ABSTRACT

ZHAO, JIANWEI. Inhomogeneous Electric Fieldduced Domain Reorientation and Phase
Transitions inFerroelectricgUnder the direction of Dr. Jacob Jones)

Ferroelectricmaterialsare commonly employed ielectronicapplicationsdue to their
unique electromechanical responges a part of th@pplications, piezoelectric multilayer ceramic
actuators (MLCASs) have be@ndely used in the commercithinsducer, sensor, and ftigjection
devicesbecause otheir low driving voltage, higistrain generan, high precision displacement,
and quick response.Howeve, with a voltage applied to the devicdhigh electric field
concentrations can develop around the interdigitated electrodes edgde a MLCA to
significantly influence thelectromechanical rpsnse and facilitate the device to failubrie to
the complexity of investigating the field inhomogeneity in MLCAsovel researchtrategyusing
partially electrodd samplesis designed anatonductedin this researchio probe the spatially
dependent marial behaviorsn response ttheinhomog@eous electric fields

This research employs the synchrottmasedin situ high-energy XRDwith applied
fields to uncover their microstructural changesNi-PZT-based and KNMasedmonolithic
samples The feroelectric materialstudied in this resedncinvolve various crystallographic
phases, including tetragonakhombohedral, and orthorhombic phase. Additionally, a
Nb-PZT-basedmaterial with acomposition nears the MPB region is particularly studied tcateve
tetragonato-rhombohedral phase transitis in selective crystallographic orientatiofise results
from full-electrode samples (monolithic eemic bars with fully painted electrodeshowthe most
preferred 002, 111, and 202 domain orientation iragenal, rhombohedraand orthorhombic
phaserespectivelyare parallehlongthe macroscopic field directioRarticularly, for the NBPZT
53/47 composition (near MPB), rew mechanism ofield-inducedorientationselectivephase

transitionds revealed.



In order to develop Hiepth understanding of microstructural changes due to electric field
inhomogeneityjn situ high-energy XRD experiments with different beam sizes were conducted
on theferroelectric partiablectrode samplesmpnolithic ceramic bar with partialy painted
electrodes Due to thetop electrode discontinuity, the local electric fields are positiensitive
throughout the sample and concentrated near the electrodelsutgs. the macroscopic field
application, hemaximumdomain textues are quantitativelgalculated, and tHecal electric field
directiors are inferredn all scanned pixal The resultslemonstrate that the domain switching
behavior is orientatiodependat and spatially dependenacrossthe whole partiatelectrode
sanples.Specifically, h the active region (between electrodes), the domain reorientation is more
homogeneous; in the passive region (outside the fully electroded region), the domain orientation
is inhomogeneoudMore pecifically, due to the electric fieldoncentration near ¢helectrode
edge, the domain reorientationeshancedresulting in higher domain texture strengdor the
Nb-PZT 53/47(near MPB)partiatelectrode sample, the orientatidapendent phase transitions
are also mplified. Complemerihgto the results fronn situhigh-energy XRD experiments, finite
element analysisonducted in this work predicts thpatially dependenbhhomogeneous electric
field distribution in both leadbased and leafftee partialelectrode sampleshowinga good
correlation withthe experimentally inferred local electric field directionsscanned pixels

This research systematicalgxploresthe position sensitiveand orientatiordependent
domain reorientation and phase transitions in multiple ferroelectrieriala in response to
inhomogeneouelectric fiels. The field concentraticamplified donain switching and phase
transitionsprovide new insight teeassesthe nonuniform electromechanical ressponsear an
electrode edge, whianayfacilitate MLCA degadation and fracturéloreover, he experimental

strategy using synchrotrdmasedin situ high-energy XRD with an area detectalso presents



opportunities to probe anguldependent and positialependentmicrostructural changes in

ferroelectric devices
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Chapter 1: Background and Introduction

1.1.Dielectrics, Piezoelectrics and Ferroelectrics

Dielectrics ordielectricmaterials are electrical insulators or noncondugctetschexhibit
or can be made to exhibit electric dipof®ments and can be used in capacitfts Under the
application ofan externalelectric field, tke dipole moments ira dielectric materiatan be
reoriented to align with the field directipresultingin electric charges on the capacitor surface.
This process iseferred to apolarizationandthe quantity of charge per unit arstaredon the
capacitor is called surface charge densitydelectric displacementl], [2]. For a dielectric
material, both dielectric displacementD) andfield-inducedpolarization P) arerelaed to the

appliedelectric field(E) asillustratedin Equatiors (1) and(2) [1], [3]:

~

O 70 0 Equation )

~

o T T poO Equation )
wherej is the permittivity ofa vacwm spacethat is a constanh value of8 . & 5} “F/m, and
T is the relative permittivityf the dielectric material.

Piezoelectc materialsare a sub-categoryof dielectrics that have norcentrosymmetric
crystalstructuresPiezoelectrienaterals werdirst discovered by the Curie brotherslié" century
and hae since been extensively investigatefd], [5]. Electric chargesare generatd in
piezoelectric materials in response @anechanical stressyhich is referred to as thdirect
piezoelectric effectOn the other hand, a mechanical deformation can be indugeezoelectric
materials uder the application of an electric field, whistreferred to as the converse piezoelectric
effect. The direct and converse piezoelectric effects are illustrateBqguations (3) and (4)

respectively3]:
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O Q7Y Equation 8)

Y QO Equation 4§)
where, "Y is the applied mechanical strg5¢ is the straingenerated in response to the applied
electric field,0, andQ represents the @koelectridensor Due to these comginentary effects
piezoelectric materials areommonly usedin applicationsconvertingmechanical energy into
electrical energy and vice versa.

Within the category of piezoeleatg there are certain materials refedeto as
ferroelectrics which were firstdiscoveredn 1920 by Joseph Valasek and reported 921 [6].
Ferroelectrianaterials which are often comparealith ferromagnetianaterials havepermanent
dipolesand exhibit spontaneous polarizatisin the absence of aexternalelectric field The
direction of spontaneoysolarization ina ferroelectricvaries depending on therystallographic
structure of the materials shownin Figure 11, Jones demonstrated thim a tetragonal phase
ferroelectric, thespontaneoupolarizatiorsare paralleto the <h00>directions; ilanorthorhombic
phasderroelectri¢ the spontaneous polarizations pagallelalong the<hh0> directions and ina
rhombohedral phasterroelectric the spontaneous polarizations are parallehg the <hhh>

directiong[7].

Figure 1-1 Possible polarization directions ifa) tetragonal, (b) orthorhombic, and (c)
rhombohedratelative to the pseudcubicunit cell.



3

In a ferroelectric material, there are regions called domainsnwitich the spontaneous
polarizations are commonglignedin a uniform directionWhen a ferroelectric material is cooled
from a high temperatura transition from the paraelectric phaésehe ferroelectric phase occurs
at the Curiepoint (Tc) and the spontaneous polarizatisndevelop subsequently in the
corresponding phas®uring the phase transitiodpmains are formediiorder to minimize the
free energy[8], [9]. As shown in Figure -B, for example, barium titanate (Ba®)Qone of the
most common ferroelectric materialdéth a perovskite structure, undergoes a sequence of phase
trangtions from cubic P Mm , to tetragonal(P4mm), to orthorhombic(Amn®), andthen to

rhombohedra(R3m) phase with decreasing temperatioen the Curie point[10].
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Figure 1-2 Changes imprimitive-cell lattice parameters and anomaliesrefative permittivity
during the sequence of phase transitions in BaWih crystal structure illustrations of cubic,
tetragonal, orthorhombic, and rhomboh&ldohases. Reprinted with permission frtdn Acosta
et al Applied Physics Reviews, vol. 4, nh. American Institute of Physics Inc.,-@ec2017.
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The cdmainsin a ferroelectri@re separated lmomain walls, which are the transition areas
where the polazation directios in adjacent domainshange.Sincethe polarization directian
vary for different phasegheycan becategoizedas 180 ferroelectricdomain walls and net8C°
ferroelectric/ferroelastidoman walls For example, in theetragonal phse, there are 18Gnd
90° domain wallsin the orthorhombic phase, there are°182(, 90°, and 60 domain walls; in
the rhombohedral phase, there B8€°, 109, and 7% domain wallsDomainsizesin ferroelectric
materialsare generally itherange é a few nanometers to tens of micrometdr]. A typical
180°domain wall width is on the order of one lattice param@esr 3A), whereasa ni-18¢°
domain wall mayexhibitasmallerwidth. The width ofboth180°andnon-180°domain wallsvary
with temperature and crystal pur[gj.

In the virgin statéelectrically unpoled stat@f apolycrystallire ferroelectric material, the
domainsare randomly orienteith all directions Under the application @&n external electric field
with an amplitudeabove the coercive field)) of the materigldomainsstart toreorient to align
with the applied fil direction, resulting in an increase thfe net polarization.With further
increasing the electric field to higher magnitugesO ), the polarization in the ferroelectric
material will saturate. Tib process is referred to as poling, whrelsultsin domain reorientation
in the ferroelectricmaterial.After removing theapplied electric field, a remnanet polarization
remairs with a majority of the domains still aligned in a uniform direction.

When a ferroelectric materiat subjeced to an eletrical load, there are two main
contributions taits electromechanical sponsei.e. fieldinduced macroscopic strdib2], [13]:
(1) an intrinsic contribution that results from #lectricfield-induced lattice distortiofi.3], [14]
and (2) an extrinsic contribution that originates from other factors such as daoaentation

[15]i [18]. It is worth noting that phase transitions camaur in ferroelectric materiaés particular
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compositions under the application of electridde contributing to the macroscopic straib],
[19]1 [22]. Specifically, thdield-inducedstrain contribubn from a phase traitgn is considered

as volumetrid19].

1.2.Ferroelectric Materials

1.2.1.Lead-based Ferroelectric Materials

To date, ferroelectrics habeen widely developddr use oicommercialized applications,
such as transducers, sensors, and actua®fg24]. The dominant materidor the ferroelectric
applicationgs lead zirconate titanatBb[ZiTi1.x]O3 (PZT), because ats superiordielectric and
piezoelectric propertiel@4]i [26]. Over the decadesPZT-based materials have been extensively
studed to further enhancthar piezoelectric performancg7]i[31]. It is worth noting that
PZT-based ferroelectric materialexhibit improved properties e.g., dielectric ©nstants,
piezoelectric constants, and electromechanical cayptioefficients, when the composition
approachethe morphotropic phase boundé@PB), a region where two phases can coestizbly
in the material8], [32]. Figure 13 presents @onventionalbinary phase diagram fdhe PZT
system[11]. Near the MPB (x~02% of PZT-based ferroelectricat room temprature, electric
field-induced phase transitions can occur betweeextsiing phases or phasesar thdimit of
their stability. For example, fielthduced changei the phase fractions have been observed in
PZT compositions containing both tetragof@#mm) and monoclinic €m) phased22], and

tetragona(P4mm) and rhombohedraR3m) phase$33]i [35].
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Figure 1-3 Phase diagramf PbZrQ-PbTiOs solid solutiors showing the MPB in the middle of
the diagram separating tetragonal and rhombohedral ferroelectric phases. Thetsubsord F
represent for diferroelectric andferroelectricphases, and the letters C, T, O, and R stand for
cubic, tetragonal, orthorinabic, and rhombohedral phas&eprinted with permission frorD.
Damjanovic Reports Prog. Physvol. 61, no. 9, p.467, 1998.

1.2.2.Lead-free Ferroelectric Materials

To develop socially sustainable and ddendly technologies, the European Union has

passed the Restriction of Hazardous Substances (RoHS) directive in 2003 and has been leading
efforts to investigate leafiee ferroelectric§36]. Overdecadesmnanyleadfree materialsystems,
such agxBa(Zr,Ti)Os-(1-x)(Ba,Ca)TiGs] (BZT-BCT) [37]i [40], [XNao.sBiosTiO3-(1-x)BaTiOs]
(NBT-BT) [41]i [44], chemically modified (K«Nawx)NbOs (KNN) [45]i [49], etc., have been
extensively investigatetbr various ferroelectric applicatiofS0]. Since Saitoet al reporteda
large piezoelectci coefficientdss of 416 pC/N comparable with lealased ferroelectricb1],
KNN-basedmaterials have been considered ame of the most promising altextives for

PZT-based ceramic3 hepiezoelectric coefficienin anundopedKNN sygem is optimized when

the composition has K/Na rataf approximatelyone,i.e. KosNaysNbOs [52]. As shown in the
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pha® diagram in Figure 4, with increasing temperature, the compositionsi¥ao sNbOs
undergoes ahombohedralR3m) - orthorhombic(Amn®) phase transition around.23°C, an
orthorhombig Amn®) - tetragonalP4mm) phase transitioatapproximately 210°Candbecomes

a paraelectric cubicP Bm phase upon its Curie point around aQO0[52], [53]. Thus,
Ko.sNao.sNbQOs has a sigle orthorhombic phase at room temparat It is widely accepted that the
formation of phase boundaries through chemical modifications can enhance piezoelectric
properties of ferroelectric materials because it facilitates polarization rotations indudkd b
structural instability[54], [55]. In general, For example, Wat al sunmarized that the use of
lithium (Li*), antimony (SB"), tantalum (T&) ions, etc., as dopants in the KNN system can
dramatically lower the orthorhombtetragonal phase transition to occur at or near room
temperatee [56]. In this work, both leadree indoped K.sNaosNbOs and (Li, Ta, Mnjdoped
Ko.sNao.sNbQOzare studied under the application of electric field for comparison with thdo besseti

PZT ferroelectric materials.
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Figure 1-4 Phase diagram of KIlNDs-NaNbQ; solid solutions. Reprintedith permission fromnii,
Ji ng eFa Jognal of the American Cerantiociety96.12 (2013): 367-8696.

1.3. Characterization Methods

Electric fieldinducedmicrostructural changeas ferroelectricscan beprobed in multiple
characterization instruments, suchtr@msmission lectron microscopy (TEM[57]i [59], atomic
force microscopy(AFM) [60]i [63], piezaesponsdorce microscopy(PFM) [64]i [66], Raman
spectrecopy[67]i [69], etc Another importanand powerfubpproachs x-ray diffraction (XRD)
that has been broadlgxploited for investigaing material behawars in polycrystalline
ferroelectics in regonse to electric fieldn the simplest construction, a laborat@gale powder

diffractometer can bemployedin conjunction with ann situ electric field cell[33], [70]i [72].
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Under the application of electric fields, XRD helippszestigate the microstructural changes in
ferroelectrcs. This is donghrough the investigation déttice distortios, domain reorientation,
and phase transitionswith respect to various angléo the applied field direction and different
field amplitudes. Specifically, the intrinsic lattice distortion can be studied Isgraimg peak
position shifts in2 cangle; domain reorientation can be probedr®asuringntensity changes
between degenerate reflections corresponditiigtspecifigpolarization directions in ferroelectric
phases; and phase transis@an be investigad by observingeak position and intensity changes
as well asappearance or disappearanteartain reflection$22], [73]i [75].

