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Abstract

Magnetoelectric (ME) effect is defined as the change in dielectric polariz&)oof @
material under an applied magnetic field) (or an induced magnetizatioM) under an
external electric fieldE). ME materials havattractednumberof investigabrs due totheir
potential forimproving applications such as magnetic field sensors, filters, transformers,
memory devices and energyarvesters It has been shown both experimentally and
theoretically that e composite structures consisting of piezoele@nd magnetostrictive
phases possess stronger ME coupling in comparistmatmf single phase materialSiant
magnetoelectric effect has been reported in variety of composites consisting -sfziedlk
ME composites and thin film ME nanostructures. Iis ttissertation, novel ME composite
systems are proposed, synthesized and characténizemth bulk andhin films to address
the existingchallengesn meeting the needs of practical applicatiohso applications were
the focused upon in this study, abte transformer and dual phase energy harvester, where
requirements can be summarized as: high ME coefficient under betbsomance and
off-resonance conditions, broad bandwidth, and low applied DC bias

In the first chapter, three challenge$ated to theonventional MEbehaviorin bulk ME
composites have been addressedT{ig optimized ME coefficient can be achievetthout

externalDC magnetic field by using a sddfased ME composite with a homogeso



magnetostrictive material. The mechanism of such effect and its tunability are studied; (2) A
nearflat ME response regardless of external magnetic field is obtained in-biasstl ME
composite with geometry gradient structure; (3) By optimizing fatél coupling with
co-firing techniquesthe ME coefficient can be dramatically enhanced. Thesesred ME
laminatesnot onlyexhibit high coupling coefficient due to direct bonding, but also illustrate a
self-biased effect due to the built stress dring cesintering processlhese results present
significant advancemertbward the development ahultifunctional ME devicessince it
eliminates the need fdDC bias expands the working bandwidth and enhances the ME
voltage coefficient

Next, magnetoedctric nanocompositesere developed founderstandinghe nature of
the growth of anisotropic thin film structures. In this chapter following aspects were
addressed(1) Controled growth of nanostructuresvith well-defined morphologywas
obtained Microstructure and surface morphologyolution of thepiezoelectridBaTiO; films
wassystematicallyanalyzed A growth model was proposed by considering the anisotropy of
surface energy and the formation of twin lamellae structure within the frame work of
Structure Zone Model (SZMand Dynamic Scaling Theory (DST)n parallel to BaTiQ
films, well-ordered nanocomposite arrgy& 1(ZrosTio.4)Os/CoFeQy4] with controlled grain
orientation were developed andnvestigatedby a novel hybrid deposition methodhe
influence of the pre&leposited template film orientation on the growth of ME composite array
was studied.(2) PZT/CFO/PZT thick composite film and BTO/CFO thin filmwere
synthesizedusing solgel deposition (SGD) and pulséaser deposition (PLD) techniquyes

respectively. The HRTEM analysis revealed local microstructure at the interface of



consecutiveeonstituentsThe interfacial propeytvariation of these films wa®undto affect
the coupling coefficient of correspondingE nanocompositesSubsequently, a novel
complex threedimensionalME compositewith highly anisotropicstructurewas developed
using a hybrid synthesis method. TihBuenceof growth conditioron the microstructureand
property of the grown complexcomposites wastudied. Thefilm with highly anisotropic
structure wagound to possessailored ferroelectric responsedicatingthe promise of this
synthesis method and microstructure

Based on the laminated ME composites, three types of ME tunab$fomaerdesigns
were designed and fabricatethegoalwas to develom novel ME transformer with tunable
performancgvoltage gain andr working resonance frequencynder applied DC magnetic
field. Conventional ME transformengeed either winding coil or large external magnetic field
to achieve the tunable featu@onsidering the high ME coupling ME laminate two ME
transformerswere developed by epoxy bonding Metglas witaAnsverselffongitudinally
poled piezoelectriceramic transformer The influence ofdifferent operation modstoward
magnetoelectric tunability waanalyzed.In addressing the concern tife epoxy bonding
interface a cefired ME transformemwith uniquepiezoelectrictransformer/magnetostrictive
layer/piezoelectric transformer trilayer structure was desighlee design and development
strategy of thin film ME transformer wagliscussedto illustrate the potential for ME
transformeminiaturizationand onchip integraton.

Lastly, motivated bythe increasing demand of energy harvesting (EH) sysieswgpport
selfpowered sensor nodes in structural health monitoring systemmagnetoelectric

composite based energy harvester was develdpeddevelopment and design concept of the



magnetoelectric energy harvesteras systematically discussedn particular, the first
dualphase selbiased ME energy harvester was designed whichsicanltaneoushharness
both vibration and stray magnetic fie(H,) in the absence of DC magnetic fieldrain
distributionof the EHwassimulated using the finite element model (FEM) at the first three
resonance frequencieddditionally, the potential ofransferringthis simple EH structure
into MEMS scalable components wasentioned These results providesignificant

advancement toward high energy density multimode energy harvesting system.
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1. Introduction

1.1 Multiferroic & Magnetoelectric materials

Multiferroic (MF) magnetoelectric (ME) materials have attracted great interest due to
their technologicalmportancein various applicationsuch asnagnetic field sensors, filter,
transformer, information storagkevices and energy harvestéts.general, ferroic materials,
including ferroelectric, ferromagnetic, and ferroelastic materials etc., exhibit Higstere
behaviorbetweenphysical parameterénagnetizationM, polarizationP, strain ) and their
conjugate externastimuli (magnetic fidd H, electric field E, external stressi).? The term
fimultiferroicd is used for the materials having more than one ferroic orders in a single’phase
The multiferroic coupling allows tuning of two or mopéysicalparameters under external
stimuli, as shown irFigure 1.1(a).? Out of various interesting phenomenon, one of the most
appealing property of the multiferroic is the magnetoelectric coupling, which results in
magnetoelectricityas shown ifFigure1.1(b).* It is a product property of piezoelectricity and
magnetoelasticity, where a largariationin spontaneoupolarizationcan be obtained under
external magnetic field or a change in magnetizatimm lse obtained by applying electric
field. Themagnitude of ME coupling in naturalbccurringsingle phase compounds (BiFgO
Cr,0s, YMnOs) is extremelysmall at room temperaturé’ Therefore, to obtain largeviE
coupling at room temperature, ME compasiteonsisting of magnetostrictive and
piezoelectric materialbave been developeth ME composites, the magnefield-induced
strain (magnetostriction) in magnetostrictive phaseassferredo piezoelectric component

through elastic coupling, and consequently gaingg electrical charges and vice versa.



(a) Multiferroic

Ferroelectric

Ferromagnetic

Magnetically Electrically
Polarizable Polarizable

Magnetoelectric

Figure 1.1 (a) The elationship betweemultiferroic and magnetoelectrimaterials.Notice
that only small group of materials are both multiferroic and magnetoelg@tyi§chematic
diagramillustrating different physical relationships present farroic materials (Adapted

from [*])



Based upon thexternal stimulithis magnetoelectric interacti@anbedescribed a$

Direct magnetoelectric (DME) effect (1-1)

Converse Magnetoelectric (CME) effect (1-2)

In DME effect, theME coupling coefficient ischaracterizedy the ratio of appliedAC
magnetic field Ha) and inducedAC electric field Eag) | —. In CME effect, itis
described adield conversion ratio between applied AC electric field and induced AC
magnetic field, ——. This coupling is tightly related to thetrinsic properties of each
constituentsand the effectiveness of elastic coupling between the two. Efforts have been
addressed tenhanceghe ME voltagecoefficientthrough various materials combination and

configurations.



