed six KNbfbased solid solutions doped with*Zrtogether
with charge compensation by different combinations of highégnce Asite cations
(free vacancies). Thefirst principles calculationpredicteda band gamf 2.92 eV for
0.75 KNbQ-0.25 (Ba.sBios) (ZnosNbos) Oz and a spontaneous polarisatioh ~38
FC/cn?. Our experimental results validate the optical bgap value, but not the
ferroelectric behaviour. tBictural dielectric, ferroelectric, piezoelectric and optical
characterisation and discussioh(x-1) KNbOs-x (Bao.sBio.s) (Zno.sNbo.s) Oz (KBBNZ)
system are provided in detail @hapter 4.

Upon doping, the crystal structure of KBBNZ system evolves from orthorhombic (x=0)
to pseudocubic (x=0.25) symmetry, continuing the same trend seen in KNBMCKNB
and KNBN systems. Moreover, the coexistence of these two polymorphs is verified for
x=0.10 and x=0.15. SEM and EDX analysis revealed chemical inhomogeneities mainly
associated with Zn. The overall chemical homogeneity is entdocéigher values of
sdutes. Compositional evolution is accompanied by a gradual loss of the FE properties.
The typical butterflyloop characteristic of FE became a parabola and then no field
induced strain is observed.

In summary, it is not possible to experimentally validate the results predicted by first
principles, though this paper was fundamental in our research. The rest of the systems
which are theobject of this thesis were inspired on the bga@ narrowing sttagy,
described in this studfF Wang et al., 2014)

Chapter 1 is focused on the controversy found in the literature about the compound
Ko.9Bao.1Nbo.osNio.0s03 (KN-BNN) (motivated and explained in detail Chapter 1 and
Chapter1l0). We were not able to reproduce the results reported by the Nafoee
(Grinberg et al 2013)
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Nevertheless, we demonstrated that KNpf@sents difficulties in incorporating multiple
solutes by conventional sintering, especially if it is a small amount. XRD is not sufficient
evidencefor the formation of homogeous singlephase solid dations. Indeed, SEM
imaging combined with EDX analysis fBiIN-BNN revealed: undoped KN regions, NiO
particles and different concentration of solutes.

Ferroelectric characterisation was not performed becaiue leaky comportment of
theKN-BNN sample, m contrast to FE loops reported at RT in the literature by Grinberg
and Bai.Similar bandgapvaluesto the parent KNb@were obtainedHowever, some
absorption bands are visible at 1 eV, 1.56 eV, 1.73 eV and 2.90 eV-BN{Nspectra,
which were also olesved in (3x) KNbOs-x BiNiOs system (Chapter 8). These
protuberancéands could be related teddransitionsy Ni*? ions within the bulk ofrom
hybridized Ni 3d and O 2p to Nb 4d states transitions from the NiO partiches.
misinterpretation of these absorption regions could be the origin of the discrepancy of the
bandgap values foKN-BNN in the literature. Furthermore, we realidbdtdepending

on the scalavith which the (F(R)- D§? curveis plotted the banegap valies from the
intercept of the »axis and the tangent line of the curve may be different. Indeed, it is
demonstrated thavhenzoomingin the bottom part of the Tauc plot, we obtained low
bandgaps for KN-BNN. These suppositions can be extrapolated to
Ko.4dN&0.49B80.02Nbo.9dNi0.0103 (KNN-BNN) as well.

The bandgap narrowing in ferroelectrikN-BNN is supported by theoretical calculations
(Fenggong Wang & Rappe, 2015)owever, amlsodiscussedor KBBNZ, sometimes
theoretical studies cannot be experimbgtaroven. We are not saying that the theory is
wrong but conventional synthesis and sintering processing is not able to prepare this

compound and hence impossible to experimnteproduce.

10.4. Bandgap narrowing

Tauc plots for direct and indirect bagdps of KN and 0.7BENbOsz- 0.25 BiMeO3 (Me=
Mn, Fe; Co and Ni) systems are show(Higure 104;5. The moshomogeneousamples

were obtained for x=0.25, as was explained in the first section of this chapter. Also, the

solar spectruns illustratedand the IR, VIS and UYegionsare schematically indicated
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Even if the sun emits in alhe energetic range, the maximum energy is allocated in the
visible range

Figure 104: X :4; | Di Pagainst photon energy for KN and 0 REbOs- 0.25 BiMeD; (Me= Mn, Fe; Co
and Ni) systems.

Figure 105: X :4; | bi ? ®against photon energy for KN and 0.KBIbOs- 0.25 BiMeOs (Me= Mn, Fe;
Co and Ni) systems.