A laboratorybasedX-ray diffractometer often usegpoint detectoor alinear detectorin
BraggBrentano geometryreflection geometry)hencethe in situ experimentsconductedwith
applied electric fieldare only sensitive to scattering vectors parallel to the field direction. The
collectedXRD patternsat an applied fielghrovide information about the-spacing changes (i.e.,
elastic strains) and preferred orientatifp.e., domain fraction changes) only in the direction
parallel to the electric fielddowever, as demonstrated by Joeéesl, the preferred orientation
induced by ferroelectric/ferroelastic doma#orientatiorproduces a crystallographic texture that
often necessitates a more rigorous texture characterization appfodchMost of the
polycrystallineferroelectricceramis investigated via these techniques are initially randomly
oriented and exhibit an electriield-induced fiber symmetry (i.e., transversely isotrogitter
electical poling To completely describe the texture, an enbiientationdistribution function
(ODF) that describes the relative probability of all crystallographic orientationslimé&nsional
Euler space can be calculaf@éd]i [79]. However, due tthesample symmetry, it is not necessary

to calculate an entire ODF. Aninimum however, characterizingomain texture in these
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materials often relies on integrating more information than is availabdéesingle diffraction
pattern[80], [81].

Synchrotronbased XRD isan increasingly commoraltemative to laboratorpased
diffractometers for research in the field of ferroelectrics. dp@roachs advantageous because of
its high-energy, tunable microsapic beam sizesintense photon fluxand highresolution
characteristicg-or ferroelectric stdies, not only powder can be probed, &isbferroelectric thin
films and monolithic ceramics can be exaministhga synchrotron sourd®2]i [86]. With the
employment ofa two-dimensional (2D) area detectior DebyeScherrer geometrtransmission
geometry, a synchrotrorbased XRDprovides the necessary capabilities to experimentally
determirea pole figure representing the crystallographic direction parallel to azailan vector
For example 001 pole figure for tetragonal perovskites or 1hlepfigure for rhombohedral
perovskited87]. This geometry enables the characterization of an entire uniaxial pole figure by
evaluatiy t he Bragg peak intensities aschangdimncti o

intensity relative to angle to the electric field direction.

1.4.Motivation of the Research

Under the application of an external voltageferroelectric ceramic issumed and
expected t@xperiencea homogeneouslectric field This implies that a material will undergo the
same field amplitude and direction between two parallel electtbdmsghout a sampl&uch an
assumption enablethe study of electric fieldinduced microstructural changes monolithic
ferroelectrics with respect to various angles to the macroscopic field directioth
synchrotrorbased XRD experimentslowever, it is worth noting thaninhomogeneous electric
field, i.e. different field amplitddes and directionsan develop at certain regionstbroughouta

ferroelectric sample with an exterlyahppliedvoltage. For examplé€ hanget al.illustrateshow
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electric field concentrati@that developat the edges of patterned nanocomposite eléesr on
PMN-PT single crystals, which is referred toaa8 1 n g e ,ednfaalitatetbe nucleation of
small reversibledomairs in local regionsnear the electrode edgbscause of the higher field
magnitudeg64], [88]. Do et al. highlights the excessive ndi80® domainswitching that occurs
near electrode edges afPZTbased thin filmcapacitor, emphasizing the role @ectric field
concentratiomegionsin ferroelectric application89]. Moreover, the electric field concentrations
canextensively develop near theterdigitatedelecrode edges inmultilayer ceramic actuators
(MLCASs) [90]1 [92]. MLCAs are ubiquitousin ferroelectric applicationas they ar&ommonly
used incommercialtransdicas, sensas, and fuelinjectors due to their low driving voltage,
high-strain generation, and quick respotisee. Specifically,as presented in Figureil a finite
element analysis (FEAJonductedy Caleb Mooney predicts that the electric field conedian
near an interdigitated electroddgeis at least 10 times higher thratbetween thénterdigitated
electrodesand unique local electric fiel@sedistributedn thepassive zongglead pnes) Passive
zonesare the regions imn MLCA device tha are electrically inactive andwill not undergo
mechanicaldeformationin response t@n externally applied voltageDue to the electric field
gradiens near theinterdigitatedelectrode edge, nemniform strain will develop around the
electrode terminatn region,which results in an inhomogeneous stress distribufitverefore,
with externallyappliedvoltage theinhomogeneous electric fieidducedmicrostructural changes
are expected to bepatially noruniform in distinguished regions inside afMLCA. However,
there exists a lack of understanding of thedamentaimechanisms that drivdhomogeneous
electric fieldor field concentrationnducedmicrostructural changesot onlyin MLCAs, butalso

in monolithic ferroelectric ceramics
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Figure 1-5 Two dimensionaFEA results of inhomogeneous (a) electric field [kvV/mm], (b) strain,
and (c)principalstress [Pa] distributions arouad interdigitated electrode edge arKNN-based
MLCA under the applicain of 3 kV/mm.The nterdigitated electrod® p a ¢ i n g.Cousesy5 3
of Caleb Mooney for thEEA work

Thisresearch seeks to investigate the domain behaviors and phase transitionbaséead
and leadfree ferroelectric ceramics undergoing homogerseand inhomogeneous electric field
by employing synchrotrorbasedn situ high-energy XRD with tunable micrescale beam sizes.
Because of the complexity of investigating MLCHssitu, this dissertation uses the monolithic
polycrystalline ferroelectrisamples with varied top and bottom electrode sationvestigate the
inhomogeneous electric fieidduced electromechanical responses in ferroelectric matdsials.
employing the higkenergy monochromatig-ray beam and area detectoethods this work
demonstrate the value of a synchrotrorbased in situ XRD approach to characterize

inhomogeneoudomain reorientation anghase evolutiosin ferroelectric materialsSpecifically,

m
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Chapter 2 introducethe synchrotrofbased XRD experiment setumaterials,and sample
geometries used in this researCinapte 3 presers the results from homogeneous fieidduced
microstructural changes in various materials dechonstratethat the canplete evaluation of all
directions relative to the electric field directisnecessary to thoroughly assess fialtuced
material behaviors in ferroelectric€hapter 4 will focus on elaborag upontheinhomogeneous
electric fieldinduced microstructural changes in the partial electrode sangilesying the
calculated locatlectric field directions in eackiray scanned ped. Chapter 5 will conclude the
important researchindings and scientific conclusions about inhomogeneous electriefiéldted
domainreorientation and phase transitions in ferroelectric materialstt@idimpacts in future

ferroelectric studies as Was applicationgor next generation MLCA design
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Chapter 2: In Situ Experimental Setup and Data Analysis

2.1.0verview

This chapter elaborag@iponthe value of usinghe synchrotrofbasedhigh-enegy XRD
characteization methodwvith appliedelectric fields to characterizéield-inducedmicrostructural
changesn ferroelectricceramis. With theemployment of aarea detector, @mplete evaluation
of all azimuthal orientationeelative to themacroscopic directioof the appliedelectric fidd has
proved essentialto thoroughly assesthe field-induced changes to stable phases dohain
textures A brief data analysis procedur®r studying the field-induced domain texture is
introduced by using a commercial PEC-65 ferroelectricmaterialwith a tetragonal phas&his
analysis procedure will besad forall the leadbasedand leadfree ferroelectric materials in

Chaptes 3 and 4.

2.2.Samples

1% niobium (Nb) doped PZT (NHPZT) pelletsof varied compositionsincluding
Nb-PbZpoTiosn03 (Nb-PZT  50/5Q, Nb-PbZissTiosOs (Nb-PZT  53/47), and
Nb-PbZ.56Ti0.4403 (Nb-PZT %6/44)were provided by Pl Ceramic (Pl Ceramic GmbH, Lederhose,
Thuringia, Germany). TheNb-PZT-based pellets were fabricated under the project
i C o mgrgestuetzte Mukskalenmodellierung zur virtuellen Entwicklung polykristalliner
ferroelektrischer Materialiegn ( C O M P®.Mhe NB* dopantssubstitute the Zf or Ti** in
the perovskite Bsites, resulting in the generation ofsite vacancieo form PZT materials into
soft ferroelectricg94], [95]. Compares to a hard ferroelectric ceranite ft ferroelectric
ceramics exhibit loer coercive field,a higher dielectric loss, and more readily permit domain
wall motion under the gghication of electric field$96]. In generalthe crystal structurgof both

Nb-PZT 50/50 andNb-PZT 53/47 are consideretb besinglephasetetragonal(P4mm) in the
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virgin state where the ler composition is closer to the MA86]. In the case of N#PZT 56/4

composition, it has a single rhombohedral ph&3en] in the virgin state.

In addition toleadbased ferroelectric materials, leltde KNN-based materials were also
investigated in the synchrotrdrased experiments. Undoped dfNapsd0NbOz (undopedKNN)
pell ets were provided dtheIBgef . SBaef bar.Withslai it uod
its rhombohedrabrthorhombic phase transition arouwri®3°C, andts orthorhombietetragonal
phase transitionccurring atapproximately 210°Cthe undopedKNN has a single orthorhombic
phasdn the virgin stat@at roomtemperatur¢56].

Another lea-free materialexaminedin the synchrotrorbasedexperiment wagithium
(Li*), tantalum (T&"), and manganese (M) dopedKo siNaosdNbOs (doped KNN) ferroeletic
ceramic, which waalsoprovided by Pl Ceramic. The additionlaf andTa>* significantlylower
down the orthorhombitetragonal phase transition below the room temperature, i.e. the doped
KNN material has a single tetragonal phd24nfm at room temerature Moreover, KNN-based
ceramics often contaielectronholes induced b and Na evaporations in higemperature
sintering, which results in high current leakageler the application of externiélds [97]. To
decrease the leakage current, igfectiveto substitute NB' in the perovskiteB-site with Mn?*
dopantin order to absorb thgositively charged holes by increasing Mn valence MrMn**)

[97].
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2.3.Electrode Configuration and Scan Patterns

For each compositioof Nb-PZT-based and KNMbased materialshreekinds of samples
and €an patterngvere measured in the beamline experiméfitpure 21(a) showsle schematic
of a sample in the fulelectrode configuratignn which a5 0 0 & m x X-rGyGb8amveam
centeredn the middle of the sampl&nder the apptation of an external voltage, this sample is
expected to have momogeneoueglectric field between the top and bottom electrodes. Such a
sample geometry has been commouded tostudy material behvior in function of applied
electric fields in multiplein situ high-energy XRD researcf19], [86], [98] [101]. The results
from samples witlihe full-electrode configuration will be shown and discussed in Chapter 3.

Figure 21(b) illustrates a partiadlectrodesample geometry. Under the stimulus of an
external wltage, the sample is expected to experience inhomogeneous electric fields near the
electrode termination region, which is the central section of the sample near where the top electrode
ends, and in the dead zone, which is the portion shown on the le# thieee is no top electrode.

The experiment described Bswh ol e b ar eapmaximaielyuGk de m nxX-r&y0 0 & m
beam to study the spatially dependent behavidlifferent partialelectrode sampledt is worth
notingthat5 0 0 e m >xand5 0 0 xd5h eam sizeghorizontal x verticalH x V) were

choserfor the experimentsased on ththicknessesf the samples used, i.e. dependinguether

the samples were slightlyreater or less thah mm in height. By doing sahe X-ray scattering

from electrodes and the sample stageld be mitigated\o significantdifferences in results were
observed between the two beam sizes for the purpose of this experiment

The schematipresented in Figure-2(c) illustrateswhatis referedt o as ade Mfnel ec
e d ge epe@merdn a higher spatial resolutioA much smder X-ray beans i z e , 200 em

200 e€m, was adopted to scan the electrode ter
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with respect to field concentrationhe results from partisd | ect r ode sampl es i n e

scano or fhedaeaoct e pwlbeshavwm and discusséd Chapter 4.

Electrode
(@)
Ceramic
Electrode
(b)
Electrode

Figure 2-1 X-ray scan patterns for the synchrottmesed experiments in beamline-I0kC,
showing the fulelectrode sample with (a) center scamj ¢he partialf electroded sample with
(b) whole bar scan, and (c) electrode edge scan.
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2.4. Experiment Description

The synchrotrofbasedn situ high-energy XRD with applied electric fields was carried
out inthebeamline 14ID-C attheadvanced photon sourc&RS). Figure 22 shows a schematic
of the experimentalsetup for thein situ high-energy XRD, whichillustrates theelectrode
configuratiors for both (a)full-electrode samp$ and (b) partiaklectrode sampte The X-ray
beam hd an energy of 10%.keV, equivalentto awavelength of 0.117#, which penetratd
ceramic barsof listed sample dimensiongasily throughthe DebyeScherrer geomeyr i.e,

transmission geometr$gome keybeamlineparameters are summarized in Tab[&éQ2].

Tablel Specifications obeamlinel1-1D-C.

Source (upstream) 3.3 Undulator (Undulator A)
Source (downstream) 2.3 Undulator
Monochromator ype Laue Si (311) 1.&legree fixed

Energy Range 105.7 keV

Resolution ( 5x 103

Flux (Photons/second) 1x 101 @ 105.7 keV
Beam sizehorizontal x verticalil x V)
Unfocused 0.2 mm x 0.2 mm

Rectangulatbars of dimensios approximately5 mm x 1 mm x 1 mm were cut from
monolithic NbBPZT-based and KNMbasel ceramicpelletsand painted with silver paste on two
opposte parallel 5 mm x 1 mm surfacesform electrodesThebarwas placed on a custom sample
stage forthe applicationof electric fields via a higivoltage amplifier (AMS10B2, Matsusada
Precision Shigaken, Japanthatwas driversimultaneouslyy a wavefunction generator (Agilent

33220A, Keysight TechnologieSantaRosa, CA. For mast of the samples, unipoldeetric fields


https://www.google.com/search?sxsrf=ALeKk01MuXythWYz-AReUCs7jsgAORyXzQ:1585510858079&q=Santa+Rosa,+California&stick=H4sIAAAAAAAAAOPgE-LWz9U3MDTKSEkpK1PiAHGKzC1MtbSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1jFghPzShIVgvKLE3UUnBNzMtPyi_IyE3ewMgIA2PD6gWEAAAA&sa=X&ved=2ahUKEwiNyO6buMDoAhVElXIEHQnUBtcQmxMoATAnegQIDxAD&sxsrf=ALeKk01MuXythWYz-AReUCs7jsgAORyXzQ:1585510858079
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were applied to the specimens using steps of 1 kV/mm @p3t&V/mm maximum which is

considered a poling procesBor a few specific samples, such as-RbBI 53/47, whose
composition is clost the MPB, a maximmm electric field of 7 kV/mm was applied to the sample,
with the same 1 kV/mm step size. The longitudinal piezoelectric coefficient was measured for each
sample after the experiment via a widmge ds Tester (YE2730A ¢ METER, APC
International, Mackeyilte, PA) to ensure the samples were polaridadng the measurements

2D DebyeScherrerring diffraction patterns were collected om area detecto(XRD1621

amorphous silicon detector, PerkinElmer, Fremont, @A)ansmission geometr

(a)

E-field

High-voltage

Ground

Figure 2-2 Schematics of theyachrotronbased experimental setupbeamline 11D-C, APS
usingthe piezoelectric (a) fulelectrodesample, and (b) parti@ectrode sample

Figure 23 shows thexperimental setup in the beamline hutch at beamlirid1C, APS.