1.2 Magnetoelectric composite

Magnetoelegic composite can be realized through the interactions betweethe
magnetostrictive and piezoelectric materfahe transfer of magnetic field induced strain
(magnetostriction) from the magnetostrictive phase to the piezoelectric phase occurs through
the elastic couplingPrior research on ME materiathiowsthat composites exhibit much
higher magnitude of ME coédient than singleohase materiafs®® In addition, the design
and syntlesis of ME composites offer more flexibility in ceftectiveness and freedom in
meeting the shape and size constraints. In the past decade, ME composites with diverse set of
materia] connectiviy and microstructure have been developed through a vadéty

processing techniqués®**2
1.2.1 Classification

In general, ME composites can be categorized into different groups bpaeghase
connectivity, materials selection, operation mode ymdhesisnethod, as listed imablel1.1.
Connectivity is a critical parameter in composites and was described first for
piezoelectric composite structure proposed by Newnégai!® The connectivity in general
can be giverbywﬁ} where n is number of phasesrf two phase system, there are ten

types of connectivity, as showningure 1.2



Table1-1 Classification of magnetoelectric composites

Characterization Classes
Applied input DME CME
Connectivity 0-3 2-2
Operation mode L-T/T-L T-T
Material All ceramics CeramieMetal PolymerMetal
Synthesis Bonding Co-fired Thin/Thick film
* 7 o
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Figure 1.2 Different types of connectiwtof the two phase composite systeReprinedwith

permission fromf], Copyright 1978Elsevier.



Corsidering the phase connectivitywo-phase ME composite system typically
classified into three common groups as shown inFigure 13: (i) 0-3 type particulate
composite, where the first number denotes the magnetic phase (0 dimension particles)
embedded in the matrix of piezoelectric phase (3 dimension),-Zijype laminate, where
the layerby-layer architecture consists of alternate magnetic and piezoelectric phase, and (iii)
1-3 type cylindemimatrix composite, where nano/mierads of magnetic phase are embedded
in the piezoelectric matrix.The 2-2 type ME laminatestructures preserve the physical
characteristics of individual phases, minimize the interfacial damping, and exhibit negligible
leakage, thereby resuig in higher ME coupling. A sandwich type configuration with two
distinct phases ia commonly utilizedstructure in this categofyThe 1-3 type composites
were mainly explored at the micro and nanoscale where they can be easily synthesized
through the selissembly proces$.The 2-2 type laminates have been widely investigated
due to the ease of fabrication and design flexibifitifithe most common configurations for
the 2-2 type laminates are magnetostrictive/piezoelectric (MP) bilayer structure and

magnetostrictive/ piezoelectric/magostrictive (MPM)trilayer structure.
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Figure 1.3 Schematic diagram of ME composites with three different connectivity:-ga) 0
type particulate composite, (b)2type laminate composite, and (¢B lype cylindemmatrix

composite.

(a) L-L mode (b) T-L mode
|/fM

=7 ‘=

(¢) L-T mode (d) T-T mode

—_

—r . tPﬁ?

Figure1.4 Schematic illustration dflE composite witifour basic operation mode(a) L-L;

(b) T-L; (c) L-T; (d) T-T. M represent magnetization direction, P represent polarization

direction.



Badng on different combination of poling and magnetization direction, we can identify
four basic operation modeas L-T/T-L, T-T, L-L, where the first letter represents
magnetization orientation, the second letter denotes polarization direfitiorstands for
longitudinal, andiTo for transverseas shown irFFigure 14. All these modes can be easily
realized by fabricating structures through epoxy bonding of layers with different
magnetization/poling conditions. Both theoretical calculation and experirdentenstrated
that the magnitude of ME voltage coefficient for laminates follows the order
(L-L)>(L-T/T-L)>(T-T).® Generally, the ME voltage coefficient of-lL mode structures

nearly an order of magnitude higher than those -af type laminate$® This is due to the

efficient stress transferd{z>2d;; si nc e Poi ssonds rati o i s S

piezoelectric layer is longitudinally poled. Thenall value of (FT) mode isa result of the
demagnetization effect of the magnetostricitive phase. It is also important to mention here
that other more complex modes such as composites in form of bimorph, unimorph, ring, and
cylindrical structure have also ben developedas alternativechoices towards designing

suitableenergyharvestes.'®* "%

1.2.2 Materials selection

A suitable seletion of piezoelectric and magnetostrictive materials is an essential step
towards high performance ME composit8rinivasanet al. have proposed the variation of
ME coefficient with piezoelectric coefficient, piezomagnetic coefficient and elastic
compliarce of piezoelectric and magnetostrictive materials. Faitype laminate composites,

the ME coefficient are given d8:

ma



10 | i -0 i i -0 cQ 0

(1-3)
10 cQn o
10 i i -0 i i -0 cQ 0

(1-4)

where Ex and Hx are vector components of the electric and magnetic fieldenotes the
volume; §; is an compliance coefficientdy is a piezoelectric coefficientp is a
piezomagnetic coefficientl,i s an permi tti vity. The supersc
magnetostrictive and piezoelectric phase respectiv€lgarly, the piezoelectric phase
(Q i A h )and magnetostrictive phase (M H H ) play an important roleoward

large magnetoelectric response.
1.2.2.1 Piezoelectric materials

Generally,for piezoelectricmaterials high piezoelectric voltageonstant(g=d/(, low
dielectric and piezoelectric losses are desikesl.shown in Table 1.2, there are multiple
groups of piezoelectric materisgdsich agandom ceramics, textured ceramics, single crystals
and polymerswhere ds3 is the longitudinal piezoelectric constands; is the transverse
piezoelectric constant(y is the relative dielectric constantkss is the longitudinal
electromechanical coupling coefficient, ahds the Curie temperatureSelection depends on
compositeprocessing techniques such as mixed oxide ceramic processingrebsing,

lamination, cefiring, injection molding and extrusion.



Tablel-2 List of typical piezoelectric material

%8,20,21

Materials dss(pC/N) dsa(pC/N)  ((1kHz) ka3 T(°C)
BaTiO; 190 -78 1700 0.49 120
PZT-5 400 -175 1750 0.72 360
Random APCB855
630 -276 3300 0.76 250
ceramics (soft PZT)
APC 840
290 -125 1250 0.72 325
(hardPZT)
Textured  NBT-BT 322 0.57 90
ceramics PMN-PZT 1100 2310 0.84ky) 204
Single
PMN-PZT 1530 4850 0.93 211
crystal
Polymer PVDF -28 6 0.2() 170
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One of thefirst ME composite wasdevelopedby using BaTiQ (BTO) as the
piezoelectric phse* To further enhance the ME coupling, Pb(Zr, B)QPZT) based
compositions have replaced BTO as the piezoelectric gbasts larger electromechanical
coefficients. With the developmeof relaxorbased single crystals such as Ph{gRtb,/3)Osl
PbTiO; (PZN-PT) and Pb(MgsNbys)Os1 PbTIO; (PMN-PT), the performance of ME
composite can be dramatically enhanced based on theirhidtraelectromechanical
properties (d35>2000 pC/N andks3>92%)° However, the low Curie temperature and high
cost hinder their application for ME composites. In addressing this challenge, alternative
strategy of texturing ceramiasas proposed. Yan et al. have demonstrated template grain
growth (TGQ technique that yields microsctructure with <001> preferred grain orientation
resulting in highd and g value comparable to that of single crystal By utilizing this
textured ceramics as the piezoelectric layer in the ME composites, a 3.4 times improvement
of Uue was realized as compared to that of random cerahitsadfree random and
textured ceramics was alsoconsidered for fabricating ME composit8€ther than these
ceramic materials, polymeric piezoelectric compositions such awipgigdene difluoride

(PVDF) have been utilized for developing highly flexible ME deviéés.

1.2.2.2 Magnetostrictive materials

Magnetostrictivematerialsare defined as materials thatdergo a change in shape due
to the variation of the magnetization stateunder external magnetic fieldSimilar to
ferroelectric, the mechanism of magnetostriction cameltetedto the motion of magnetic

domains. The magnetic domains are randomly orientetially, leading to a

11



zeronetmagnetization. However, upon applicationtloé magnetic field thesedomains can
be reorented along the direction dhe appliedexternal magnetidield, giving rise to a
dimension change, as illustrdten Figure 15. The material deformation can be quantified
throughmagnetostrictiong) coefficientwith saturation valuesg). Table1.3 provides a list of
commonly used magnetostrictive materfalsME composites.

Among the magnetostrictive materidisted in Table 1.3, ferrites have large electrical
resistance in compiaonto themetal/alloy magnetic materials but snealinagnetostriction.
Ferritesare widely used in eprocessing with piezoelectric ceramics due to their stability
under high temperatur&lagnetic alloy TerfeneD exhibitslargemagnetostriction (1400ppm)
with small permeability(y 10). TerfenotD is suitable for high performance MEminatebut
requireslarge DC magnetic bias to reach tbaturation magnetostriction. Metglafas
extremely highrelative permeability of >10000 arfdgh piezomagnetic coefficient) but
requires low processing temperaturbketglasbased ME laminatesequire extremelysmall
Hpias>2*. Both of these mtarials are quite attractive magnetostrictive phase for the

fabrication of ME laminate composites.