Chapter 10 Discussion

As mentioned in Chapter 2, Tauc plots cannot determine conclusively if a band structure
is direct or indirect, therefordnoth bandgap values arextracted Direct and indirect
bandgaps follow the same trend, KNBK2.4 eV)<KNBC(2.6 eV)<KNBF(2.8 eV)
<KNBN(3.3 eV)<KN (3.6 eV) and KNBM(1.3 eV)<KNBC(2.1 e\ ¥KNBF(2.2 eV)
<KNBN(2.87 eV)<KN (3.2 eV), respectively.

As shown ir[Figure 10.6| a linear relationship is found between the optical band gaps

(direct and indirect) and the pseudocubic unit cell volume, leaving aside the KNBF

compoundhat presents orthorhombic symmetry.

Figure 10.6: Direct (a) and indirect (b) band gap energies as a function of pseudocubsellnitlume
shows a linear dependency.

The band gap decreaseghnincreasing lattice volume. rOthe other hand, the lattice
volume increase with Bite ionic radius, in the order M Co™ and Ni®. Moreover,
electronegativity alsdecreasewvith ionic radii and thereforancreasewith increasing
bandgap energy. Thigrend with lattice volume for each solid is comparablehtat
reported by eeet al, which described a set of perovskites Witite alkaline earttvhose
optical banegap variedinearly withlattice volume and the Goldschmidt tolerance factor.
Also, it is in agreementvith the classical work for covalesemiconductorsywhere a

linearincrease in bandagp is noticed for smaller boreingths(Phillips, 1973)

The relationship between opticaartgap and Goldschmidt tolerance factor is also

examined inFigure 10.7| The Goldsmith tolerance factor for a solid solutias

calculated using Equation 10
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Ty WN; E:rdwINg E N Eq.101
VirgwWNg E:rdwiNeg EN;

where k, rsi, b, f've and b denote the ionic radii for ¥, Bi*3, Nb™, Me*™ and &,

respectively Table 102).

Figure 10.7: Direct (a) and indirect (b) band gap energies as a function of tolerance factor.

All the systems, KNBM, KNBF, KNBC anBENBN have similar tolerance factor which
considerabyl differs from KN. In general, solid solutions with high tolerance factor show
broad banejaps. If we draw a line from KNBN to KNBM, we can observe the other two
values for KNBF and KNBC, are close to ghine. However, it is ropossible to

determine a lineadependence between the tolerance factor and thedagrsdvalues.
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11.1. Conclusions

Ferroelectric KNb®@ (KN) ceramic is the central compound of this thesis. An intensive
study on processing, electrical and optical characterization of KN ceramic was conducted.

Following results were obtained:

x High densityand pure KN ceramics were prepai® solid state redion. It was
demonstrated purity and stability are intimately related with the stoichiowfetry
KN. Double calcination of powders compacted at 850°C for 4 hours and the
control of the sintering environment through atmospheric powder and double
crucible, mabled to inhibit the K losses during the ceramic processing, keeping
KN stoichiometric.

x Stoichiometric KN, Kdeficient and Kexcess compounds were also prepared in
order to evaluate eventual K losse®kD and Raman resultdetermined the
orthorhombicphag (Amm2 space groupplight deviatios from the nominal
stoichiometry induces changes in the puritgrystallisation, microstructure,
stability, densty and sinteringemperaturef the samples.

x Electrical characterisatioof nonstoichiometric compounds wasieasible due
to their poor densification. In addition, samp&suldbe dried at 200°@r 10
min, because KN ceramics left in air absorb moisture from the environment,
making the samples more conductive.

x KN ceramicsshowed two clear dielectric anoalies at 1206 € and 1398 °C

which can be attributed to tlethorhombieto-tetragonal and to the tetragonal
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to-cubic transitions respectively. Spontaneous polarisation1@8 uC/cn? and
maximum strain of 0.1% is obtained under 50d« at 160°C.

x The narrowest bandap (3.15 eV) corresponds to-dg«cesscompound, which
supposedly has the largest concentration of oxygen vacancies. Direct and indirect

bandgaps for stoichiometr KN are estimated 3.64 eV and 3.23 eV, respectively.

The fdlowing binary systems based on KNI1-x) KNbOs-x BaosBio.sNbosZnosOs
(KBBNZ), (1-x) KNbOs-x BiFeOs (KNBF), (1-x) KNbOs-x BiMnO3z (KNBF), (1-X)
KNbOs-x BiCoO; (KNBC), (1-x) KNbOs-x BiNiO3 (KNBN), 0.90 KNbOs-0.10
BaNkysNips0s (KN-BNN), KNaosNbosOs (KNN) and 0.98 KNagsNbosO3-0.10
BaNh.sNio.s03 (KNN-BNN), being x=0, 0.05, 0.10, 0.15, 0.20 and 0.25, were prepared
by solid state reaction, following the same roateKN. However, some problems

appeared during the ceramic processing:

x After the synthds, most of the compositions present some orthorhombic KNbO
based phase dueitcomplete diffusion of the spesi.