The custom sample stage was mounted oragi$ Hexapod (K850, PI motion | positioning,
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Auburn, MA) which allowed the stagto move in multiple directions (six degrees of freedom, x,
Y,Z,'x, v, z) in microscale incremental stefi®3]. The PerkinElmer 2D area detector was placed
approximately 1500 mm away from the customized sample stage. It is wortp ti@irthe real
sampleto-detector distance needs to be carefulljibrated in data analysis. The highergy

X-ray beam with tunable micrecale beam sizes entered from the left side, penetrated the sample,
and generated Deby®cherrer cones, which ultately interacted with the detector to form 2D
DebyeScherrer ringsThe custom sample stage was built by flemesresearch group for
investigating simultaneous microstructural changes of monolithic piezoceramics under the
application of electric fields. #shown in Figure-2, the sample was placed in a Kapton holder
tha was filled with Fluorinert (38 FC-40), which is an electrically insulating liquid to prevent
dielectric arcing during the experiments. High voltage was applied to the sample throtah the

pin electrode.

HV amplifier

Figure 2-3 Layout for the custom sample stage #mel2D area detector in beamline-10-C,
APS.
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-
M8 Grounding wire |

S

Figure 2-4 The custom sample stage with connectiona téV cable anda grounding wire. The
piezoceramicampleis placedin the Kaptortube

2.5.Data Reduction

For thecollectedDebye Scherrer ringsalso referred tas2D XRD patters, the radial
direction represents tt#el angle, and the azimuthal andl® representshe angle relative to the
macroscopi@lectric field as shown in Figure-2. The diffraction rings are the reflectiofrom
different crystallographic plangand their raiil relate tothe@a n gl es t hrlawghe Br a g ¢
electric field-induced microstructural changes are recorded on theXXRD pattern, and it is
influenced by the local electric field direction. For exampla, & pattern codicted inan
experiment using th&ull-electrode sampl@-igure 21(a)), the electric fieldis consideredo be
homogeneousral normal tothe electrodes Hencethe fieldinduced microstructural changes
would reflect on thédebyeScherrer rings symmetrically along thertical and horizontal axes.
Howeverif the local electric field direction in a scanned pixel is patallel to the macroscopic
electric field direction (normal tdhe top and bottom electrodes), the figlitduced structural

changeshould beassymmetricalalong the vertical and horizontal axes, i.e. it is influenced by the
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local electric field direction in theixelsundergoing amnhomogeneos field Suchpixelscan be
found in thedead zone in a partigledrode sample.

Regardless of hetherthe local electric field directionf the scanned pixe$ parallel to
the macroscopic field direction or notigteasonable to studynly either hie top halbr the bottom
half of a 2D XRD pattern sincthey bothcontain the full orientationdependeninformation of
microstructural changewithin a 180° azimuttal range In this dissertation, theop half of the
obtained 2D XRD patterris used in tle data reduction and anaiy.As seen in Figure-3(a), the
top half of theobtained 2DXRD pattern idivided into13 sectors along the azimuthditection
where each sector has an integration width of Th& 90°sector is parallel to the electric Ifie
direction and contains scattering information from sdatjervectors oriented approximately
parallel to the electric field. The 0° and 180° sectors are horizontal and contain scattering
information from scattering vectors perpendicular to the elefotit direction.Data from all 13
sectords used in this wdt. Data reduction can b@nductedy using several softwapackages
such ag-it2D [104], General Structure Analysis Syste@SAS,GSASII) [105], [106] Material
Analysis Using Diffraction (MAUD)107], Total Pattern Analysis Solutigif OPAS [108], and
FullProf Suitg/109]. Fit2D is usedn data reduction for this dissertation afypendix A eplains

theprocess using commercial PZIC-65 ferroelectricmaterialas an example.
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Intensity (a.u.)
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Figure 2-5 (a) The divided sectors in a 2D XRD pattern, and (b) integrated 1D plots from different
azimuthal sectors for thetragonal phase commercial REC-65 ferroelectricsample withthe
full-electrodeconfigurationat 3 kV/mm.

Two complementarynethod arecommonlyappliedto represent and analyze the reduced
1D data. The first is to analyze data in a gieaimuthalsector as a function of the electric field
magnitude Figure 2-6 shows representative contour plots analyzed in tlaig for a tetragonal
phasecommercial PZTEC-65 ferroelectric material By representing the data this way,
variations inpeak intensit can be observeduch as theelative intensity changes of tB@2r and
200 reflectiors. Under the application of 3kvhm, he002 reflectionbecomes more intensiean
the virgin statewhich is becausf0d] is the polarization direction ithe tetragonalphase.The
other way to represent and analythe data is to consider the orientatidependenmaterial
behavior at given elecic field amplitude. For examplas shown in Figure-2(b) at 3 kV/mm
the 002 reflectionis most intense in the 9@&zimuthalsector, which represents the direction
parallel to the electric field direction. tontrast the intensity of th€00r reflectionis weakest at

90° and strongest at'@nd 180.
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26 (°)

Figure 2-6 Peak intensities as a function of electric field amplitudetliertetragonal phase
commercial PZTEC-65 sample withthe full-electrode configuration at (a) 0°, andb) 90°
azimuthal angles.

26 (°) 26 (°)

Figure2-7Peak i ntensities as a thetetmnagdnal ghassomrhercalz i mut h
PZT- EC-65 sample withihefull-electrodeconfiguration in (a) the virgin statand (b) 3 kV/mm.
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2.6.Peak Fitting Analysis

Performing pealfitting analyss on a series dfD XRD plots from ferroelectricceramics
provides insightintothemat er i al {repery trefatipeships ineresponse to the external
stimuli, such as temperature, stress, electric field, frequency, etc. For exatopiajn
reorientation in ferroelédcs, which is observed from the interchanging intensitiasthe
degenerate peaksanbe analyzed from the fitted intensitidsne Profile Analysis Software
(LIPRAS) is a packagelevelopedyy theJonesResearctGroupthat is capable diftting multiple
XRD plots simultaneously andobustly at all azimuthal angles amtectric fields[110]. The
software utilizesa least squares regression algorithm to minimize the difference between a
modeledplot and the experimentglot. Coupled with a usdriendly graphic interface, LIPRAS
allows for custom peak fittingptions, including combining different types mfofile functions
and constraining parameters such as full width half maximum (FWEgndintensity[111].
Appendix B discusseshe variousprofile functions for describing reflection shapes in different
phasesThe detailed analyzing procedures peak fitting is demonstrated in the softwaranual
in Ref.[110].The peak fitting analysis conducted in LIPRAxtract microstructurainformation
from degenerate pesko calculate ferroelectric/ferroelastic domaéxture strengthunder the
application of electric fieldswhich is a criticaparametefor discussinghe synchrotrorbased

experimentafesults n Chapter 3 and.4
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Chapter 3: Homogeneous Electric Field nduced Material Behaviors

3.1.Overview

This chapter demonstrates results frgamples with fulelectrode configuration, as
illustrated in Figure Z(a), thatwere examinedin synchrotrorbasedexperimentsat keamline
11-ID-C, APS.Under the application of high voltage, these samples were expecteaeo
homogeneouslectric field betweerthe top and bottom electrodesA 500 € mx 500 € m
monochromatichigh-energy X-ray beam wasisal to scatter the center @ach ferroelectric
sample.The degree of domain alignment is calculated tfar tetragonal and rhombohedral
sampleslin parallelthe fraction of domain interchangegsarifi ed fortheorthorhombic samples.
These results from fuktlectrode samples will be used for comparisomkdascussions with those

from partiatelectrode samples in Chapter 4.

3.2.Nb-PZT-basedMaterials

3.2.1.Nb-PZT 50/50

Figure3-1 shows the tetragonal pha@@2 and200reflections herein referred to a302
and200r, as afunctionof azimuthal angléi for the tetragonal phaséb-PZT 50/50, which is the
composition furthest from the MPB. In the virgin stae shown irFigure 31(a), the 002 and
200r peak intensities are nearly constant with respethdéoazimuthakngle. Howeverat the
maximum eletric field amplitudeof 3 kV/mm, asshown inFigure 31(b), the002r and 200r
reflectiors change intensity as a functionaazimuthalangle. More specifically, the intensities are
shown to interchange, which means that intensity 002y moves ta200r or vice versa, which

is a signature of ferroelectric/ferroelastic domain wall motion at the maximum electri76éld
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Figure 3-1 Peak intensities as a function of azimuthal aii@)€for the tetragonal phaséb-PZT
50/50sample withthefull -electrodeconfigurationin (a) the virgin state and (b) 3 kV/mm.

At a given electric ®ld, the fieldinduced domain texture can feantitatively studietby
usingestablished equatiofik7]. Equation ) calculatsthe degree of domain alignment, or degree

of preferred orientationn tetragonal ferroelectric materiasing thedegeneratpeak inensities

‘0

‘O
0O 0
=~ Qo=

O

Q o Equation(5)

where, '@, and’O are the integrated peak intensities at a given electric fi€ld,andO are

the integrated peak intensities the virgin state of a randeorientedtetragonalferroelectric
sample.Multiple of random distribution (MRD) is the unit to describe domain textliee

1 . MR Dindicates that the sample is in the virgin state or there is no domain reorieatation
given electric field;Q 3 . MR Dis the maximum theoretical value that indicates the domain

reorientation is saturated.
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Figure 3-2 The degree of 002 domain alignmentluétetragonal NEPZT 5050 sample wittihe
full-electrode configuration at multiple electric fielthplitudesalong all azimuthal angles.

By performing the peak fitting analysis in LIPRAS, the intensity of eachat@din can be
integrated from the 1D XRD plots at all azimutlagles and all electric fields. Under these
circumstances, the domain texture preference corresponding to the (s, or the 002
domain texture strength, in the tetragonal phasd’Kb50/50 can be quantified using Equation
(5). Figure 32 shows tk calculated 002 domain texture strength at different electric fields for the
Nb-PZT 50/50 sample with the fudllectrode configuration. As seen from the plot, the electric
field-induced domaitexture is not significant at 1 kV/mm since the calcd&@2domain texture
strengthfluctuates in a very small range around 1.0 MRD at all azimuthal angles, which is
reasonable because the coercive field of thePXBH 50/50 composition is approximately

kV/mm. However, the 002 domain texture strength becomegsraat 2 kV/mm and 3 kV/mm
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that both show the strongest domain preference approximately paitalejthe direction of
macroscopic electric field. More specifically, at the highest electid bf 3 kvV/mm, it reaches
the maximum degree of 002 domaingalnent, 1.21 MRD. An alternative way to think about

Figure 32is that it is a 1D slice through a 002 pole figure.

3.2.2.Nb-PZT 53/47

Figure 33 presentpeak intensities as a function of azimuthiadjle for NbBPZT 53/47, the
composition closest to the MPB, time virgin stateandelevated electric fields of 3 kvV/mm and 7
kV/mm. The figureshows that, in the virgin state, NBZT 53/47samplehas wellseparate®02r
and 200r reflections in all azimuthal angles. Howevby, the application ofelectric fieldat 3
kV/mm, an additional peak appears betweenO& and200r reflections at approximately the
45° and 135° azimuthal angles, which means a new phase emerges undier gipplication. Due
to the Nb-PZT 53/47samplehaving a composition close to the MPBngmositions for which
tetragonal and rhombohedral phases coexist, the emerged peak is evidencedzolrefleetion

in the rhombohedral phases., 200-.

002; 200, 002; 200 200; 002; 2005 200;
| | 1 L

(b)

0 - v 0 0
319 322 325 328 331 334 337 319 322 325 328 331 334 337 319 322 325 328 331 334 337
20 (°) 20 (°) 26 (°)

Figure 3-3 Peak intensities as a functiona#muthalangle(i) for theNb-PZT 53/47sample with
thefull-electrodeconfigurationin (a) the virgin statgb) 3 kvV/mm and (c) 7 kV/mm
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Although the Nb-PZT 53/47 full-electrode sample pressenthe emergenceof a

rhombohedral phase under application of electric digltl approximately the 45° and 135°
azimuthal angles, the other azimuthal angles evidence a stable tetragonal phase with domain wall
motiors apparent fronD02r and 200r peak intensity interchangeas the appliedelectric field
reachesto 7 kV/mm, asseenin Figure 33(c), the electric field-induced phase transitismat
approximately45° and 135°are amplified since theemerged20(: reflection become more
intense

Not only the phase transitions are amplified aroundifeand 135%rientations, but the
doman reorientation is alsenhanced a@heother azimuthal angles, i,&eld amplitudedependent
material behaviorooccur in the NBPZT 53/47 compositianFigure 34(a) and (c)namely
illustratesthe domain reorientation in the 0° and 90° azimuthal angkshown in Figure-3(a),
the intensity o002 reflectionis gradudly weakened with increasing the electric field from O to
7 kV/mm, whichevidenceghatthe 002 domain texture strengthdiscreased in the 0° azimuthal
angle or the direction perpenditar to the macroscopic electric field; whereas @2 domain
texturestrength enhances with increasing the field amplitudéen90° azimuthahngle, or the
direction parallel to the macroscopic electric field. Figu8 provides the evolutionof 200r
reflectionas a function of electric field amplitudéongthe 45°azimuthal angle, revealing that the

induced phase transition from tetragonal to rhombohedral is a field ampliépeedent response.
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Figure 3-4 Peak intensities as a function of electric field amplitudefeNb-PZT 53/47 sample
with thefull-electrodeconfiguration athe(a) 0°, (b) 45°, and (c) 90° azimuthal angles.