12
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Figurel.5 Schematic of magnetic domain rotation.

Table1-3 List of typical magnetostrictive materials.

Materials as (ppm)
Fe;04 40
Ceramic NiFeO4 -26
CoFe04 -110
Fe -9
Metal Co -62
Ni -33
TerfenolD (Thy«xDy«Fe&) 1400
Alloy Galfenol (FeGa) 200

Metglas (Fe:Sis.sB13.5C2) 40
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1.2.3 Synthesis of ME composite

A variety of synthesis techniques have been usedfabricating ME composites,

includingepoxybonding,co-firing, thick film printing and thin film deposition.

1.2.3.1 Epoxy bonding

Epoxy bonding iswidely usedfor synthesizingME laminatesbecause ofits eay
fabricationprocessand low cat® Since this process does not require high temperature, most
of the material combinations are suitable. Epoxy bonding reduces the misfit strain at the
interface arisingoy the thermal expansion mismatch between the diftel@yers. It also
eliminates the atomic intaliffusion and/or chemical reaction between the layers. Tihus,
offersgreat design flexibility than conventional ceramic processing techniques. However, the
epoxy layer with low mechanical strength dangp#me generated strain, indwceoise floor
and therefore limitthe ME respons&. Further, manual fabrication process presents another

challenge in implementation of industrial manufactufitfg.

1.2.3.2 Co-firing

To optimize the ME interface couplinglirect bonding that completely excludes the
epoxy in the composités necessaryCo-firing technique not only enhancehe elastic
coupling between phases, but attamaticallydecrease the cost due to its compatityi
with industrialproductionprocesghat commonly used for multilayeapacitors Considering
the materials characterization,-iong of piezoelectric ceramics and ferromagnetic ceramics

process is developéd?®® However, itis extremely challengip as a result othe large
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difference in shrinkageates and thermal expansion mismadatong different phases

1.2.3.3 Thin film deposition

It has been widely accepted that strong interfacial bontetgveen two phases are
requiredfor a large ME response. However, either the loechanicalstrength from the
epoxy bonding or thepossibility of interdiffusion during the high temperature -iong
process may limit the bonding between the two phases. More importantly, these twdsmetho
result in another issue that the large sample size may limit iitsplementation for
MEMS-scalefunctional MEdevices. In addressing these issues, thin film deposition method
hasbeenwidely employed irthe developmenof ME compositest®'**3° Nanostructure thin
film composites including @ type particular films, 2 type layered heterostucturesd1-3
type vertical heterostructures have beéevestigated using either physical vapor deposition
(PVD) methods (pulsed laser deposition, sputtering, molecular beam epitaxial) or chemical
vapor deposition (CVD) methods (sg¢l spin coating, metadrganic chemical vapor
deposition). By optimizing thdeposition parameters and materials selection, ME composite
thin films with coherent interfaces exhibitingarious nanostructures were developed by

precise control of the lattice mismatch and thickness between the two pHases.

1.2.3.3 Thick film printing

For practical applicatias) such asensors or energy harvesting sysetne size effect
limits the signal of ME voltage outpugyen though large ME coupling can be achieved in the
thin film compositesFor a film atL0O0nm scale, the real Mizoltage detected from the films

11
l.

might be negligibly smalbn the ordeof pV level.”~ Therefore, to enhance the voltage output
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of the ME films, thick films amicronscale are highly@manded. Ryet al. demonstrated an
efficient method for fabricating thick films using aerosol deposition (B5).Piezoelectric

and magnetostrictive narpowders were sprayed gubstrate through high pressure gas flow

at room temperature. A high print rate with the magnitude of several microns/min can
therefore be obtained. Compmes films with various material phaseshickness and
configuration can also be easily printed on afieeramic substrates with high density and

good interfacial bonding strength®>**

1.2.4 Conventional ME composites: Bulk and thin film

1.2.4.1 Particulate ME composite

0-3 type particulate composs#ieas illustrate in Figure 1.3(a), can be fabricated by the
combination of particulate magnetostrictive phasemogeneouslydispersed in the
piezoelectric matrix.In order to achieve significant ME performance,the synthesis
requiremerg can be summarizeds: (i) thermal and chemicagquilibrium of individual
phasesat the synthesis temperatur@i) small elasticmismatch betweerthe grains of
individual phases(iii) high dielectric insulation and resistivigf the overall compositeand
(iv) large magnetostriction and piezoelectric eecf the composite The effect of
composition, geometry, siting processand grain sizewas studiedandit was shown that
magnetoelectric couplingan be improvedrom 26 mV/cm.Oe to more thad00 mV/cm.Oe
by optimizing these parameters. This magnitisd@uch higher than that of single phase ME
materialé®>. However, themagnitude of ME coupling was still lower than theoretical

predictionfor these type of the elastically coupled systefss is believedto be related to
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the high leakagecurrent through ferromagnetic particf&s Therefore controlling leakage
currentin 0-3 particulate compositebelps in achiewng superior ME couplingthrough

sintering

1.24.2 Laminate ME Composite

2-2 type ME laminates structigecan overcome the leakage problemreserve the
physical characteristics of individual phases, minimize the interfacial damping and thus
provide larger ME coupling.A sandwichtype configuration with two distinct phases is
commonly used structure in this categdPyezoelectric and magnetostive phases an be
bonded together by using epoxy resincould beco-firedto form the multilayer laminates.

By selectingpropercompodgtion, piezoelectric vibration modesnpagnetic field orientation
and optimizd dimensios, one can obtaitigh ME coefficient(100~1000mV/cm.Oe) To
exemplify, pushpull mode ME laminates consisting of PMA fibers and Metglas were
found to exhibit gianME coefficient of 52 V/cm.Oeat 1kHz under optimal DC magnetic

bias 8 Oewhich enabld detection of extremely low magnetic figda the order ol pT?°

1.24.3Cylinder-Matrix ME composite

1-3 composites have been mainly explored at the micro andstat® wherehey can
be easily sgthesized through the selssembly processes. At bulk scald ¢domposites can
be fabricated througlhe dice-andfill procedure but have limitationwith respect tothe
aspect ratioof the rods®® To overcome this limitationanotherprocesshas beenproposed
wherePZT rodis embedded in a Terfen@l/epoxy mixture(TDE).>” The experimerst have

demonstrated that the coupling between the PZT rod and TDE medium can generate much
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larger ME response (18.2 V/cm.Oe & kHz at 1.5 kOe) thamhe other thregphase

composite reporteih literature at the time of publishing this result

1.24.4 Nanostructured compositethin films

In comparison to bullfME composite with various connectivity as discussed epthe
nanostructured thin filncomposits provide potential for enhanced ME couplidge to the
possibility of higher irterlayer interactiod®® Motivated by the on-chip integration of
magnetoelectric componennanostructured composites of ferroelectric and magnetic oxides
have beensynthesizedon lattice matching substrates with varying orientation and
connectivity. The commonly experimented geometries are bilayers, heterostructures,
selfassembled structulseand nanowireOne early example of nanostructured composite is
the 13 vertical heterostructureeported by Zhenget al. where arrays of magnetic CFO
nanopillars were embedded in a ferroelectric BTO matfix In that work, it was
demonstraté that the selassembled composites can poss&mge ferroeletric and
ferromagnetic responsehowever ME coupling in such structures is debatable
Nanocompositehin films have been exploreda variety of synthesis techniques including
physical deposition techniques (e.g. pulsed laser deposition, sputtetiegjical solution
processing (seyel spircoating)and chemical vapor depositioHowever, theME response
of the nanostructure still remains a challergel-3 type structure, high leakage current due
to continuous path of low resistance ferrite pdlamitsthe ME response. In-2 type layered
geometry, the ME coupling was dramatically affected by clamping effect from the substrate.