X The solubility of low concentration of solutes’(x15) into the KNb®@lattice was
insufficientduring sintering, generatirgpmpositionally inhomogeneous regions.

X Solid-sate reaction magot be the most adequate method to prepare these solid

solutions.

This thesis underpins the structural, vibrational, microstructural, elemental, elgdftric
feasible) and optical charactexi®on of the systems listeabove The nain conclusions

are summarised below:

x Upon doping, KBBNZ system evolves from orthorhombic to cubic symmetry,
which is accompanied by piezoelectrieto-electrostrictive crossovein the
compositional range, 0[” . A progressive decrease of FE and piezoelectric
properties is observed. Indeed, KBBNZ x=0.25 n®nferroelectric in
contradiction with a theoretical study(Wang, Grinberg, & Rappe, 2014)
Electrostrictive coefficientor x=0.15 is 0.037 AC? and for x=0.20 Q is 0.035
m*C'2,

X The bandyap ofKBBNZ ceramics narrows slightly fro@.22 eV for x= 0 to 2.89

eV for x= 0.25, in agreement wiffirst-principles calculation@Nang et al., 2014)

Common results were obtained for KNBM, KNBC and KNBN systems:
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x XRD data suggests these systems evélom an orthorhombic phase (x=0) to
cubic symmetry wittanincreaseof x. There is a solubility limit for orthorhombic
KN phase. The cubic sSOid ROXWLRQ LV FRQILUPHG E\ WKH YDO
law.

X Cubic and orthorhombic phases coexatintermediary values of x, more
specifically, up to x=0.15 fathe KNBM system and up to x=0.10 fene KNBC
and KNBN systems.

X The polar phase (Amm2) was monitored by: (i) doeurrenceof the Raman
modes at 192 crhand 830 crit. (i) SEM imaging combined with elemental EDX
analyses, which reveals the presencKfrich regions. (iii) The appearance of
the two dielectric anomalies associated with KN.

x Globally, x=0.20 and x=0.25 compositions can be ascribedlas phase (Pm
#n), butthe existence of Raman modes demonstrates that lotalyare not
purely cubic.

X Sysematic banegap narrowing was observed with increasing x. A linear
dependence is found between the optical band gaps (direct and indirect) and the

pseudocubic unit cell volumes.
However,the KNBF system was an exception in all aspects:

x KNBF systemretaired polar orderup to x=0.25n a wide range of temperatures
and continuously narrowed its bagdp with x.

x Polar ordering and a lower bagdp. 11eV in comparison with undoped KN
makeskKNBF x=0.25interesting for photoinduced phenomehhe measureW o
andJscare about 0.16 V an@l24 pA/cm?, respectively and Pmax of 0.01eW
and FF of 141%.

Finally, KN-BNN and KNN-BNN showed:

x Impossibility of obtaining chemically homogenised sampldsy conventional
ceramic processing, as revealdXRD, SEM and EDX.

x Bandgaps of 3.37 eV and 3.34 eV were estimated, respectively.

x Controversy of bangap values in the literature are attributed to: (i) conventional
processing route may leaolthe appearance of chemical inhomogeneities which

modify the physical propertie§ii) ambiguity on interpretation of Tauc plots
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11.2. Contributions to the field

(1) First compréersive study on processirgjructureproperty relationships in
KNbOs-BiMeOs, where Me is Fe, Mn, Co and Ni. Demonstration for first tohe
aphotovoltaic effet in the KNBF system.

(2) Demonstration for first timef a piezoelectrito-electrostrictive crossover on
KBBNZ system and corrobotiah of first principle calculations of the basghp
(Wang et al., 2014)

(3) Contribute with a hypothesis why there are controvergiethe banegaps
reported for KNBNN (Grinberg et al., 2013and possibly in KNNBNN (Bai,

Tofel, Palosaari, Jantunen, & Juuti, 2017)

11.3. Future work

The research presented in this thesis seems to have opened new horizons to explore. There
are several lines of research arising from this work which should be pursued.

(1) Sample synthesis using alternative routes to improve homogeneity.

(2) X-ray synchrotronstudy to obtain better resolution aratldressthe problems
related withRietveldrefinement.

(3) Raman spectroscopy with temperature for KNBC x=0.15.

(4) Low- temperature & loops to avoid the conductivitysues

(5) Fabrication and characterisation of solar celising the most promising
materials.

(6) Temperature dependence of the bgag to investigate the nature of the band
gaps. Furthermoredevelopnent of some simulations by first principles
calculations for better understanding.

(7) All systems should be investigat in all compositional range from KN to
BiMeO:s.

(8) Control of the oxidation states.
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