To quantitativelyprobethe domain reorientatiobehaviorsn Nb-PZT 53/47 the degree
of 002 domain texture strengéthongthe 0° and 90° azimuthal angles aocenputed as plotted in
Figure 35. The 002 domain texture strengilas not calculateth the 45°and 138 azimuthal
angles sincetherearefield-inducedphasenansitiors. As shown in Figure-3, in the 90° azimuthal
angle, the 002 domain texture strength increases fré@MRD in the virgin state to 2.38 MRD
in the 7 kV/mm, i.e. a fiekihduced002 domain texture streng#h the maximunelectric fieldis
2.38 imes higher than the virgin state. However, in the 0° azimuthal ,angle the direction
perpendicular to the macroscopic electric figidection the fieldinduced002 domain textures

weakened to 0.14 MRD at 7 kV/mm.
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Figure 3-5 The degree of @domain alignment ofhe tetragonalphaseNb-PZT 53/47 sample
with the full-electrode configuration as a function of electric field amplitude in the 0° and 90°
azimuthalangles

Figure 3-6 illustrates an impdant aspect of the orientatiaependent phase selection
mechanism iretragonaNb-PZT 53/47 by using foursimpleschematics of unit cellsumbered
in (a)(d). As a polycrystalline piezoceramic, the grains and ferroelectric domains are initially
oriental in all possible crystallographic orientations equally, i.e. random orientatiehexagos
represent grains in treamplewith non180° domainwalls (dash lines) separating the adjacent
ferroelectric/ferroelastic striped domaifisvo of these orientains are shown in Figu®6, one
that representa crystallographi@ crystallographic orientation with [001] oriented vertically
(Figure3-6(a)), and the otheorientatiorwith the [00] oriented at approximately 45° to the vertical

direction(Figure3-6(b)). In the virgin state of these orientations illustrated in Figdu8ée-b), the
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phase is tetragonal, as égnced by uniqueetragonality ¢/a), or ferroelastic strainVith a strong
electric field applied, unit cells in these two orientations areedrito elongate parallel to the
macroscopidield direction due to the overall longitudinal piezoelectric digtarof the sample.
As illustrated in Figure-8(c), the tetragonal orientatishown in bluean elongate parallel to the
field direction throgh the process of domaivall motions however, thereengrain orientation,

as shown in Figure -8(d), which is initially in the tetragonal phase, changes phase to
rhombohedral phase in order to follow the deformation of the safipéeillustration in Fgure
3-6is a simplified 2dimensional example of a more compledifhensional material response but
illustrates why the phase transit®omay occur selectively in some crystal orientations but not

throughout all orientations in the polycrystalline aggtega
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With fields

Figure 3-6 In the virgin state, the possible representative tetragonal unit cell orientations
Nb-PZT 53/47in (a) and (b); under thapplicationof an electric fieldthe elongated tetragonal
unit cellsin (c), andthedistorted rhombohedrdike unit cellsin (d).

To further understand how the orientatidependent strains relate to the anisotropic phase
transition, Figure & showshe orientatiordependent electric fielsthduced lattice strainhatare
parallel to the field direction in both tetragonal phase compositions?@b50/50 and NP ZT
53/47) during an applied electric field of 3 kv/mm. Otiig 90 azimuthal sector, which is parallel
to the field direction, is used in this polar straimdysis which is adopted from prior repofis/],
[112]. The radial direction in #apolar plot represents the amplitude of fialtduced strain[001]
is the crystallographic direction parallel to the field direction, wherb&@] [represents the
crystallographic direction perpendicular to the field directibhe tetragonal unit cell model

represent the crystallographic orientason real space, with th@hkl) plane perpendicular to the
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electric field direction The figure illustrates that both compositions exhibit the highest
field-induced lattice strain in orientations in which thelJLdirections are parallel to the electric

field direction, and the lowest strain in orientations in which the [002] directions are parallel to the
electric field direction. However, while orientations in which the [002] directions are parallel to
the eletric field direction exhibit relatively small strains, these orientations are aligned such that
they are favorable for domain wall motion rather than lattice distortion. The orientations with [111]
directions closely aligned to the electric field direcamemore favorably oriented for lattice strain
rather than domain wall motion. However, to accommodate a large deformation strain overall in
the sample, the [114driented crystals are also shown to exhibit transitions from the tetragonal to

rhombohedrapha®s.
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Figure 3-7 Orientationdependent fiekdnduced lattice strain in NBZT 50/50and NBPZT 53/47
at macroscopic electric field of 3 kvV/mm.
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Estevest al demonstrated @ariantselection mechanisthat describes how polarization
direction impacted the phase composition for an initially randaribnted ferroelectric
polycrystalline material in a satueatelectric field[74]. The simulated result based on 20,000
rancbm orientationss illustraed in an inverse pole figushown in Figure3-8. With a saturated
electric field applied along the [001] direction, the rhombohedral phase is preferred in the system
when the field direction is close to the polarization digetdiin <110> and <111> oried
crystals. That is to suggest, for tetragonal unit cells having <110> and <111> plane normal that
aremore aligned witlthe [001] normal directiona rhombohedral phase could be formed at an
elevated electric field. Therefqréhe orientationdependenphase transition phenomena can be

well explained intheNb-PZT 53/47ferroelectric material

010 ___ @ T: 40.6%
®R:59.4%

011

001 101 100

Figure 3-8 Inverse pole figure of a muphase simulation of tetragonal and rhombohedral grains,
and their restiing phase selection based on variant selection when an electric field is applied along
the [001].Reproducedirom Esteveset al Acta Mater, vol. 132, p. 96 105 2017.

In earlier researchwork, an asumption has sometimes been made that the sectors

reopresenting 45 degrees away from the field

di
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Figure 35) contain texturdree information that can hgilized for phase fraction calculations and
crystal structure refinement, e.g., through the Rietusdthod which facilitated lots of research
work usingin situ laboratorybased XRD with line detectof&2], [113], [114] For instance
Hintersteinet al. and Faret al both used the 4%orientation toprobethe tetragonamonoclinic
phase transition withaisad electric fields, assuming it was textdiree and it repesented the
powder average of the ferroelectric sani@], [113]. Liu et al selectively analyzed the’ @nd

45° orientations to describe the tetragertadmbohedral phase transition as activation of the
inactive domains at the virgin state in the PEdsed materialgl14]. However,in the present
work, the resultdrom Nb-PZT 53/47 ferroelectric samplemonstrate that the rhombohedral
pha® reflectiors observed in the sectors that are 45° from the electric field direction do not appear
in other azimuthal sectqgrsuggesting strongly the necessity tifizing an area detector folly
probeorientationdependent phase transitions and domeamientationin ferroelectric materials

under the application of electric fields

3.2.3.Nb-PZT 56/44
The polarization directiors parallel tothe <111> directionan a rhombohedral phase
ferroelectric materialBy the application oélectric fields peakintensity interchange between the
111z and 111k reflectionsare observed, as shown kigure 39. At the maximum electric field
magnitude of 3 kV/mmNb-PZT 56/44samplehas thanost intensd 11r reflectionalongthe 90°
azimuthal angle; in contrast, it shows the highetgnsity of111r reflectionat the0° and 180

azimuthal angles, which are tbgections perpendicular to the macroscopic electric field.
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Figure 3-9 Peak intensities as a function of azimuthal ar{§lefor the rhombohedral phase
Nb-PZT %/44 sample witlthefull -electrodeconfigurationin (a) the virgin state and (b) 3 kV/mm.

Equation (6) is used to calculate the degsepreferred domain orientation corresponding

to the (11 planes, or the 111 domain texture strength in a rnombohedral phase ferroelectric:

Equation(6)

where, O andO are the integrated peak intensities at a given electric fi€ld;and© are
the integrated peak intensities in the inrgtate of a randorariented rhombohedral ferroelectric
sample’Q 1 . MR Dindicates that the sample is in the virgin stat there is no domain

reorientation at a given electric field? 4 MR Dis the maximum theoretical value that

indicates the domain reorientation is saturated in a rhombohedral phase ferroelectric sample at an

elevated electric field.
The plotin Figure 310 shows thel11l domain texture streng#ls a function ozimuthal

angle For example, parallel to the macroscodectic field at 90°azimuthal anglethe[111]
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polarizationdirection is preferred by a factor above&tines that found in a raom sample, or
above 3.2 MRD. It is also instructive to note that theombohedral11domain texture strength
is muchhigher than theetragonal 002lomaintexture strength. For trdomaintexturestrengthin
the tetragonal phase NRZT 50/50 samplethemaximum value of th€02 domain alignmenis
1.21 MRD, whereasthe maximum degree of 111 domaialignmentis 3.52 MRD for the
rhombohedraphaseNb-PZT 56/44sample. This is because ttimbohedraphase material has
asmallerspontaneous ferroelastic strain amoredomain variant options than ttetragonaphase

material.
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Figure 3-10 The degree of 111 domain alignmenttbé rhombohedraphaseNb-PZT 56/44

sample withfull-electrodeconfiguration at multiple electriteld amplitudes along all azimuthal
angles.
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3.3. KNN-basedMaterials

3.3.1.Undoped KNN

It is known thatlie polariation direction iranorthorhombiderroelectrids parallel tathe
<hhO> directions e.g.,<220> directions Sincethe orthorhombicstructure has three different
lattice constantsa, b, c& | )t isichalenging to probéhe domainreorientationbehaviors
from XRD plotswith respect tathe orthorhombic framéecausefor example the three 220
reflections(202, 022, and22(y) are not consecutive n 2 d . Wit thel Xeay wavelengh
fixedatee = 0 .irlbgamine F1D-C, the202o reflectionlocates at 353°, whereashe022
and 2200 reflectiors namelylocate at4.148 and4.154 i n 2 din aIDXRE® plot for the
undoped KNN materiah its virgin state From the perspectevof crystallographisymmetry a
relationship betweethe orthorhombic(Amn®2) and monocliniCm) cells can be establisheds
illustrated inFigure 311. By assuming the lattice constamg = cy,, where the subscript M
denots the monoclinic frame&n orthorhombic unit cell can be referred to as a psewmtwoclinic
cell by rotatingthe orthorhombic framebout 45° along theby axis [52]. Specifically, the
pseudemonoclinic unit cell volume is approximately half of the orthorhombic @edlcan be
described in @ alternativestructure,domain reorientation behavions the orthorhombic phase
can bestudied inXRD usingthe pseudanonoclinic cell reflections.

Table 2 provides a comparison of the calculated lattice parameters in both orthorhombic
and pseudanonoclinic unit cells fothe undoped KNN ferroelectric material in the virgin state.
As known in a monoclinic phase ferroelectric eeig the polarization direction is parallel along
the <hhO> orientations, e.g., <220> directions. Therefore, for the undoped KNN ferroelectric
mateial, the reflection indices with respect to orthorhombic and psewal@clinic unit cell

frames are listechiTable 3.
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Figure 3-11 Spontaneoupolarizationdirections () in undoped KNNa) orthorhombic unit cell
and (b)pseudemonoclinic unit cell.

Table 2 Lattice parameters in undop&NN materialin the virgin state with respect the
orthorhombic and pseuenonoclinicframes assumingy, = cy.

a(A) b (A) ch) | V(AY U(°) b (°) 2(°)
Orthorhombic 5.656 3.946 5.684 | 126.86 90 90 90
Pseudemonoclinic| 4.018 3.946 4.018 63.71 90 90.21 90

Table 3 Indicesfor 220 reflections with respect tthe orthorhombic and pseuednonoclinic

frames for undopE KNN materialin the virgin state.

Orthorhombic Pseudemonoclinic 2d (A) d-spacing (A)
004 202v 4,732 1.421
400 022y 4.770 1.409
222 220v 4.784 1.405
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Figure 312 presents the intensity interchanges amon@#tieflections as a function of
azimuthal angldi for the undoped KNN materiaking the pseudmonoclinic frameln the virgin
statethe intensity of the threeflectiors is nearly constant at all azimuthagles. Howevemyith
appliedelectricfield of 3 kV/mm, the202y peakbecomes mar intensen the90° azimutlal angle
that is parallel to the macroscopic electric fidicection The increasef 202y reflectionintensity
in the90° azimutlal angleis accompaniedvith intensityreduction 0f022y and220v reflections.
These observatiorfsom the undoped KNN material are consistent to the results reported from
prior work by lamsasriet al. on the Li-doped KNN ferroelectriceramics i.e., the domains
corresponding tq202wm planes, or 202 domaingye most preferred under the applicatiaf
electric field[115].

202, 022, 220, 202, 022, 220
| [ |

0 - 0+ - v . 1
469 471 473 475 477 479 481 483 469 471 473 475 477 479 481 483
26 (°) 26 (°)

Figure 3-12 Peak intensities as a function of azimuthal ar(@efor the pseudanonoclinic
(orthorhombic) phaseindoped KNNsample withthefull-electrodeconfigurationin (a) the virgin
state and (b) 3 kvV/mm.
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To study the domain reorientation behaviorsamorthorhombic ferroelectric material,
lamsasriet al. introduced a methqdwvhich calculates the fraction of domain interchangdth
respect to the pseudnonoclinic framebetween the three differenplanes instead of calculating
the domain texture strength iarms of MRD[115], [116] Equation {) describegjuantitative

interpretation of the fraction of domain interclgg ¢ , from peaki to peakj, under the

application of an electric field,

g ¥ v, o, Equation(7)
wherei, j areindicesof reflections202, 022, and 220Yis the ratio of anintegratedreflection
intersity at anelevated electric fieldver the integrateceflectionintensity in the virgin statef a
randomoriented monoclinic phase ferroelectric sample

Under the pseudmonoclinic cell frameFigure 313 shows thefractions of domain
interchangeamong202, 022, ad 220domains as a function of azimuthal angi¢she maximum
electric field of 3 kvV/mmAlong the 90 azimuthal angle that is parallel to the macroscef&ctric
field direction,the greatestfraction of domain interchange happens fr@#2to 202 domains
(no22202), which is followed by thdraction of domain interchange fror@20to 202 domains
(n220202). The calculated resuliadicate quantitatively thahe 202domainsare most preferred
under the application of electric fieldts the psedo-moroclinic (orthorhombic) phase undoped
KNN material These are important observations that can be used for determining the unique local

electric field direction in a scanned pixel for the undoped KNN pagteadtrode samplem

Chapter 4.
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Figure 3-13 Thefraction of domain interchange the pseudemonoclinic(orthorhombic)hase
undoped KNN sampleith thefull -electrodeconfigurationas a function of electric field amplitad
along allazimuthalandes
3.3.2.Doped KNN

As introduced earlier, the LiTa and Mndoped KNN ferroelectric ceramic has a single
tetragonal PAmm) phase at room temperature, for which the domain reorientation behaviors can
be studied intensity interchanges betweenOB® and 200t reflections. Figure 34 shows the
intensity interchanges @02r and200r reflectionsas a function of azimuthal angles. In the virgin
state, theD02r and 200r reflections aregenerdly separated alongll azimuthal anglesiespite
higherintensities athe 90 azimuth. At an elevated electric field of 3 kV/mas, shown in Figure

3-14(b), the intensity of th®02r reflection becomes higher along the @@imuthal angle that is

parallel to the macroscopic field direction in the -eikctrale sample. In antrast, the200r
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reflectiondecreases drasticalily intensityalong the 90azimuthal angleThese observations are
characteristic signatures @drroelectric/ferroelastic domain switchinp comparison with the

tetragonal phase NBZT 5050 that is shan in Figure 31, there exist fairly high intensity along
the azimuthal angles between 0@2r and200r reflectionsthatmay be contributed from diffuse
scattering of domain walls, which deserves careful peak fitting when performing bfike pr

analysisin LIPRAS.