Owing to theg challenges, it has bedifficult to detect a significant ME charge frothese
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nanostructuresnbirectmeasurement methodsbeenproposed by measuring the change of

magnetization at Curie temperature, as showrFigure 1.6.3° This finding opens the

possibility that ME coefficient might be measureduitra-thin multiferroic composite thin

films.
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Figure 1.6 Magnetization versus temperature curve measured at H=100 Oe, which shows a

distinct drop in magnetization at the ferroelectric Curie temperature for the vertically

selfassembled nanostructure (red curve); the multilayered nanostructure (black cunse) show

negligible change in magnetizatioReprined with permission from{*%], Copyright 2004,

AAAS.
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1.3 Characterization of magnetoelectric coupling

It can be seen from the above discussion thapdissibilities arenumeroudor designing
magnetoelectric compositématerials,connectivity operation moe, synthesis method and
so on).To betterunderstandhese composites, investigation of thewrking behaviorwould
be important in illustratinghe effect ofspecificvariables associated with the performance. In
the following section the characteristicbehavior of some representativeonventimal

magnetoelectric compositesdescribed

1.3.1 DC magnetic field dependent respons@ME vs Hgc)

In magnetoelectric composgethe measured direct magnetoelectric coupling coefficient

is the field conversion ratio between appliggt and induced=a. underHge, Une= Ead Hiac
In general, under a constant AC magnetic field, the ME cougladficientfirst increass
with increasingHqc, reaching a maximum at an optimized DC bidg,f), and then decreases
with further increasingHq.. This peak behavior in response to varylg can be further
explained byusing therelationshipas given belov°

| S~ — —s —, (1-5
whereSis the mechanical strainl is the mechanical stres§) is the electric displacemenE
is the electric field, andH is the magnetic field. Since the first past the above expressios
anonmagnetic factor, one cap-write Eq. (1:5) as:

&= — 1t6)

which indicatesthat the ME coefficient isdirectly related to the nature of ferromagnetic

phase & magnetostrictiong: piezomagnetic coefficient) and the effectiveness of elastic
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coupling between the two phases. The dependendgezain q indicates theequiremenfor
additional Hge. In summary, typical behavior of tHee, a g and their relationship as a
function ofHq4c can be illustraté as shown irFigure1.7.

From the above discussion, opoan clearly notice that the ME couplirpefficient
essentially tracks theariation of g, which is proportional to the rate of change an
Depending orthe optimum magnetic DC bias, ME composites can exhibit maximum ME
coefficient. Therefore, basd upon the composition and shape of ferromagnetic phase, one
can tune the magnitude of optimubC bias ranging from 5 Oe to 6.8 k&¥*! Each of
these ME composites hasffdrent ME behavior due tehe difference in coercive field,
permeability and magnetizatioifihe volume fraction of magnetostrictive phase also affect

the ME characteincludingHypias
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1.3.2 AC frequency dependent responséME vs f5()

Another important phenomenon of the ME composite is the ME coupling as a function of
applied AC magnetic fieldME vs fa). Whenan AC magnetic field is applied at frequency
corresponding to electromechanical resonance (EMR) for the piezoelectric phase or
ferromagnetic resonance (FMR) for the magnetic phase in the ME composite, the ME voltage
coefficientshows a peak behavior with thegnitude increased by a factor of up to 16¢%
Bichurin et al. proposed a theoretical model fdayer NFGPZT laminates, whiclshowed
40 times increase inayess at electromechanical resonance compared to that of
off-resonancé? Similar theories have been developed for the ME effect at ferromagnetic and
magnetoacoustic resonance in the compo$if¥<Cho et al. analyzed the direantd converse
magnetoelectric effect in laminate composites and found that DME is maximifzgdhale
the CME is maximized at, as shown inFigure 1.8.*° This phenomenon can Harther
explained by using piezoelectric constitutiggquationsand combining it with frequency
dependencapaitance of piezoelectric layer.

Generally for application of ME composite in EMR range, the fundamental resonance
frequency can be tuned by the length of taminates(l) where the first longitudinal
resonancés given asf =1/(21 " ) (4 is thelaminatedensity,s;; is the elastic compliance
of the lamirate)® However, for practical use of the composites at low frequency, the
corresponding composite dimension would grehibitively large. Therefore, a model was
developed for bilayer ME composite working at bewgdimode, which shows enhanced

coupling at low frequency in a unimorph configuratforlternative approaches which

utilize unique laminate configurationshave beenproposed to achieve low resonance
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frequency within limited size of the componentdJsing these approaches, resonance

enhancement of the ME coefficient has been achieved in the frequency range of 100Hz, using

cm-long laminates.
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Figure 1.8 Impedance, capacitance and M@&tage coefficientas a function AC frequency.

Reprinedwith permission from*], Copyright 2011, AlIfPPublishing LLC.
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1.3.3 Configuration effect (ME vs Configuration)

It is known that ME response agunction of DCmagneticfield is tightly related with
the nature of magnetostrictive materials. Thus, there are lostudfeson shapes (disk,
cylinder, plate, toroid, sphere, and so on) and sizes (numbers of layers, layer thickness, length
and width) of the magnetostrictiveaterial® It is widely accepted that ME compositgth
rectangular shape havinligrge length/width aspect ratio, small thickness and optimized
volume ratio will generate higin ME voltage coefficienf. To betterunderstandhis ME vs.
configuration relationship the sizeinduced demagnetization effect was taken into
consideration. For ferromagnetmaterials, the demagnetization field is directly proportional
to demagnetization factoN§), Hi=MNy (M is the magnetization), wheid is dependent on
the dimension and geometry. Thus, the internal effective magneticHigfdi$ the magnetic
phase can be written &%s=HpiasHg, WhereHyiss is the induced external magnetic field.
Therefore, in order to achieve same magnitudel@f one needs to apply largelgias when
Hq is larger and viceversa®® Furthermore, this can also be-oelated with the magnetic flux
concentrationBe¢) in magnetic phase:

Bett = €o(Hef*M) = €o(HbiastM)- €0MNg, (1-7)

where a smallelNy resuls in a strongerBe. It is also noticedthat high magnetic flux
concentration in magnetic phase has positive effect on the magnetoelectric response of ME
laminates’’*® Thus someesearcheruse the enlarged magnetic layerbtmostthe effective

magnetic flux densitalongthe piezo/magnetic interface for larger ME coefficient.
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1.3.4 Seli-biased ME effect

Considering theeomposiion gradient and geometrgne can tune the optimum DC bias
to as low as several Oe. However, it is stikcessy to use permanent magnet or
electromagneto provideDC magnetic bigswhich in turn hinders their implementation on
thick or thin film platform. Thus, a novel desigs desired if oneneeds todevelopa ME
composite with large tunablédye in the absence of DC magnetic fiekhis will pave the way
for on-chip devices utilizing magnetoelectric phenomenon such as energy harvesters, AC
magnetic field sensors and hifrequency circuit components.

In order toaddresghe requiremenfor DC magnetic sourcesfforts to reducélpias have
been emphasize®Researcheraereable to tune the magnitude of optimum DC bias ranging
from 6.8 kOe to 50e by optimizing the composition and geometfy magnetostrictive
phase:**** However, the requirementfor the DC bias stillhindess their implementatiorin
miniaturizeddevices. The selibiased effect could be an effective answer to this isss&
result magnetoelectric composites with large +z@mo aye in the absence of DC magnetic
field, namelyfSelftbiased ME effed, have been developed in variat@nfigurationsusing
different strategy Figure 1.9 illustrates the schematic of sdifased ME compositem
comparisorto that ofconventional MEcomposites