002; 200,
|

26 (°)

Figure 3-14 Peak intensities as a function of azimuthal aif@)eor the tetragonal phasdoped
KNN sample with thdull-electrodeconfigurationin (a) the virgin state and (b) 3 kvV/mm.

Figure3-15 provides the calculated the domain texture strength correspondingl@zhe
planes as a function of electric field amplitudes and azimuthal angles. As shown from the plots,
along the azimuths approxinef parallel to the macroscopic field directjothe 002 domain
texture strength becomes stronger as a function of applied electric fields, which is because the
polarization direction in tetragonal phase is parallel along thig¢ ¢d@stallographic orienteon.

The plot shows that the calculated highdomain texture strength is approximately4IMRD
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along the macroscopic field direction, which is higher than the value of 1.21 MRD observed in
Nb-PZT 50/50. This is because the doped KNN ceramic has ssadletaneous ferroelasstrain

which permitsghe domain reorient easier.
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Figure 3-15 The degree of 002 domain alignment of the tetragphake doped KNNsample
with thefull-electrode configuration at multiple electric fielleng allazimuthalargles

3.4.Summary

This chapteelaboratesipontheresults fromferroelectricsamples witlthe full-electrode
configurationwhich wereexaminedn synchrotrorbasedn situ high-energy XRDexperiments
at beamline 14D-C, APS.With ahigh voltageappliedto afully electrode ferroelectricsample
the electric ield betweenthe top and bottom electrodels expected to be homogenepus.
uniform electric field direction an@mplitude The experiment utilizedreintensanonochromatic

X-ray beam in size 0500e m x 500 & m niiddle of theadarhpée which tmelged
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investigate microstructural changes in the mateimalesponse tdifferentfield amplitudesWith
theenmployment ofaPerkinBEmer 2D area detectdhe experimengnables the characterizatiof
orientationdependent material behaviors ferroelectric ceramicwith differedcrystallographic
phases.To study the ferroelectric/ferroelastic domain reorieatgtithe degree of domain
alignmentcorresponding to {200} and {111} planes acalculded for tetragonalphaseand
rhombohedralphasesamples respectively More specifically, the most preferrétD2 domain
orientationin a tetragonal phase material, including-RET 50/50, NbPZT 53/47, and doped
KNN samplesis parallel to the macroscopdaection of applied electrifield; the most preferred
111 domain orientationn arhombohedral phase, i,én the Nb-PZT 56/44compodion, is also
parallel to the macroscopic field directiofurthermorethe fraction of domain interchange is
determind fortheorthorhombic sample.e., undoped KNNerroelectricceramic in this research
Along the macroscopic direction dhe applied electric field, it showsthat the domains
corresponding to (20&)reflections most preferred, which is consistent with dbservations by
lamsasriet al[115].

In addition to the study of domain reorientation, this chapéeticularly discusses the
results fromleadbasedNb-PZT 53/47 which isa ferroelectric PZT composition near the MPB
regionthat is initially in a single teagonal(P4mm) phase Howeverthe materiaexperiencean
orientationdependent phase transitiom selective azimutll anglesinto co-existing tetragonal
(P4mm) and rhombohedrgR3m) phases during and after electric field applicati®pecifically,
with increasing the electric field magnitude 7 kV/mm the phase transition behavior is
dramaticaly amplified. More specifically, the role of crystal orientation on the phase selection
processis elucidated, as shown in Figure63The results prove that @mplete orientation

dependent characterizatiomethodis needed to sufficiently observe and cterize the phase
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changesilt is only some crystal orientations that change phases, for example an orientation where
the [110] or [111] direction of a tetragnal phase crystal is parallel to theacroscopidield
direction. In single crystals, theseotieat i ons are someti mes call ed
they do not exhibit domain switching.he observations in the NBZT 53/47 composition
highlight thatthese seleate orientations can change phases as a way to defoarpatycrystal.
Another way to emphasize the importance of this effect is to say that, if this expenarent
conducted in a conventional laboratdrgsedX-ray diffractometer, this origtationdependent

phase transition wouldebnvisible.
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Chapter 4: InhomogeneousElectric Field-Induced Material Behaviors

4.1.Overview

This chaptepresentsesults fromthe partialy electrodd ferroelectricsamples, including
bothleadbased and leaftee materialglemonstrated in Chapter 3. The parékdctrode samples
were examinedsing two different scan pattermgmelyii Wole bar scampatternandie |l ect r od e
edge scampattern,as illustrated in Figure-2(b) and €). Theresultsabout orientatiordependent
ard positionsensitivedomain reorientation and phas@nsitions induced by inhomogeneous

electric fieldsaredemonstrated

4.2.Whole Bar Scan

In the whole bar scan experiments the ferroelectric partiaklectrode sampleghe
monochromatidigh-energyX-ray beam scattered the sampleccessivelat variouspositions in
each applied electric fieldmplitude The scanned pixels are labeled shewnin Figure 41, o
better describe the experimental resuitshis sectionTake B.1o for instancefiPo is shat for
pi xel, the-10wWb sd raimpEespositionirithafiFeow and1l0"c o | u bruler .
the application of an external voltagbge electric field is expected to be spatiallpendent
throughout the partiadlectrode sample. More spically, on the right side of the sampleetween
the electrodes, the pixels are expecteekjoeriencenore homogeneous electric fisld his region
coveredwitt op and bottom el ectrodes can bentheef err e
left side of the samplgoutside the fulklectrode region, the pixels are expectedumolergo
inhomogeneous electric fiddr unique local electric fiekl The region thais only coveredwith

bottom el ectrodegiwholaadst refelreditpas sidead zoneo.
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Figure 4-1 The whole bar scan pattern ferroelectric partiaklectrode sampsewith labeled
pixels.

4.2.1.Nb-PZT-based Materials

As demonstrateth Chapter 3under the application at homogeneous electric field, the
full-electrodderroelectricsamples exhibit the strongest domain textaitée 90° azimuthal angle,
which is parallel to the macroscopic directiontioé applied electric field. Howevesince the
pixels in thepassiveregon are expected to undergmique local electric fields, the strongest
domain texture shoulaign alongauniqueazimuthal angle in each pixel. Bgtermininghe most
preferred domain orientation, the local electric field direciioreach scanned pixaan be
guanttatively inferred.

Take the NHPZT 50/50 partial electrode samplehich has a single tetragonal phase in
the virgin stateas an example fatemonstratig the analysis procesdnder the homogeneous
electric field, a presentedn Figure 32, the fully electroded NbPZT 50/50 samplshowsthe
most preferred 002 domain texture along the macroscopic direction of applied electric field with a
guantifiedtexture strengttof 1.21 MRD In the NBPZT 50/50 partiaklectrode sample, the 002
domain textire strength is calculated for eastannegixel atdifferentapplied electric field By
doing so, thdocal electric field direction can be inferred by locatihg aizimuthal angle witthe
strongst 002domain texture. TakB.10 in the active regionPi.s next to the electrode edge, and

P11 in the passive regiorfor exampls. The three pixels are used as representative pixels
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illustrating the results for both NBZT and KNNbased partial electredsampleghat were

examined in the térmvAsoseen frdmiigure 42{ay the 002 ant 200r
reflectionsgenerally have constant intersg in all azimuthal angles in the virgin sté&be P2-10.
However, with the electric field eVaed to 3 kV/mm, as shown in Figure-Zd), the 002r
reflectionexhibits the highest intensity in the°®¥imuthal angle and weakest intensity in the 0
and 180 azimuthal anglesln contrast, the200r refection behave in the opposite wayThe
comparison in Figure-2 suggestthatthelocal electric fieldn P..10is parallel to the macroscopic
direction ofappliedelectric field.

P15 locates in the passive region that is close to the top electrode edge, where is expected
to undergoa uniqudocal electric field. Figure-2(b) and é) presenpeak intensity changex all
azimuthal anglesbtained from Bs in the tetragonal phase NRZT 50/50 partiaklectrode sample
for its virgin state and &v/mm, respectivelyln comparison with the virgin state, the reflections
haveobviousintensity interchanges at an elevcat#ectric field of 3 kV/mm. However, as seen in

Figure 42(e), the highes002r intensity appears in the lower 3@zimuthal angle. It suggests the
direction of local electric field in B is parallel to the 30azimuthal angle, i.e., 8@way from the

macroscopic direction of the applied electric field.
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Figure 4-2 Peak intensities as a function of smii t h al a n g4do, @15 @nd R, i ther P
tetragonal phasdb-PZT /50 partiatelectrode sample with the whole bar scan pattern. Plots (a),
(b), (c) present the peak intensities in the virgin state, and (d), (e), (f) show the interchanged
intensites at 3 kV/mm for Rio, Pis, and R.1, respectively.

Though the local fieldlirection can be inferred by the azimuthal angle that exhibits the
highestintensty of 002r reflection the determination can be challenging if #lectric field
amplitude isnot strong enough, resulting inessobvious domain texture exhibited on tKRD
plots. For example, as shown in Figur2(4) and (f) the intensitynterchangebetweer002r and
2007 reflections are less significant between the virgin state and ptaes] which is because that

P11 locates at the corner in the passive regibthe partial electrode sample and undergoes a
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negligible local electric field. Such a situation makes it difficuttéterminehe local electric field
direction from theconbour plots.

As previouslystatedn Equation (5¥rom Chapter 3the most preferred domain orientation
canbe quantitatively calculateid terms of MRDfor the tetragonaphase.The calculations are
performed for the data collected from each imdiral pixel in the ferroelectric partiaklectrode
sampleat each applid electric fieldamplitude As shown in Figure -8, the 002 domain texture
strengths calculatedor the® threaepresentative pixefsom the tetragonal phase NBZT- 50/50
partial electrodsamplein the maximum electric field amplituad 3 kV/mm. Thefigure presents
reasonable small error for each data poiobllected at different azimuthal deg For P.iq, it
shows that the highest degree of domain alignrappears irthe 90 azimuth& angle that is
parallel to the macroscopic directiontb&applied electric fieldIn addition thehighest degree of
002 domainalignmentin Pis is shownparallel alongthe 30°azimuthal angleHowever, the
calculated degree of 002 domain alignmentPpi is approximately ofone for all azimuthal
angleswith themaximum™Q 1 . MR Dalong the 105%0rientation Thisevidences thatvith
an external higkhvoltageappliedto thetetragonal phasib-PZT 50/50partiatelectrode sample
the domain reorientation is negligible infbecausef theinappreciabléocal electic field. These
guantitativelycalculatedresults of orientatiomlependentdomain texturestrengthfor the three
representative pixelsre consistent witthe observations from the contour plots shown in Figure
4-2, suggestinghatthe field-induced domaimeorientationstrongly depension the local electric

field directiors and amplitudes.
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Figure 4-3 The degree of 002 domain alignment (MRD) of representatkedg.10, P15, and
P1.1in the tetragongbhaseNb-PZT 50/50 partiaklectrode sampleith thewhole bar scan pattern
at 3 kvV/mm

With the macroscopielectric field of 3 kV/mmappliedto the tetragonal phase NRZT
50/50 partialelectrode sample, the local electric field direction in each iddal pixel can be
inferred bycomputingits maximumextent of002 domainalignment,Q . Figure4-4(a) shows
thecomputednaximum™Q for eachscannegbixel in theNb-PZT 50/50 partiaklectrode sample
at the macroscopic electric field 8 kV/mm. The color represents tmeaximum calculate@02
domain texture strength each scaned pixel The darker the color, the higher the domain texture
strength in tk pixel. The arrovs represent the local electric fieldferred from the calculation,
wherethedirectionof an arrowstandfor the field directionn a pixel.Moreover thearrow lengtts

arelinearly linkedwith values shown ithelegend
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Figure 4-4 Under the application of 3 kV/mmhé calculatednaximum domain texture strength
in eachscannegbixel for the partiaklectrode amples with leadbased composition of (a) NBZT
50/50, (b) NBPZT 53/47, and (c) NPZT 56/44.

Additionally, Figure 44(b) and (c) present the calculated maximum domain texture
strength for the N#PZT 53/47 andNb-PZT 5644 partialelectrode samples, spectively.
Appendix C includessupplementarnyfigures of contour plotsand calculated domain texture
strength at all azimuthal angles for the representative piels, Pis, and P11 in the
partiatelectrode sample$y observe intensitinterchangesf 200and111reflectionsas well as
texture prefegnces for the latter twdeadbasedcompositionsn Figure 44. Appendix D present
summarizedtables of computednaximum domain texture strength and inferred local field
orientation in each pixel for themples in Figure 4.

As shown in Figure 4! for the three NHPZT-basedpartiatelectrode sampleshe color

changeghroughout the samplesre quiteanalogous meaning that thenhomogeneous electric
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field-induceddomainreoriertation behaviorbetween tk top and bottonelectrodes arsimilar
despite of composition and phader Nb-PZT-basedferroelectric materialsSpecifically, for a
partiatelectrode samplén the active region underneath the top electrduecolos arealike due
tothehomogeneouslectric fields. However, in the passive regaread zonghe color intensity
starts to fade because the local electric fields are weakerarrows that represent the most
preferred domain orientation also changéercting the direction of the lotalectric fieldin each

scanned pixel

4.2.2.KNN -basedMaterials

Leadfree undoped and dopa€iNN-based partiaklectrode sampleserealsoexamined
in thein situhigh-energy XRDexperiment using the whole bar sqaatternat beamline 141D-C,
APS. As discused earlierthe undoped KNN material has a singighorhombic phaséAmn?)
that can be described sing the pseudmonoclinic (Cm) frame. Under the application ok
homogeneous electric field in the fallectrode sample, the fraction of domain intengfeis
computed for the undoped KNN material, showtimg most preferred 202 domain texture parallel
along the90° azimuthahngle, i.e. the macroscopic field directibfowever like what have been
observed inthe Nb-PZT-based partiatlectrode sampleshé electric field is expected to be
inhomogeneous the KNN-based partiaklectrode samples.

Figure 45 presents the intensiiyterchanges amon202v, 022v, and220 reflections for
three representative pixels in the pargbdctrode sample, namely.f3in the active regionP.s
next to the top electrode edge, and & the corner in thepassive regionin the virgin state, &
seen fromFigure 4-5(a)(c), the threerepresentativeixels generallyhaveconstant intensityf
202, 022y, and 220y reflectionsin all azimuthal angleWith a macroscopic electric field of

3kV/mm appliedto the undoped KNN partiadlectrode samplethe peak intensitychange
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differently for the three representative pixefs seen from Figure-8(d) for P-10, the strongest
202 domain texturés shown in the75° azimuthalangle that is approximately parallel to the
macroscopic field directionThis is because>iolocaes in the active regiobetween electrodes

in the partialelectrode sample that is expected to experiermeraogeneous electric field
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Figure 45Peak intensities as a fouRe Puis, an Roifitheaz i mut

pseudemonoclinic (orthorhombic) phase, undoped KNattiatelectrode sample with the whole
bar scan pattern. Plots (a), (b), (c) present the peak intensities in tinestatg, and (d), (e), (f)
show the interchanged arisities at 3 kV/mm for Ro, Ps, and R.1, respectively.
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In comparison with P, the domain reorientation im-Pis much weaker aslustrated
among peak intensity interchanged-igure 45(e). Specifically, he maximum intensitpf 202u
reflectionin Pys is not as strong as obseniad™-10, suggesting that the local electric field insP
is weaker than that iR>10. In addition, as shown in Figure54e), themost preferred 202 domain
oriertationis changed to a low&O0° azimuthal aglein the macroscopic electric field of 3 kV/mm
These observations inPsuggest that the local electric field amplitusddower than 3 kV/mm
with afield direction towards the electrode edge, which islaimib the result concluded from
Nb-PZT-basel partiatelectrode sampleas for P11, in comparison with its virgin state shown in
Figure 45(c), there is little peak intensity changesan elevated macroscopic electric fiakl
seem from Figure-%(f). This is becausP1.1 locates at theorner in the passive regiowhereis
expected to undergo the least electric field throughout the peldigtrode sample.

To quantitatively determine the local electric field in each scanned pixel, fraction of
domain nterchange, includingopb202, Np2o-202, and A0z, are computed for all azimuthal angles
andmacroscopielectric fieldamplitudes As discusseth Chapter 3the 202 domains are most
preferred along the electric field direction in a pseadmoclinic (orthorhombic) phase KNN
material.Under the application of an electric field, both 022 and 220 domains tend to reorient
resuling in an increase of 202 domain volume. Therefore, the local electricdiledtionin a
scanned pixel can be inferred bysebving theuniqgueazimuthal anglehat exhibits the highest
fraction of domain interchange from 022 to 202 domains,rieg2202, Or the highest fraction of
domain interchange from 220 to 202 domains, o202 For the undoped KNN partialectroc
sample, both ¢g22202andnx 202 are calculated to determine and compare the local electric field
directionfor each pixelFigure 46 presents theomputed 2202andn2zo-202at all azimuthal angles

for the representative pixelth a macroscopielectric field of 3 kV/mmFor P,.1o thatlocatesn
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the active regioras shown in Figure-8(a),the calculatedga>20,and rn2o202bothhave thenighest
value along the 75° azimuthahgle, whichguantitativelysuggestthelocal dectric field directon

is approximately parallelalong the macroscopic field direction. This is consistent with
observations from the contour plot shown in Figdw®(d) for P.10. Figure 46(b) provides the
computedfractions of domain interchange foi-falong different gystallographic orientations,
showing the highesto22202and r2o202 along 60 and 75 azimuthal angle, respectiveligigure
4-6(c) shows the calculated fractions of domain interchanBeiiwith respect to azimuthal angle.
The computednoz2202 and 20202 both show similar small valuesalong all azimuthal angles,

suggestinghe local electric field amplitude .1 is wealer than the other investigated pixels
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Figure 4-6 Fraction of domain interclmge inrepresentative pixel@&) P2-10, (b) P15, and (C)Pi-1
in the pseudemonoclinic(orthorhombi¢ phaseundoped KNNpartiatelectrode sampleith the
whole bar scan patteat 3 kV/mm.
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Figure 47 presents the maximumozzz02 and n2o202 in each sanned pixel with a
macroscopic electric field of 3 kvV/mm applied to the undoped KNN pategitrode sample.lie
color intensity reflects thealculated maximunextent of202 domain texture strengtthile the
arrow direction represents th@gular orierdtion of the strongest domairdignment, suggesting
that it is the direction of local electric fieldvithin a scanned p#&l. In the undopedKNN
partiatelectrode sampleimilar phenomenare observedth Nb-PZT-based materiald he datan
the active regio (betweertop and bottonelectrodeyson the righthand sides generallyuniform,
whereaglata in the passive region the lefthand side evidences the changal electric field
direction and decreasdrhction of domain interchangélowever, compang to NbPZT-based

partiatelectrode samples, the data in the passive region exhibit a more homogeneous trend.

Np22-202
- 0.69

- 0.46
- 0.23
~ 0.00

(a)

N520-202
0.66

0.44
022
0.00

(b)

Figure 4-7 Under the application of 3 kV/mmhée calculatedmaximum fraction of domain
interchange (a) 22202, and (b) B20202, IN each scannedpixel for the pseudononoclinic
(orthorhombic) phaseindopedKNN partialelectrode sample witthe whole bar scan pattern.

While the previously introduced KNN sample was undopedfath@ving contentin this
section will focus on elaborations upon results frothiaTa, Mn)-doped KNNpartialtelectrode

sample.As discussed in Chapterv@ith the homogeneous electric field applicatjahis doped
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KNN material has a single tetragor{fB¥mm) phase that siws the most preferred 002 domain

orientationalong the macroscopic field directiofhe doped KNNpartiatelectrode sample/as
alsoexaminedusing the same experimental setith thewhole bar scapatternas applied to the
other ferroedctric materialsFigure 48 presents the computed maximdegreeof 002 domain
alignment in each scanned pixeider the application of 3 kV/mm. Thiesult shows that the
domain switching behavior is orientatiolependennear the top electrode edge, ,igectrode
termination region In the active region between the electrodes, the most preferred 002 domain
orientation is more parallel to the macroscopic field directlespiteslightly differed texture
strength. In the passive region, tbalculateddegee of 002 domairalignmentis not strong,
suggesting the local electric field is we&kar more informationAppendix C provides contour
plotsfor representative pixelsndAppendix D shows summarizedable ofmaximum™Q and

inferred local field diectionfor all sanned pixelsn the doped KNN partia¢lectrode sample.

fooz (MRD)
A R 2
o+ O [

Figure 4-8 Under the application of 3 kV/mmhe calculatel maximum 002 domain texture
strengthin eachscanneqgixel for thetetragonal phaseloped KNN partiaklectrode sample with
the whole bar scan pattern.
4.2.3.Discussion
The partialelectrode sampleseretestedin beamline 14D-C at APSby a highenergy
X-ray beamo santhe sample at varioupositions andnultiple electric fieldamplitudes From

the study of fullelectrode samplas Chapter 3it is concluded that the most preferred domain

orientation igarallel along the F0azimuthalangle, which is thdirection ofmacroscopi@lectric
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field. However, br both leaebased NEBPZT and leadfree KNN partialelectrode samples, the

domain reorientatiobehavioris evidenced to be orientatiaependent and spatially dependent.
For the dataobtained from a partial electrode samphes most prefered domain orientation is
computed for each scanned pixelinfer the local electric field directiofor the investigated
partialelectrode sampleg\ppendix C shows more contour plaad domain exture strength
guantification at all azimuthahnglesfor representative pixeland AppendixD provides
summarized tables of the highest domain texture strength or maximum fraction of domain
interchangawith their corresponding azimuthal angles.

In geneal, for all ferroelectric partiablectrode sampleglead-based and leaftee)
examinedin beamline 14ID-C using the whole bar scan pattern, tiesults illustrate thathe
domain texture strength the active regionbetween the electrodes more honegeneous due to
a homogeneous electric fielMoreover, he domain reorientatiom the electrode termination
region shows a strong orientatidependent behavipsuggesting the local electric fields near the
electrode edge ampiiteinhomogeneous. In thessivezone(outside the fulf electrodé region,
thelocal electric fields arproved to beveak.The arrows that represent the most preferred domain
orientation also change, reflecting the direction of the local electric field.

Besidesthe synchrotrorbased higkenergy XRD experimentperformed in beamline
11-ID-C, finite element analysis (FEA) was alsarried oubn partialelectrode samples iorder
to predict the electric field inhomogeneity throughout the samp&A was conductedusing
ANSYS software with its microelectromechaalcsystemgMEMS) extasion which simulated
the electric field distribution in @D partiatelectrode sample of the samgeometryused in a
synchrotrorbasedXRD experiment.To compare the difference of electrield distribution

betweena leadbased and leadfree partialelectrode samplel-EA was performedindividually
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using propertiesf acommerciaferroelectric materiadPZT-5A from Ref.[117]and properties of

a KNN-basedksingle crystal fronRef.[118].

(a) ) ) ] P / / I

(b) 4 ] ) P / /
|

Figure 4-9 FEA results of simulated local electric field vector for each pixelairfa)
Nb-PZT-based, ana (b) KNN-based partiaklectrode sample. The macroscopic electric field is
set as 3 kV/mnmn the smulation Courtesy of Stephen Funni for the FEA work.

Figure 49(a) and (b) show the averaged electric field vector for each scanned ghel in
Nb-PZT-based and KNMbased partiaglectrode samples, respectively.each pixel shown in
Figure 49, the drection ofavector represents the local electric fielientation, and the length
avector(except for bold vectordinearly links with the simulated field amplitude. For the FEA
resultof a NbPZT-based partiaélectrode sampleasshown in Figurel-9(a), the simulated field
amplitudeis in a wide rangéetween 0 and 100.6 keV. However, exceptliatthe boldelectric
field vectorin Prs is 100.6 kVmm, thehighest field magnitude in the other pixed$ess than 3.6
kV/mm. This is suggesting thaéhere isan expected higtelectric field concentrationext to the
electrode edgein a NbPZT-based partiaklectrode sample.As for the KNNbased
partiatelectrode sampléhe two boldelectricfield vectosin Prs and R.s namely lasa magnitude

of 6.7 kvV/mm and 6.1 kV/mm, respectively, and the rest pigefamonlyhavea field magnitude
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less than 3.1 kV/mmAs shown in Figure-9, the simulated electric fieddn the active regiomre
morealigned to parallel along the macroscopéld direction, ie., homogeneouslectric fields
However,in the passive region, the simulated electric fields in pixels are orientimendent
and spatially dependent.

Figure 410(a) presendg correlationdbetween the quantitatively calculated domigixture
texture srengthand the simulated electric field amplitudes from FEA work. As seen from the
figure, for tetragonal phase materiatg;luding NBPZT 50/50, NBPZT 53/47 and doped KNN,
thar computed domain texture strengthingarly linked wit the simulated éld amplitudes from
the same probed pixebpecifically, all three tetragonal phase materials exhibit domain texture
strength lower than the saturatilimit, i.e., maXQ =3.0 MRD.As for the rhombohedral phase
Nb-PZT 56/44, the calcated domain texre strength also shows a linear correlation with the
simulated field amplituddess than 2 kV/mmDue tothe maxmum™Q = 4.0 MRD in a
rhombohedral phase materidletdomain texture strength tends to saturate wheplectric field
goes above 2¥/mm in Nb-PZT 56/44 This is becausarhombohedral phaseaterialhas more
domain varianoptionsanda smalle ferroelastic strain than the tetragonal phessulting in easier
domain reorientatian

Figure 410(b) showscorrelations betweerthe fraction of domain interchange and
simulated electric field magnitude from FEA. The two fraction parameterso.and 20202,
present nofinear correlatios with the simulated electric field magnitudé$owever, itis
observed thaeither fraction paramet has values fluctuate around @6all simulated field
amplitudes. From Figure-4, the orthorhombic phase undoped KNN pattigictrode sample
shows similarcolor intensity for domain fraction interahge in the passive region, suggesting a

less hetergeneous domain reorientation behavior. However, as simulated field vectors shown in



66

Figure 49(b), theelectric field amplitudes in the passive regionawparery nonruniform. This
could be the reasdhat experiment result and simulation data is madrly correlated.

Figure4-11 piovides correlations between experiment inferred electric field direction and
simulated field angle from FEA for probed pixdts (a) NbPZT-based and (b) KNNased
partial-electrode sampletn eah figure, the dash lin@ each figure represents that the simulated
field direction is same to the experiment inferred field direction. The closer to the dash line, the
better the correlation i&s seen from Figure-41(a) and (b), both NPZT-based and KNMased
materials premnt reasonable correlations as the datapoints distributed around the dagioline.
summarizefor either a NbPZT-based or a KNMNbased partiaélectrode sample, tr@mulated
electric field directons fromFEA correlate well with the field directions infed fromthein situ
high-energy XRDexperiments.Specifically, for NbBPZT-based partiaklectrode samples, the

simulated electric field amplitudes can wetkdict the extent of domain switching.
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4.3.Electrode Edge Scan

As shownfrom the FEA resultsin Figure 49 on partiatelectrode sampteeitherusing
leadbased or leadree materiad, therearesignificantelectric field concentratiorsroundthetop
electrodeedge whichareexpected tanfluence the fieldnducedferroelectric/ferroelastidomain
switching and phase transit®tiror thein situhigh-energy XRD experimerdt beamline 141D-C,
an additional scan pattereferred to ag e | e cetigescad was utilized orbothleadbased ad
leadfree partialelectrode samples this researchThe experimenttilized a 200 nx 200em
monochromatic higlenergyX-ray beam to sequentially scan the electrode termination ra@gion
a partiatelectrode sample under the applicationariouselectric fields. Peak pitting analysis was
performedn the obtained data from each scanned piq@iobethemost preérred domaintexture
orientation

As elaborated upothe partialelectrode samplassingthe whole bar scan pattern, the local
electricfield direction in each scanned pixel can be determinecbbyputing the maximum 002
or 111 domaintexture strengttior a tetragonabr arhombohedral phase ferroelectric material,
respectivelyin paralle| as for & orthorhombic phase partialectrodesample, the local electric
field directionin a scannegbixel can be inferred by calculating the highest fraction of @om
interchangee.qg, eitherno222020r N220202. To better demonstrate the experimental results, the pixels
in the fAelandr pdet edgshoavmreFigliraadiz Takedd s farexample

AP0 is short f or -Pdepresenis hteh ep i sxued s cptbrep andxdnn A 4n
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4.3.1.Nb-PZT-basedMaterials
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Figure 4-13 Under the application of BV/mm, the calculated maximundegree 0002 domain
alignment in the electrode termination region of tteragonal phaseNb-PZT 50/50
partialelectrode sample.

Figure 413 presents the computed most preferred 002 domain texture strength for each
scanned pixel in the NBZT 50/50 partial electrode sample using the electrode edge scan pattern
under the application of 3 kV/mm. As elucidated in previous section, the col@chnpexel
represents the calculated maximum degree of 002 domain alignment, whereas the arrow stands for
theinferred local field direction with its length linearly links with values shown in the legend. The
figure reveals that there exists field intergsifion near the electrode edge since the calculated 002

domain texture strength is higher, as illustrategldarker color. Outside the fully electratiarea,
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it shows apparent orientatilependent domain switching behasibecause of the differed arrow
orientations and obvious color changes.

Similar observations are found in the rhombohedral phaseZNb56/4 partialelectrode
sample, as shown Figurel4, which presents the intensified 111 domain texture near the electrode
edge and spatiallglependenand orientatiordependent domain switching phenomena in the

electrode termination region.