The highlights in the development of sblased ME composites can be summarized in
Figure 1.10 Observation of selbiased ME effect was first reported by Srinivasan et al. in
2002 asthey found hysteresis and remeace ofaye as a function ofHyias in cofired
LSMO-PZT laminate$® Similar behavior was also found in other lamindfedowever, this

phenomenon did not attract ntuattention in the following decade and most of the efforts
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were focused on optimizing materials, structures and working mode to enhance

voltage coefficient and sensitivity’

the ME
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Figurel1.9 Schematic of conventional ME effect behavior and-Bel§ed ME behavior.
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In 2010, Mandal et al. demonstratedcampositionally graded ferriteZT laminate
structure which produced nemro ME voltage at zero DC magnetic biasThey first
correlated this nozero ME behavior with the presence of flexural deformation and grading
induced ouf-plane intenal magnetic field in the ferrite. Subsequently, Yang et al. presented
a methodology that regular ME laminate composites can possessasell ME response by
changing vibration mode through electrical connectfdroon after that, Srinivasan et al.
systematically investigatethe hysteresis and remanence in magnetoeleobedficient in
functionally graded magnetostrictiezoelectric layered compositesnd proposed a
theoretical model for the sefiased graded composit¥s>** In their work, Yang et al. first
analytically studied the ledlee based selbiased laminates and proposed an electrically
controlled coreree magnetic flux conbl devices by using the sdifased converse
magnetoelectric effe¢t>>>® Meanwhile, #ernativeapproaches have been suggested for the
case of thin films that rely on the angular dependence of exchange bias field from a
multicomponent magnetic system to provide a-mero piezomagnetic coefficient at zero
bias>"°®

This discovery is technically important for applications such as magnetic field sensor
corefree magnetic flux control deviseand electrically controlled magnetic memory
devices:***®° However, practical implementation of these streeinto MEMS scale devices
is difficult due tothe complex synthesis process of heterogeneous graded structure. Further,
the selfbiased effect due tohe magnetization grading induced build field lacks the
feasibility for tunability. Thus, even thoughhese structures are intriguing their

implementation for realization of echip components and tunable devices will be limited.
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1.4 Applications

Several promising applications have been studletiteratureincluding magnetic field
sensos, transformerstunable devices, filters, oscillators, memory devices, energy haiwyester

etc Amongthese threeapplicationsvere focus of this study and are briefly described below.

1.4.1 Magnetic sensos

As the variation of magnetoelectric voltage coefficient is dependtethieanagnetic field
input, thus bymonitoiing the change of ME voltage output, one can detect the change of
either AC magnetic field or DC magnetic hidfe working mechanism can be explained as
follows: on application ofa magnetic fieldon the compositea strain will be induced and
transferred to piezoelectric phase resultingiproportional charg&he input magnetic field
on ME composite consists of an AC magnetic field with a DC magnetic bthsr Bf these
two can be detected by ptiding the other componenthus,one can uséhe ME composite
as AODC magnetic field senséf®* By selecting high performance piezoelectdad
magnetostrictive materials armbmbiningthem with a suitable structuré, is possibleto

detect small magnetic fiedchs low as about pTat a frequency of only several K.

1.4.2 Transformersand tunable devices

ME transformes have important application as voltagain devices. High voltage gain
has been reported in ME laminates consisting of Terfdhaand PZT6%®® The working
mechanismcan be described as followingn AC magnetic field is induced in the ME

laminate through a solenoid with n tumsappedaround the laminate. Wén thisAC field is
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at the resonance frequency of the laminates, a giant magnetoelectric voltage output can be
obtained through ME coupling effect, offering potential for high voltage miniature
transformer applicatiorME transformer hathe advantage of high voltage gain amiter
working bandwidth tharthe conventional piezoelectric transformer and does not require
secondary coils with a higturn ratio tharthe conventional electromagnetic transformer.

ME composites have the potential as dual electric and magnetic fielolduhevices.
For example in the case oME transformer, induced strain in the magnetic layer is tightly
related to theppliedmagnetic field Sincethe magnetic field is coupled to the piezoelectric
layer, change of magnetic field can lead to a largie ishthe working resonance and voltage
output, preiding the basis for a magnefiield-tunable devicé®. On the other hand,
mechanical stress in the piezoelectric lapeluced bythe appliedelectric field is coupled to
the ferritelayer which in returnprovidesshift in the magnitude of generatadagnetic field,

thereby workingas arelectricfield-tunable devic®.

1.4.3 Energy harvesting system

Magnetoelectrics can be used to generate power from stray mageldtio tan industrial
environment An oscillating magnetic field present in the surroundingndtistrial facilities
like large induction motor will induce an AC stress on the piezoelectric layer through
magnetostriction. This stress can be further converted into electric charge through direct
piezoelectric effegtacting as a magnetic field energgrvesterMagnetoelectrics can also be
used to convert vibration energy into electricity though piezoelectric layer, acting as a

dualphase energy harvester which can simultaneously capture energy from mechanical
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vibration and stray magnetic fie?This duaiphase harvester is expected to enhance energy

collection and conversion efficiency.

1.5Chapter summary

Although ME composites have been investigdit@dseveral decadedhdre arestill
several fundamental challenges in realizatiorhigh performance MEcomposites and
functional devicesThe performance of MHEunctional devicess tightly relatedto the
materials selection, structure, processing method, operatotg size effect andther
dynamic parametersTable 1-4 summarizeda list of factors to be considered in the
developmentof ME compositesand devices, includingan overview of the features,
challengesas well aghe suggested fabricationethods Comprehensiveinderstanding of
these factors provideguidancetowards the design of high performance magnetoelectric

composites and devices
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Table1-4 List of factors to be considered in the design of magnetoelectric energy harvester

Design factors Features Challenges Realization
Piezoelectric Appropriate
Materials Uve
Magnetostrictive combination
Epoxybonding Low coupling Cofiring
Synthesis
Thin film deposition Low power Thick film printing
Hoias Self-biased ME
ME vsHgc
Narrow bandwidth Wideband
fr Low frequency
Characterizations ME vsfac
Narrow bandwidth Broadband
\Volume ratio Demagnetization
ME vs Configuration
Size effect Thin film device
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2. Motivation, Objective and Plan of research

Magnetoelectriomaterials posseghe capability of inducing electat polarization by
applied magnetic field, and/or magnetization variation applied electric field, which
provides great potentiafor development of multifunctional devicel order tofulfill this
potential the focus in this thesis waon understandinghe science of magnetoelectric
behavior and applyhis understanding to develop novel functional devi¢ég objective of
this research is to design, synthesize and characterize magnetoelectric composites with
enhancedfunctional performance, understand their structpreperty relationship, and
developfunctional devices based othe ME compositesSpecifically, the following topics
arecovered in thehapterf this thesis

(1) Bulk magnetoelectriccomposites

For ME bulk structurg great potential still exist§ one can further increase the ME
couplingby (a) overconing the requiremenbf magnetic DC biggb) expandhg the working
bandwidthin terms of magnetic field responsed (c) modifying the interfacial contas of
the composites
(a) Eliminatingthe reed for DC biasPrevious investigations have found that ME composites
consisting of magnetostrictive and piezoelectric phases have maximum ME voltage
coefficient undeapplied AC magnetic field witbptimum DC magnetic biasddowever, the
requirementof DC magnetic source (permanent magnet or coil) hinders their way ®ward
device miniaturizationand onchip application.Thus, it would beextremelybeneficial if a

large ME voltage coefficient can be achievedhe absence of DC biagith a simple ME

33



laminate structureln this thesis bilayer Ni/PZT laminatewas investigatedthat exhibits
selfbiased phenomenon in-depth understanding of the selfised effect of Nbased
laminatewas developefly conducting systematic experiments and numericaketimagl This
novel phenomenon opeigseatpossibility in developing next generation energy harvesting
systems, portable magnetic field sensors and ME composite basbgpatevices.

(b) Increasing the working bandwidthBoth experimental and theoretical calculation
demonstrateé peak ME coupling coefficient in response to varying DC magnetic field under a
constant AC magnetic field@hus, yon slight variations of the appliétl., the magnitude of

Uve may decrease dramadity, leading to an unstabME responseln addressing this issue,

a stable ME response with respect to varying DC magnetic bias was demonstrated in
geometry gradient selfiased ME composites. The ME respon$¢he gradient composites
wasfound to be ahost independent ¢4 in the range of 0~260 Oe, which is almost 6.5~38
timeslargerthan that of conventional ME composites. This is significant advancement in the
field of ME composite®pening the pathways for high stability ME applications.

(c) Improving ME coupling It is well-known thatlarge ME coupling in bulk ME composite

is desired for practical device applications. Most of piner studieshave utilizedepoxy
bondingto achieve laminate structyrevhich hasthe drawback ofeducedstrain transfer.
Co-fired structurs provide the opportunityof interfacialengineeringo obtain the optimum
strain transfer from two phases. However, phases with dissimilar crystal sttubemeal
expansion coefficienand inter-diffusion during high temperature sintering hinders the
development of cdired ME compositesln this study, auitableprocessvas developethat

is able to overcoméhese challengeand provide fundamental understanding of-beked
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phenomenomi cofired laminateswith singlephase magnetic material.

(2) Magnetoelectric nanostructures

ME nanostructures ainiateresting butt is difficult to control the grath of desired ME
nanostructure morphologyith goodcoupling In this thesisiwo aspectsvere addresseda)
controled growth of nanostructureand (b) manipulaing the nanocomposite interface
modulate the piezoelectric and ME characteristics
(a) Controlled growth of nanostructureTo better understand the growth of hetenattired
ME thin film composite, it is necessary to study the microstructural changes (nucleation &
growth, effect of crystal orientation) for piezoelectramd magnetostrictivephases.
Specifically, piezoelectric materials are importainice theygenerate chargein the ME
composite. It is welknown that piezoelectric properties depend on the polarization
distribution of individual domains, which is affected the nanostructure, grain size and
orientation. Synthesis of nanoscale strudwech as nangillar, nancbelt and statike
morphology has the potential towarsl achieving better compatibility or improved
performanceBaTiOz;was chosen as an archetypedel piezoelectric systenin parallel to
pulsed laser deposition (PLD hybrid deposition method wdsveloped to control the film
growth orientation via a prdeposited welbrdered buffer layer. Thin film nanocomposites
(CFO/PZT) of highly texturedrystallizationand weltordered multiorientation arrays were
used for furthescanning probe microscogyudies.
(b) Manipulation of thenanocomposite interfacefhe 22 type sandwichME composites
with selected high performance piezoelectric/magnetostrictive compositions are known to

exhibit high magnetoelectric response.e€ffve elastic coupling throughoherent interfaces
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has been considered to be an important factor resulting in enhanced magnetoelectric response.
Accordingly, in thisthesis investigationof the nanocomposite interfacgas conducted
throughcomparative analyses of HRTEM and electridada that explains the origin of high

ME response in -2 type ME nanocomposite3he depositedfilm endure large inplane
constraint fromthe substrate hindering further improvemenh the magnitude othe ME

coupling. In order toeducethe limitation of clamping effect, a complex thveienensional

ME composite was developed taderstandhe potential othe highly anisotropic structure
synthesized by a hybrid deposition process.

(3) Magnetoelectrictunable transformers

Most of thepublished work orME applicationshas focused on sensors with enhanced
coupling effect.However,there has been limited work in the areafufy functional ME
devices. Consideringthe magnetic/electric field controlled polarization ME materials it is
interestingto studythe tunabilityfeature.Therefore, differentypes of ME transformers were
developed in this thesis that exhibited good frequency tunability under external DC magnetic
field and they were arranged from three different aspéa}€Epoy bonded ME transformer;

(b) Cofired ME transformer; (c) Thin film ME transformer.

(a) Epoxy bonded ME transformeConsidering the working mode of ME composites,
two ME transformer structures were synthesized by epoxy bonding magnetostrictive
materialswith the unipoled/longtype piezoelectric transforman a laminate configuration
The ME transformer consists of transversely poled piezoelectric transformer working under
longitudinal DC magnetic field Hy) was first investigated namely LT mode ME

transformerA tunable feature was observeadhe magnitude of the voltage gain amorking
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resonancdrequency with applied external magnetic fiettbwever, theequirement of large
Hgqc with low tunability presentsanother concernAlternatively, an attemptvas madeat
bonding the Metglas with Bpngitudinally poled piezoelectric transformer. In this structure,
the strain transfer is more efficient under longitudid@l leading to a dramatic enhancement
in the frequency tunabilitgt low magnetic bias.

(b) Cofired ME transformer Although the epoxy bonded ME transformer exhibited
good ME coupling and magnetic field induced tunablity, the bonding operation and low
mechanical strength of the epoxy layerstill a concern. In ordeoteliminate the need of
using epoxy, a novedtructureconsisting of tv unipoled piezoelectric trarsmers and a
magnetostrictive layer was synthesized using temperatureco-firing ceramic technique
(LTCC) in a laminate configuratiorlhis costeffective composite with excellent magnetic
tunablity feature opens thpossibility of developing ofchip miniaturizedME transformers.

(c) Thin film ME transformerTo meet therequirementof device miniaturization the
development of thin film NE transformer wasxplored A simple ME transformer consisting
of a layer of magnetostrictive material deposited in the center of aointype unipoled
piezoelectric thin film transformer was designed. Alternatively, a new magnetostrictive
substrate basl ME thin filmtransformemas proposed and briefly discussed.

(4) Magnetoelectricenergy harvester

Advances in integrated circuits, sensors, and actuators have led to decreased power
consumption to a point wherenergy harvesting (EH) systent&n be used to supply
sufficient power to these circuits and wireless devi&secifically, in a structural health

monitoring systemthere is an increasingterest indevelopingselfpowered sensor nodes
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with smart architecturehat utilize all the environmentalresourcesavailableto meet the
dynamicpowerrequirementUnused power can be tapped fremvironmentin the form of
structural vibrations (including strain and acceleratianyl magnetic fieldavailable from
industrial machines, transportation vehicles, human actatybuildings Energy harvesting
systems can be broadly classified based on the voltage generation mechanism such as
piezoelectric, electromagnetic, magnetoelectric, dielectric elast@nérslectrets.

Among them, ragnetoelectric energy harvestirsga relatively new conceptith limited
number of investigations on quantifying the variety of harvester architectures. The voltage
can be induced in a magnetoelectric composite through exteamghetic and vibrations
Various devices and structures around us generate stray magnetic fields as a result of the
components inherent to their operation. In addition, magnetoelectric energy harvester can be
made to work as a vibration energy harvesiareate an additive voltage effelet.thisthesis
a detailed study was conducted on itignetoelectrienergy harvesterA novel ®lf-biased
ME energy harvestethat generatevoltage in the absee of DC biasis proposed and
discussed imletail. Principles behind thdesign to harvest energy from mechanical vibrations
and magnetidields individually or simultaneouslgreillustrated This dualphase ME energy
harvester design not only dramatically enhanced the power density of the current ME EH
systems, but also providegreat potential towardmplementing MEMS-scalable energy

harvesters.

38



3. Bulk Magnetoelectric composite

ME materials provide opportunity towards developing new applications such as tunable
transformers, filters, resonators, ataatphase energy harvestéf€.Prior research on ME
materials has shown that bulk piezoelectric/magnetostrictive composites exhibit much
stronger response than singlease materialdn the past decadéulk ME composites with
various connectivity and structures have been developed in order to improwdEthe
coefficient and sensitivity® These experimental investigations have been complimented by
the theoretical modeling which has led to the understandingeofdle of various matial
and structural parameter

However there arestill several challenges of conventional ME compositesch have
not been addressed, including (igedof optimized DC bias for high ME coupling; (2)
narrowworking bandwidth around the optimal magnetic DC baami(3) limited ME voltage
coefficient ugng epoxy bonding techniques.

In this chapterin addressing thesghallengesl! will discuss the working principle of the
tunable seHlbiased magnetoelectric composites, illustrate their application towarelatear
ME response in terms of DC bias and demonsteatecfiring method to enhance the

interfacial coupling between corigive phases.
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3.1Tunable seltbiased ME composite in homogenouaminatest

In direct ME effect, the measured coupling coefficient is the field conversion ratio
between the applied AC magnetic fieltl,) and the induced AC electric fieldEL),
Uve= &ad Hlae Which is directly related to effectiveness of elastic coupling between two
phases and piezomagnetic coefficiegtdgldH, & magnetostriction)of magnetostrictive
phase. The dependencelhi on g indicates the requirement for additional DC magnetis bi
(Hpia9.** Depending upon the composition and shape of magnetostrictive phase, one can tune
the magnitude of optimum DC bias ranging from 5 Oe to 6.8 kt5&' However, these
composites then require permanent magnet or coil as DC magnetic bias source, which hinders
their implementation on thick or thin film platform. In tleection a homogenous twphase
magnetostrictive (ferromagnetipjezoelectric compositstructurewith a large tunablelye
in the absence of DC magnetic fieddhs presened This structure opens the possibility for

designing MEMSscalable energy harvesting components.