Electrode

Figure 4-14 Under the application of 3 kV/mnhé calculated maximundegree of 11Homain
alignment in theelectrale termination region of the lmombohedral phaseNb-PZT 56/44
partiatelectrode sample

It is concludedn Chapter 3hatthe Nb-PZT 53/47 exhibits orientatiedependent phase
transitionsfrom tetragonal to rhombohedradround 45° and 1358zimuthalangles under the

application ofhomogeneous electric fieldis a fully electrode sample Specifically, this phase
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transition behavior is field anplitudedependent. Since the FEFesuls predict that field
concentrations exist near the electrogelge, a hypothess can be made thathe
orientationdependent phase transitimould be amplified in the electrode termination regioa of
Nb-PZT 53/47 partiaklectrode saple

Figure 415 showsa comparison of peak intensity changes of two represeataixels,
Pssand P4, from the electrode termination regiontive Nb-PZT 53/47 partiaklectrode sample.
As shown from Figure-45(a) and (b), both pixels shomell-separate®01r and100r reflections
without orientatiordependence in the virgin stafehe reason tose 001y and 100r reflections
here is because a little scattering from siectrodeas shown on the XRD plots whiakxhibits
a 11lxg peak fallng between thé®02r and200r reflections. Wherthe macroscopic electric field
is elevated to 3 kV/mmas shownin Figure 415(c) and (d), domain switchingand
orientationselectivephase transitions occur by observing the peak intensity interchange and
appearance di0Or between th@01r and100r reflections More specifically, the intensity df0Gz
reflection ismuch more intensen Figure 415(d), suggesting théetragonaito-rhombohedral
phase transition iniR is intensified. This is more evidenceg comparing thewwlution of 100:
reflection in Rsand R-s alongthe 45 azimuthalangleas function of elecic field amplitude as
shown inFigure 415(e) and (f) Under the application of 3 kV/mm, tA@Ck reflection inthe 45°
azimuthalangle is stronger iniR than in R, meaningthatthe local electric field amplitude in

P14 s higher.
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Figure4-15Peak i ntensities as a f represantativepixeRfsandz i mut b
P14 in theNb-PZT 53/47partialelectrode sample with tredectrode edge scan patteRiots (a)

and(b) showthe peak intensities in the virgin stafe) and(d) shav the interchanged intensities

at a macroscopic electric field 08 kvV/mm, (e) and(f) show the field-dependent intensity
interchangeslongthe 45 azimuthal anglgfor Ps.s andP1.4, respectively.



75

Electrode

B
e Vi !
VA AV i
e

S M ——

Figure 4-16 Under the application of 3 kV/mm, the calculated maximum degree of 002 domain
alignment in the electrode termination region of tteragonal phaseNb-PZT 53/47
partialelectrode sample

Figure 416 presents the calculated strongest 002 domain estength in each scanned
pixel from the electrode termination regiontive Nb-PZT 53/47 partiaklectrode samplelhe
maximum degree of 002 domain alignmentalsout 2.55 MRD in the electrodeedge scan
experiment which is higher thathe maximum valuef 2.21 MRD from the partialelectrode
sample experiment using the whole bar scan patiéris evidences that, in the electrode edge
scan experiment with a higher spatial resolution (smaller pixel stxe)electric field is more
concentrated as approauatp the electrode edgé&his isdue tothe huge electric field amplitude
gradientaround the electrode edgehich results i less averaged field amplitude in a small pixel

than in a large pixel. Moreover, similar observationsooéntationdependent ah spatially
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dependent and domain reorientation in the electrode termination region are found inRRE& Nb
53/47 partial electrode sample as seen in the other twBANEbased samples using the same

sample configuration.

4.3.2.KNN -basedMaterials

There are tw KNN-based materials, namely psewudonoclinic (orthorhombic) phase
undoped KNN and tetragonal phase doped KNN, investigated using the-pladttabde sample
configuration with the electrode edge scan patt€éhe results in this section will be initigl
elaborated upon the undoped KNN pargbdctrode sample (Figure ) and thenfocus on
discussions of the doped KNN material (Figur&s).

As demonstrated irthe previous section, the local electric field directions in a
pseudemonoclinic(ortharhombic) phase undoped KNN partialectrode sample can be inferred
by calculaing the maximum fraction of domain interchangince the 202 domains are most
preferred in the undoped KNN with applied electric fields, beth.s (fraction change frorf22
to 202 domain¥ and n20202 (fraction change from 220 to 202 domains) are computed for each
scanned pixel from the electrode termination region in the undoped KNN {edet&iode sample.
Figure 417 shows the comparison of using the calculated maximebzvon and 2202 With
inferred local electric field direction in each scanned pixel. Figui&(d) and (b)both show
similar spatially dependent and orientatidapendent domaiswitchingphenomenaExcept for
pixels near the electrode edgeving wealer 202 domain texture strengénd differed local field
direction the other pixelgienerally exhibit similar 202 domain texture strength lmedl filed
orientationghat are approximately parallel to the macroscopic field direclibrs suggests that
in apseudemonoclinic (orthorhombic) phase partelectrode sample, tHecal electric fields in

the electrode termination region are less heterogeneous.
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Figure 4-17 Under the application of 3 kV/mmhe cdculated maximum fraction of domain
interchange (@) da2202, and (b) o202, IN the electrode termination region dhe
pseudemonoclinic (orthorhombic) phasendoped KNN partiaélectrode sample.

As for the téragonal phase doped KNbartiatelectroge sampleFigure 418 presents the
calculated maximum degree of 002 domain alignment in each scanned pixel from the electrode
termination regiorwith an applied macroscopic field of 3 kV/minke what is observed iather
tetragonal phase materials, th@nain reorientation behaviors in the electrode termination region
in the doped KNN partiadlectrode sample exhibit apparent orientatiependenceand
positiondependenceépecifically, the strengthened 002 domain texture strength indibatesal

field concentratioanear the electrode edge.
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Figure 4-18 Under the application of 3 kV/mm, the degree of 002 domain alighmethe
electrode termination region of the tetraggrt@sedoped KNNpartiatelectrode sample
4.3.3.Discussion

FEA of simulated electric fields in the 2D lehdsed and leafiee partialelectrode
samples prdicts orientationdependent and positiesensitve domain switching behavior3he
simulated high electric field ©ncentrationis expectedto amplify the microstructural changes,
including domain reorientation and phase transitionsar the electrode edge in the
partiatelectrode sample$his hypothesisnotivates thexperiments on partialectrode samples
using the electrode edgeaspatternin a higher spatial resolutidemaller pixe). The results from
the Nb-PZT-based partiatelectrode samplespresent strong orietationdependence and

positiondependence of local electric field in egmiobedpixel. Specifically, the NWPZT 5347
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partiatelectrode sample shows amplified phase transitions in selectoudar directionsvhich
underlines the fact of field concentrii near the electrode eddeimilar domain switching
behaviors are also observed in the tetragonal phase doped &mlalglectrode sample ingt
electrode termination regioklowever, forthe pseudeamonoclinic (orthorhombic) phassdoped
KNN partial-electrode sample, the domain reorientation phenomena are less heterogeneous in the
majority scanned pixels except ftvetfirst row near the toglectrode.

Instead of using a 500 nmx 500¢ n(or 500¢ nx 450¢ MmX-ray beaninthei wh ol e bar
s ¢ aemperiments, thelectrode edge scan experiments utilizesiraller beam siz&€00¢ nmx
200e mto scan the electrode terminaticegions in varioupartialelectrode sample€omparing
to a large pixel near the electrode edge, a small pixel is expectevéca less averaged local
electric field amplitudelt is known thathe local field amplitude in each pixel will become highe
as the pixel position approachitgyvardsthe eletrode edgeSpecifically, the bcalfield amplitude
should have a higher miaxum value in smaller pixels than in largekels. This explains why a
higher domain texture strength is observed in the eldetedge scan experiments.

Table 4 summarizes thealculated maximum domain texture strengtid maximum
fraction of domain irgrchange in different experiments with applnedcroscopic electric field of
3 kv/mm. As seen from the table, the falectrodesamples have the lowest domain texture
strength no matter which material or crystallographic phase it is. This is becaudé ¢tecfrode
samples were not fully poled since ttagal experimental timeas less than 10 minutes for each
composition, restihg in weaker domain texturddowever, br partiatelectrode samples with the
whole bar scan pattern, thatal experimentalime is more than 2.5 hours for each composition,
which means the samples are fully polarized and exhibit stronger domain $ekioreover, the

partiatelectrode samples with the electrode edge scan patterns show the highest domain texture
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strength (simér experimental time to wholgar scantestg, which is resulted from the field

concentratiomear the electrode edge.

Table 4 Underthemacroscopic electric field of 3 kvV/mm, thalculatednaximum domain texture
strength (in tetragonal, rhombohedral) and maximum fraction of domain interchange (in
orthorhombic) in different sample geometries.

) Fu-l I
Mat el Phase Do mal eIectWhO'ba El ect
reori e scan| edge
sampl
NBP Z T -
50/ 5 Tetragol MaiX 1.21 1.55 1.61
NBP Z T -
53/4Tetragonal Ma 3Q 1. 84 2.21 2.55
NBPZT  phombohe| MasQ 3.771 3.94 3.97
56/ 4
Undo[ Ort hor ho Mat 0.62 0. 74 0. 82
KNN | ( pseModnooc || Max 0.25 0.65 0.75
?(‘,’\IpNed Tetragonal Ma 5Q 1.54 2.34 2.40

The concludng results from the partisdlectrode sampleas this workprovidesomenew
insightthat can be used reassessr complemensomeearly research work. For example, Chang
et al simulates thelectric field magnitudelistribution near electrode edges on a RFNsingle
crystal showing high field concentratiamr ound t he el ectrode edges
ef f §@4].tThisA f r i n g dacilkafesnewcnuadeation of small dorims and increases the
domain density near the electrode edges, which is considdrada@ontributions to the enhauc
dsz value. To complement the findings by Chagtaal, theexperimentally inferred electric field
orientations froma partiatelectrodesample inthe present work suggest that the newly formed
small domainsare supposed tdave polarization directionsowards the electrode edges.
Specifically, the strongelectric field gradient around the electrode edges on the-PWINingle

crystalwould also generata strain gradient, resulting in significant spatially dependmsmamic

t
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deformationthat facilitates the microcracgeneration near the electrode edgesaosedevice
failure. As Changet al implies thatthe newly formed small domains hawentributions to the
high piezoelectric response in a PN single crystal,it worth noting that the iéld
concentratiorinduced lattice distortion, which is considered as intrinsantribution to
macroscopic piezoelectric straimay also give credit$or the enhanceddss. Specifically, a
hypothesis can be made for a polycrystalline ferroelectric cenaitiica near MPB composition
themacroscopic strain measuredhatelectrode edgmuld be much higheahan other places (e.qg.,
beneaththe electrodeor in the passive regidrbecause, theoretically, intrinsic contribution of
field-induced lattice distdion, extrinsic contribution afomain wall motion, and volumetric strain
induced by phase transition, will be all influenced by the field concentraganthe electrode
edge.

In the PZT-based thin film capacitor, Det al. observes an increas@®2r reflection
density near the electrode rimut no change in the region without covered electrode, suggesting
an excessive neh8(C ferroelectric/ferroelagt domainswitching near the electrode riff89].
However, based on the positisensitive and orientatietependent domain reorientation
observed from partis¢lectrode samplesne can conclude that then-180° domairreorientation
also near the electrode rinm the capacitor is spatially dependeBten n the passive region
without covered electrodéhereshould exis002 domains withthe strongestextureorientation
tilts toward the electrode rim. Specifically, the closer to the electrode rim, the morEndom
reorientationcanoccur.

Esteveset al investigaéd the miocostructural changes inMPB compositionrPZT-based
MLCA by employing &600¢ nx 500¢ nX-ray beam to scan the center of the sample (the active

region in the MLCA)in response to electrical dm€mechanical loading74]. Parallel to the
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macroscopic field directiorksteveset al showsquantitatively calculateghase fraction changes
between tetragonalPdmm) and rhombohedraR3m) with respect to various macroscopic electric
field amplitudesand different prestresses. For exampld, pre-stressof 2 MPa (same loading
directionto macroscopic electric fieljdthe rhombohedral phase fraction increases from 25% in
the unpoled state 1©0% at 3 kV/mm Undoubtedly, domain rei@ntation is also aferved with
respect to the external stimuli. Howevérgse are observations in the actregioninside a
MLCA, where is expected to haveomogeneous electric fiddbetween the interdigitated
electrodes. If the higknergy Xray beamwere used to scan # interdigitated electrode
termination region or the passive regidhe field/stressaffecied phase fractiamand domain
orientation preference would be differdrgcause of the local field/stress inhomogeneities.

In general, this work proveghat the electric field inhomogeneityexists in a
partialelectrode sample, not ontoncludedfrom the highenergy XRDexperimentsput also
summarized from thesimulatedfield distribution in FEA studes Specifically, thein situ
high-energy XRDprovides anovel tdaracterization approach to spatially probe a ferroelectric
material/device in respongean electric loadlThe employment of an area detector also allows the

full-orientation investigation on microstructural changes with respeetrtous azimuthal angs.

4.4.Summary

To summarize, thishapterelaborates uponesultsfrom the in situ high-energy XRD
experiments on various partielectrode samplewhich are examined using a whole bar scan
pattern andmelectrode edge scan pattedmder the applicationf amacroscopic electric field of
3 kV/mm, the domain reorientation in a part@éctrode sample presents strong
orientationdependence and positioiependencewhich is evidenced byalculated domain

texture strength and inferred local electric fielcedtions in scanned pixelSpecifically, near the
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electrode edge of most testedta-electrode samples, the fieldduced domain texture strength
is amplified because of the field concentratidviore specifically, for the N#PZT 53/47
partiatelectrode sample, the tetragonalo-rhombohedral phase transitiorsong selective
azimuthalnglesare observed to be amplifidde to the local field concentration near the electrode
edge. Finite element analysis performed in ANSY&licts the averaged electfield amplitude
and direction in each scanned pixel in the partial electrode samiptd shows a good correlation

with the experiment inferred field direction.
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Chapter 5: Conclusions and Future Work

5.1.Conclusions

This research utilizes synchrotrorbased high-enery XRD to investigate the
microstructural changes ferroelectric materials in respse tchomogeneousr inhomogeneous
electric fields.Both Nb-PZT-based and KNMbased materials asgudiedby measuringvarious
kinds of samples an-ray scan patternsThe resultsdemonstrated in this research provide
fundamental knowledge otlomain reorientation and phase transitionsluced by field
inhomogeneities in ferroelectric devica@seillustratedexperimental setup af situ high-energy
XRD and theelucidateddata analgis methodsin this researclpresent anovel characterization
strategy foimprobingspatially dependent and orientatidapendent material behaviors.

Chapter 3demonstatesthe in situ high-energy XRDresultson differentferroelectric
full-electrodesamples which are expected to undergo homogeneous electric fleddgetragonal
and rhombohedral phase materidi® fireferred domain orientation is quantitativelgtermined
by calculatingthe 002 and 111 domain texture strengtbspectively.In parallel, for an
orthorhombic phase material, the fraction of domain interch@gtudied with respect to a
pseudemonoclinic cell frame. The results show that, paralehgthe macroscopic electric field
direction, the 002, 111, and2 domains @& most preferred in tetragonal, rhombohedral, and
orthorhombic phase, respectively. Moreover, by investigating?Kb 53/47 which is close to
MPB, not only is domain reorientation, but also an orientatiependent phase transititmom
tetragonal to rhombhedralareobserved.

In Chapter 4,the spatially dependent mictosctural changes ardiscussedin the
partiatelectrode samples in response to electric field inhomogeneidies to the electrode

discontinuity, there exist huge electriclfieconcentrabns near the electrode eddggincedomain
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textures are sensitive to field directspthelocal electric field directions scanned pixels can be
guantitatively inferredfrom the measurementin the experiments of using partelectrode
sanple with thewhole bar scan pattern, the resgénerallyshow a more homogeneous domain
texture in the active region between electrodes. Howdvefield-induced domairextures are
stronglyorientationdependent and positiesensitive inthe scannegixels inthe passive region,
reflecting the inhomogeneous local electric fields.e., nonuniform field directions and
amplitudes For the experiments on partellectrode samplewia scanning the electrode
termination regionit generallyshows the field concentrati amplified domain texture strengdth
different compositionsSpecifically, for the NBPZT 53/47(near MPB)partiatelectrode sample,
thefield-induced orientatiomlepenént phase transitierareamplified.
Besideghesynchrotrorbased XRD experimentSEA was also conducted in this research
to simulatefield, strain, and stress inhomogeneities in MLCAs and paetadtrode samples. The
simulation in a KNNbased MLCA povides amotivationto study electromechanical behaviors in
response to the field mmogeneity, whereas the simeladtelectric fieldsn partiatelectrode
samples provida theoreticamodelto compae withthe experimeral data.Althoughthe FEA is
simplified that misses many electromechanical effects in reality, the medgiod at pedicting
electric field directiongind relative amplitudes of domain texture strengtihénpartialelectrode
samples More importantly,the experimentally inferredocal electric field directionsare
well-correlated with the simulated electric field wastin pixels throughout the whole bar.
Therefore, FEA in ANSY Svith the MEMS extensiooffersa methodo reassessr complement
the conclusions fronprevious work For examplesimulatingfield directions and amplitudes

around an electrode edge to deepeh e under st andi n@g], aw moddlifgr i n g e
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concentratedfields near an interdigitated electrode a MLCA to further investigatethe
field-amplified phase fraction change and domain switclifag.

To summarize e research in thidissertation utilizes the synchrotrbased higkenergy
XRD with an area detecttw characterizédomogeneous andhomogeneous electric fieidduced
domain reaentation and phase transitions warious ferroelectric materials The revealed
fundamentalknowledgefrom partialelectrode samplebelpsunderstand some aspectstbé
orientationdependent and spatially dependent microstructural changea multilayeed
ferroelectric device Specifically, for a ferroelectric MLCAthe microstructural changes
response tohe macroscopic electric field are expected toskgmificantly different in the active
region,in thepassive region, araround thenterdigitated electrodedgesMore specifically, the
excessive domain switchingnd field concentratioramplified phase transitionsear the
interdigitated electrode edges shobétirawn great attentioim MLCAs or thin film multilayered

ceramic capaairs (MLCCs)
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5.2. Suggestions foFuture Work

The research in thigissertationelaboratesupon inhomogeneasi electric fieldinduced
microstructural changes in lebdsed NHPZT and leadree KNN materiad. It would be
beneficial to perform similar experimigsn on other material systems, such as
[xBa(Zr, Ti)Os-(1-x)(Ba,Ca)TiQ] (BZT-BCT) [37]i[40], and [XNaosBio.sTiOs-(1-x)BaTiOg]
(NBT-BT) [41]i [44], which helps enrich thtundamental knowledge on field inhomogeneity
influenced material behavioran ferroelectrics Specifically, since leattased materials are
gradually restricte in electronic applicationsecause of the toxicitynore efforts should bepent
on investigating leadree materials in order to seek excellent alt¢ires for nextgeneration
ferroelectric devices.

Ferroelectric applications often operate in a widegerature range, whidh supposed to
have impacts ommicrostructural changes in the materials. For Jeased materials, such as
Nb-PZT, it would be inteesting to systematically study the positionsensitive and
temperaturalependentiomain reorientatiomnd phase fraction changes in thetialelectrode
samplesin response to different loadsloreover,as for leadree KNN-based materials, many
researchhave beercarried out in past decades to form rhombohetahgonal R-T) phase
boundary, oto shift rhombohedrabrthorhombic (RO) andorthorhombietetragonal{O-T) phase
boundaries near room temperature for superior piezoelectric reqdd8§ig122]. Specifically,
thesephase boundaries in KNblasedmaterials are considered esaracteristics gbolymorphic
phase transitions (PPT), which are both composition and tempedafpeadentTherefore, the
study of temperaturdependence on KNidased partiaélectrode samplamder field application

is alsoa challenge and an opportunity to developl@pth understandingaterial behaviors.
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Not only can electric fields, but also stress loads can induce domain switching and phase
fraction changes in ferroelectric ceramiBsth and Kauffmanret al. andEste\es et al reported
the compressivepre-stress enhanced nd®0° domainswitching in PZT-based ferroelectric
ceramicg67], [74]. In thein situhigh-energy XRD in beamline 1ID-C, it would befascinating
to install a customized sample stage to alfmebing domain reorientation and phase fraction
changes ifierroelectric partialelectrode samplas response to a combination of electric field and
mechanical load. The obtained results would deepen the knowtd#dgpatially dependent

microstructural changesith respect to inhomogeneities of electric field amechantal stress.
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Appendix A: Image Reduction of Using FIT2D

This appendixcoves detailedprocedurs on reducing 2D Deby&cherrer rings td.D
XRD plots by uilizing FIT2D, an opersource software packaghat was developedat the
European Synchrotron Research Facility (ESRB#]. 2D DebyeScherrer images colleaion a
commercial PZTEC-65 monolithic sample with full electrode configuration unitesitu electric
field with high-energy XRDat beamline 14D-C, APS,are used in il analysis as an example.
The samplas a rectangular bar wittimensios of 5 mm x1 mm x 1 mm andexperiened an
appliedelectric field of 0, 1, 2, and 3 kV/mrA single 2D XRD image is collected at each electric
field amplitude The monochromaticX-ray beam has a wavelength of 0.1173 A andnergyf
1057 keV, and he distance betaen the sample stag@d thke PerkinElmer2D areadetectoris
approximatelyl500mm. The detailed experimental setigillustratedin Figures 2-2, 2-2, and
2-4. The followingcontentincludescomprehensivstes of performingdata reduction, including
expeimental geometry cddration, individual 2D image reduction, and multiple 2D image

reduction.
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Experimental Geometry Calibration

Laboratorybased XRDtypically collects 1D diffractbn patterns with goint or line
detector whereas beamlinkl-ID-C utilizesa PerkinEIme@D area detectoil he areadetector is
composed of 2048 x 2048 pixelstirehorizontalandverticaldirectiors,ande ac h  pi x e |
X 200 tedm. caonduci accgkriméntageometry calibratiomo determinghe accurate
sampleto-detector distance,-Xay beam center, and the tilt angle between thaybeam and the
out-of-plane normal of the detector, etc., to engheescattering angles and intensgused fo
data reductioran beprecisdy defined The standard materialerium oxide (Ce@) powder was
usedfor calibration of then situ high-energyXRD experiment at beamline 4D-C. Besideghe
CeQ powder, otheralternativestandard materiaglssuch aspowdered lanthanum hexaboride
(LaBs), silicon (Si),andtitanium dioxide (TiQ), can beemployedin theexperimental geometry
calibration[123]. Most standard materialare availabldrom the National Institute of Standards
and Technology (NIST)The following stepsdemonstrate how teondwct the experimental

geometry calibratiom FIT2D:

Q) StartFIT2Danc | i c k Al dgedhe dnditionsof Use o6, Fgare s hown

S-1. In the window of i IMENSION OF PROGRAM ARRAYS® jnput 2048 x 2048
pixelsinthef i r st and s ec ®@n &to @aceedty thgeametrycalibratiork
(2)Sel e c tPOWDER DIFFRACTION( 2 D) dnitiateothe calibration and data
processinglnput the 2D mage of Ce@powder collected in beamline 1D-C. Accept all
defaul t par ameters i n t IDETEGVOR ®IEVMORTOON

CORRECTI. Ond fragram interface will be displayed as showrigure S2.

)]

NS

CON’
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(3) Click i GLIBRANT 0 on the leftbottom cornerof the softwareinterface, as shown in

Figure S2,ands e | eERIUMMIOXIDEO as t he standard cal

br

(4) In the popout windowof i CALI BRANT PATTERN,inREthelvaluBsME N T 0

thefollowing parameters

(a) Sample to detector distance (mm): 1500

(b) Wavelength (A): 0.1173

)X pi xel

dY pixel

(e) Refine Xray wavelength: NO

Ssi ze

si ze

(em): 200

(em): 200

It is unnecessary tefine the Xray wavelength since thanergy is fixed at 105.7 keV.

(5) Uset h BWCHCLICKO

mo d e

tta6 peirgsimere than & points)n the innemost

DebyeScherrer ring. Aftethe point selection, theoftwareinterface will display as shown

in FigureS-3. The ringsshownin red on the 2D image are simulatedtfieCeQ calibrant,

which indicatesa completedexperimental geometry calibratioRigure S4 presents the

important parameters that are refined from the geometry calibrai@se experimernita

parameters will be required to perform 2D image reduction. For instance, the

sampleto-detector ditance is calibrated to 1505.132 mm instead of the approximated 1500

mmin the experiment

-

C
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Figure S-3 FIT2D software interface displays the fitted DefS@herrer rings for the standard
calibrant Ce@
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Figure S-4 FIT2D software interface displays the completed experimental geometry calibration
with the appropriatparametersefined.
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Individual Image Reduction

Following the experimental geometry calibration, this seqimvides the procedur®e
reduce asingle 2D DebyeScherrerimage into multiple 1D XRD plots with respect tthe
azimutralangle. The 2D image acquiredm the tetragonal commercial PZAC-65 sampleinder
the application of an electric field 3kV/mm isused as an exampie this section

(1) After completingthe experimentaeometry calibrationnputthe 2D imagdile from the
experiment using PZEC-65 withanapplied field of 3 kV/mm
2)Click on the ACAKEO b ut multiplearimuthdl sectorSetectt he 21
A K CHANGEOto activatefurther imagedivision.
3)Int he wi nMYREWF AZIMUAH/RADIAL OR 2THETA TRANSFORMATION |,
input the following values in related parameters,
(a) Start azimuthal angle (Degrees): 172.5
(b) End azimuthal agle (Degrees): 7.5
(c) Inner radial limit(Pixels): 0.0
(d) Outer radial limit (Pixels): 750
(e) Number of azimuthal bins: 13
() Number of radial/2theta bins: 2000

The above conditions will creal azimuthal sectois totalwith an integration range of

15°. Keep theother parameterat theirdefault valus andfinish the inegration.

@Cl i eXktoni n -bbhe wop OUTWRUTatheinhtegrated 1D XRD plots. There
are several file formats to outputthe integrated data, including CHIPLOT,

MULTI-CHIPLOTS, 2D-ASCIl, FULLPROF, etc. The file format of

A MUL-CHI P L CfileS areemployedhere since theycan be directly analyzed in
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GSAS GSASII, LIPRAS, MAUD, or imported into Kcel, Matlab,and OriginLah etc,

for furthercalculationsSincethe 2D image is dividenhto 13 azimuthakectorsthere will
be 13 CHI files outputtedirom each individual sector.

(5) Theoutputtedfiles named withsuffix 1, 2, 3, 4, 5, 6,,78, 9, 10, 11, 12, 18orrespod to
theazimuthal sector df80°, 165°, 150°, 130°, 120°, 105°, 90°, 75°, 60°, 45°, 30°, 15°, 0°,
respectively Figure S5 presents th&D XRD plots for all individual azimuthal sectors

from the commercial PZEC-65 samplet3 kV/mm.
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Figure S5 XRD plots integrated from each azithal sector from thietragonaphase commercial
PZT-EC-65 sample with the fulelectrode configuration.
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Multiple Image Reduction
This section introduces tlmprehensiv@rocedurs of using aMACRO programming
scriptto process multiple 2D images simultaneously. The 2D images frotettagonal phase
commecial PZT-EC-65 ferroelectricsamplewere collectect 0 kV/mm (irgin statg, 1 kV/mm,
2 kvV/mm, and 3 kV/mm, respectively
(1) Startthe FIT2D software andonductthe experimental geometry calibratiaising the 2D
image ofstandard calibrant Ce@s explaind inthe earlier section.
(2) Return to the maimoftwaree nt er f a c e AGROFLOCGHILED Click MAEATE
MACROO to generate a programming script for lataich analysis of 2D images.
(3) Return toiPOWDER DIFFRACTION (2D)0 and input the 2D image at kmm.
(4) Repeastes 2, 3,and4 fromfi | ndi vi dual |l mage Reductiono.
(5) After outputting thelD XRD plots in the form of i MUL-CTHI P L Q Tligko
A KCHANGEO retorntheprograminterfacefrom 1D plotto the 2D image.
(6) Return to the mairoftwareinterface andback ton M\CRO/LOG FILEOto stoprecording
theoperating stepr generatinghe MACRO programming script.
(7) Open the Macro file with Notepddr other gnilar text file editor)n thefolder, add #A#1 NO
and A #afleUcertain lines and save the changsslustratedin the example.
(8) Return toA M\CRO/LOG FILEO andclick i RN SEQUENCE Selectthe generated
MACRO programming scripthen choose the 2ilnage collectedt 1kV/mm as the initial
image, andhe image acquiredt 3 kV/mm as the last image ihi¢ batch reductigrand

then activate the multiple image reductioSince each2D image is divided into 13
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azimuthal sectorshere will be28 1D XRD pots storedindividually inthefi C H filedfor

the 4 images collected at different electric field states

Theintegrated 1D XRD plots can be ugedcompare&lomain texture in different azimuthal
sectors as a function of field amplitudégure S6 presets the 200 peakin the 0°,30°,
60°, and90° azimuthalsectors as a function of electric field amplitadés illustrated in
the figure, the intensity d02 reflectionincreasess a function ofzimuthal angle from

0°to 9C°, which is because tl#2domains are parallel to the electric field direction.

Figure S-6 Peak intengy changesn the(a) 0°, (b) 30°, (c) 60°, and (d) 90° azimuthal sector as a
function of electric fielcamplitude, for he tetragonal phase commercial PET-65 material.





























































