3.1.1Experimental

0.8[Pb(Zp52Ti0.49O3]-0.2[Pb(Zn,3Nby/3) O3] + 2 mol%MnGO, (PMT) were synthesized by
conventional mixed oxide method and shaped into plates of dimensi6AQLB mni. After
poling, 0.15mmt hi ck Met gl as sheet (4 | ay®ror sl,ay2e6065 DA
0.15mmthick Ni foil (McMaster -Carr, USA) with different lateral dimension were
laminated on the PMT plate by using epoxy resin (West System, USA) to form the bilayer

laminates. The ME effect was measured i inode (longitudinally magnetized and

*Reprintedwith permission from“f], Copyright 2012, AIP Publishing LLC.
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transversely poled) configuration with sample located in the center of the Helmholtagpoil (
which itself was locatd in the center of large electromagréif. The induced voltage was
monitored using a loekh amplifier. The magnetization of the ferromagnetic layer was
measured by using vibrating sample magnetometer (VSM 7340, Lake Shore Cryotronics).
The magnetic dmain structure was observed by magnetic force microscopy (Dimension Icon
AFM, Bruker) in the tappindift mode. Magnetostriction was measured by using the strain
gauge and Wheatstone bridge. Impedance spectrum of the laminate was measured by an LCR

meter HP4194A, USA).

3.12 Working Mechanism of Seltbiased ME behavior

The magnetoelectric properties of theMT and Metglad®MT bilayer laminatesvas
first characterizeas a function of DC magnetic fieldy. at 1 kHz withH,=10e, as shown in
Figure3.1. The Uye of MetglasPMT bilayer structure shows nduysteretic cyclic response
as a function oHgy., with maximum occurringt 68 Oe Most of the ferromagnetic materials
exhibit zero piezomagnetic coefficient whelye = 0 and consequently negligiblge nea
zero bias. In comparisoit, is noticed that théJye of Ni-PMT bilayer shows a hysteretic
behavior duringHy. sweep (anticlockwise direction), with a large response of ~#3.3 mV
cm* Oe* at zero DC magnetic bias, ~72.5% of its maximiya value (87.3 m\em* Oe?).
It should be further noted here that this laminate system does not have magnetic gradient
structure Considering the intrinsic relationship fope of composites s— — —s —,
where first part is nomagnetic factorone can derive ©® — — 1. The effectivea

was estimatedy integratingUye with respect to thély. as shown in the inset &igure 3.1.
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MetglasPMT shows symmetrica-behavior with respect tblyc while the tendency od-for
Ni-PMT was asymmetric. Thus, the hysteretic behavior is related to the nature of

magnetostrictive materials.

42



L —— Ni-PMT
190 - — Metglas-PMT
4b]
O 100
5
S 50
E 0
5
g -0
=
L -100 |
&) Hzc=10e y 1 T 1y
Ww -150 | -300-150 0 150 300
s - @ 1kHz 2 %00
] I [ 1 ’ ']
-300 -150 0 150 300

Magnetic field (Oe)

Figure3.1 ME coefficients|( ) of Ni-PMT and Metgla®®MT bilayer laminates asinction
of DC magnetic field Kl4). Inset shows integral values of ME coefficient with respect to

magnetic field.
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In order to further elucidate the reason for-bédfsed hysteretic behavior, magnetization
(M) of Ni and Metglasveremeasureds a function oHgc in longitudinal direction (irplane)
as shown irFigure 32(a). The hysteretic behavior of magnetization for Ni in the range of
1300 Oe can be immediately noticed in comparison with Metglas. This phenomenon could be
attributed to the ltange in the structure of magnetic domains in both materials. Magnetic
force microscopy (MFM) was conducted on Ni and Metglas surface to understand the
differences in magnetic domain structure as shown in inset imdggure 3.2(a). Nanosized
striped domains in Metglas can be easily aligned in the direction of appliédléi exhibiting
small coercive field and high reversibility. The absence of grain boundary in amorphous
metglas contributes towards the lower coercive field. However, nickel foil wasl fmun
possess macrosized domains with long range ordering which resulted in larger coercive field
than that of Metglas. Once the magnetic domains were reoriented, it required higher field to
achieve the random state resulting in larger hysteresis in theetieion curve. This
difference in the hysteretic behavior originating from the differences in the crystallinity and
domain structure is reflected in the magnetization respdimse.magnetization behaviean

bealso correlaté with magnetostriction tlmugh the relation given a&°°

3/ s
(K+20M?) o /-~ M? F1)

j ~
whereli is the angle of magnetic momenisand( are the anisotropy constant and stress,
respectively. As shown ifigure 3.2(b), M*H curves indicate that there was no obvious
hysteresis inMetglas, while large hysteresis occurs in Ni. Usiguation 8-1), and

considering © i A _JAOQ, the relationship of © A) FTAO can be obtained

Hence, the magnitude dk) TAO can be used to predict the behavior of ME composites
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with respect to applied magnetic field.was found that the A 7A'O -H behavior of
Metglas and Ni based laminates matched well with experimental data shéwguiia3.1

Note thatFigure 3.2(b) shows only the qualitative nature of effectigeq behavior of
magnetostrictive layer and not quantitative values. Theretasebelieveal that difference

in the domain and microstructure of Metglas and Ni as observed by MFM and resultant
different behavior ofd -H and A) FAO -H behavior are the origin of the sdliased

ME response. Based on this hypothesis, thglane magneistriction gy;) wasmeasured

as a function of applieHq. It can be clearly seen frofigure 3.2(c) that the behavior of

/11 was similar to that oM*H curve. Using/1; curves, theg; curveswere calculatedas
shown inFigure 3.2(d). These measurements confirmed that Ni has hysteretic behavior in

comparison to Metglas.
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Figure 3.2 (a) Magnetizatiormagnetic field ¥-H) responselnset showsnagnetic domain
images on the surface ofMetglas and Ni scanned by MEM(b) square
magnetizatiormagnetic field K1>-H) and differential of square magnetizatioragnetic field
[(dM?dH)-H]; (c) DC magnetic fieldHly) dependence of the magnetostriction)( (d) DC

magnetic field Hqyc) dependencef piezomagnetic coefficientsy) for Ni and Metglas.
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3.14 Geometry and Demagnetization effect

From the point of view of functional ME devices, it is important to control the
magnitude of selbiased ME voltage coefficient. Thus, investigated the effect of
geometry on tunability of selfiased response. Firstly, N layers (1, 2, 4) of Ni sheets with
same dimension (32 0.15mn7) were laminated on to the PMT plates. As shown in
Figure 3.3(a), the variation inaye exhibited similar tend as function oHgcunder varying
thickness ratiotgy). In all casesave shows hysteretic loop with anticlockwise direction
sweep. The values of increasifigld maximum(ay;) and decreasinfjield maximum &)
with thicker Ni layer were notably higher than that for thinner ones, while also requiring
larger magnetic biases (increasiiigjd optimum,H1 and decreasinfield optimum,H2).

The magnitude of selfiased pointdyo) slightly decreases as thicknessaancreases as
shown inFigure3.3(c). The maximum selbiased ME response was achievetat 0.5.
Next, we fixed the thickness ratio ta$,=0.5 and varied the lateral dimension as shown in
Figure 3.3(b). It can be seen in this figure that the magnitudeagf-4, increased
dramatically as lateral ratioL{,) increased from 0.5 to 2. Notably, a giant 4®ifs
coefficient @no/anz) of 97% was achieved &t,,=2, compared to 34.4% and 72.5% at
Lmp=0.5 and 1, as shown Figure3.3(d). The hysteresis loop was tilted towardi¥is as
the optimum magnetic biasdil and H2) decreased. Based upon these resaltg,can
obtain and tune the sdias coefficient by selecting suitable magnetic phase pridper

geometry and dimension.
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Figure3.3 (a) ME voltage coefficient ( ) of Ni-PMT laminates with varied thickness ratio;
(b) ME voltage coefficient ( ) of Ni-PMT laminates with varied laterdlmension; (c) ME
voltage coefficient values of sdifiased point(ayo), increasdield maximum(ayi, H1),
decreasdield maximum &u,, H2) and seHbias coefficientdyo/ ay2) as function of thickness
ratio; (d) ME voltage coefficient values stlftbiased poin#yg), increasdield maximum
(a1, H1), decreasdield maximum @42, H2) and seHbias coefficient &0/ an2) as function

of lateral dimension.
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The ME response of NPMT laminate can be explained by taking into account the
constitutive piezoelectric and piezomagnetic behavior. Figure of merit for the ME

composite in LT mode is given a’

Wp — : %2)
where Ex and Hy are vector components of the electric and magnetic fieid,the volume
fraction of magnetic phasa= "v/(Pv+"V), v denotes the volumeg;; is piezomagnetic
coefficient, gz1 is piezoelectric voltage coefficieng; is compliance coefficient, ank; is
el ectromechanical coupling coefficient.
magnetostrictive and piezoelectric phase respectively. This relationship clearly reflects the
important role of material parameters of piezoelectric phgge Y ) and magnetostrictive
phase @;1, Y ) towards achieving large magnetoelectric response. At specific bias magnetic
field, the magnitude of piezomagnetic coefficient is fixed. For a given piezoelectric phase, the
ME voltage coefficient in the laminated coagite is mainly determined by the magnetic
phase ration, aye$ n. By fixing the piezoelectric layer dimensions, as we increase the
magnetic phase thickness ratio or lateral dimension, the volumennailbincrease. In this
study, for volume ratio of lesthan ~0.67, the maximurave (aq1 and a;2) increased with
increasingn at an optimum bias field, which is consistent with the prediction based upon
Equation 8-2). However under zerbias conditionjt is found that the value odve (ano)
decreased with increasing thickness ratio, which is contradictory to the prediction by
Equation 8-2). Moreover, there are some questiong-igure 3.3 that need to addressed
listed here: (i) For same magnetic phase volume ratio, valy under zerebias condition

shows different value and tendency as a function of thickness and lateral dimension? and (ii)
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Why Hpias shifts back and forth as a function of sample shape and size?

To better explain above questions and the tunable natuedf-diased ME response,
the sizeinduced demagnetization effect was taken into consider&tibor ferromagnetic
materials, the demagnetization field is directly proportional to demagnetization fislgtor (
Hs=MNy (M is the magnetization), wheidy is dependent on the dimension and geometry.
Thus, the internal effective magnetic fieldef) in the magnetic phase can be written as:

0 0 0, X3)

whereHyiasis the induced external magnetic field. For a finite,-spherical ferromagnet, a
good approximation tblg can be found from the general ellipsoid solution of OsBorn

0 ooa I tg o o P, %4)
wherel is length,w is width andt is thicknessFigure 3.4(a) shows the variation dfiyas a
function of magnetic phase ratio. Clearly, a smdNgwill result in a lowerHy, and thus a
more effectiveHew. Therefore, in order to achieve same magnituddegf oneneedto apply
largerHpiaswhenHgy is larger and vicerersa, which is also compatible with experimental data
shown in Figure 3.3(c) and 3.3(d). However, it is difficult to determine how the
magnetization of a material varies with the external magnetic field due to shape/location
induced arsotropy. Therefore using=quation 3-3 and considering the magnetization
relationshipB=go(H+M), the effective magnetic induction can be found as:

Bett = €0(Hefr*M) = €o(HpiastM)- £0MNg, $5)
Again, it can be seen that a smalgmwill result in a strongeBes. Further, it has been shown
that high magnetic flux concentration in magnetic phase has positive effect on the

magnetoelectric response of ME laminaf&¥. Thus, thee should be correlation between the
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tunable feature of selfiased ME response and the variation of magnetic flux concentration
of magnetic phase with geometry.

To find this correlation, finite element simulation using ANSYS multiphysics (version
14) was onducted for Ni sheets with dimensions similar to those used in the experiments.
The magnetostatic modeling assumed the nickel is in air and has relative permeability of 600
and coercive force (in the axial length direction) of 0.7"0A. parallel flux boundary
condition was applig around the magnet. For each simulation, the magnet was meshed
between 10,000 100,000 points and the simulations were within 0.01% accuFagyre
3.4(b) shows that laminates with thicker magnetic phase sheet possess weaker magnetic
induction, which will further result in decrease in ME coupling. The laminates with longer
magnetic phase sheets produced a much stronger magnetic induction as shogurein
3.4(c), and a resultant large increase in ME coupling. By using the results shdwguia
3.4(b)and3.4(c), | can further compute line scans of the magnitude of magnetic flux density
along the axial centdine of the Ni sheets with different geometryRigure 3.4(d), which is
also compatible with the results obtained frigure 3.4(a) and Equation3-5. These results
match well with the experimental datakigure 3.3 and imply that tunable selfiased ME
effect was obtained due to magnetic flux concentration variation occurring due to

sizeinduced demagnetization effect.
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Figure 3.4 (a) Demagnetization factaariation as function of sample thickness/lateral ratio;

(b) In-plane magnetic field strength along the center plane of Ni sheets for variation in

thickness, with fixed ifplane size, in response to zero DC bias field, as simulated by ANSYS;

(c) In-plane nagnetic field strength along the center plane of Ni sheets for variation in length,

with fixed thickness, in response to zero DC bias field; (d) Line scan traces of magnetic flux

density along the axial centerline of Ni for variation in thickness andHengt
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3.16 ResonanceEnhanced ME response

To achieve the best ME performance, working at electromechanical resonance of
piezoelectric phase is necessHrfherebre, | investigated the frequency dependence of
self-biased ME response in optimized-RMT laminate (m=2). Figure 3.5(a) shows the
impedance spectrum and ME response under variiggcondition. The frequency
dependence oéye shows resonance peaks corresponding to bending modes. It can be
noticed that even though there is Hg, selfbiased ME response follows the same trend
and has similar magnitude of voltage coefficient as to that of sample in biased conditions.
Figure 3.5(b) shows the effect of magnetic field strengthd under zero biasHy=0 Oe)
condition at different frequency. Linear increase in ME voltage was observed with
increasing AC voltage on Helmholtz col4). Further increase in the linear slope was
achieved by working at resonant modlae aye values of 585.7 mV cthOe* at 15.5 kHz
and 91.2 mV cit Oe® at 1 kHz given by the slope matcheell with the measured value
in Figure 35(a) These results illusate that under zero DC bias condition, high ME

response can be sustained in homogenous ME laminates.
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Figure 3.5 (a) Impedance and phase spectrum and its ME voltage coefficient as function of
applied ACfrequency; (b) Source freéd§=0 Oe) ME voltage output of NPMT laminate

measured at 1kHz and 15.5kHz under various applied AC voltage on Helmholtdgoil (

54



The magnitude of the ME coefficient can be further increased by developing the
flexural resonat structure mounted in cantilever configuratidn.fabricated a ME
composite operating in-L mode consisting of a MFC (dimension34® mnf, Model:
M-4010P1, Smart Material Corp., USA) and 1 layer of Gm&rthick Ni foil with
dimension of 8910 mnf. The ME effect was measured inLLmode configuration and the
result is shown irFigure 3.6. The Uye of Ni-MFC bilayer shows a hysteretic behavior
during Hqc sweep (anticlockwise direction) with a large response of ~1254 ni\Mae at
zero DC magnetic bias, ~90.8% of its maximlie value (1381 mV cil Oe?). Please
note that these measurements were conducted-reshance condition at 1 kHz.

In conclusionof this section the homogenous twphase ferromagnetigiezoelectric
laminate Ni/PMT compositevas demonstrated &xhibit a large selfbiased ME responsé
tunable sehlbiased responseas achievedh bilayer composite structure with homogeneous

ferromagnetic layer which has great advantage in integration with M&ddle dees.
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3.2Near-flat self-biased ME response in geometry gradient composites

In generalunder a constargppliedAC magnetic field, the ME couplingoefficient (ye)
shows a peak behaviorin response to varyind@C bias (Hpia9. The DC magnetic field
dependence is due to the piezomagnetic coefficient variation as a functigpn ®he peak
behavior presents a challenge as shghiationsin the magnitude ofhe appliedHpias could
result in significant modulation ithe magnitude of thé&l,e. Thus, fomthe practical point of
view two issuesrelated to theeonventional ME compositeehavior should be resolve(l)

The requirementof Hpias imposes limitation in the fabricatioand miniaturizationof the
electronic components, an@) The peak behavior limits th@perating range around the
optimal magnetic DC biasThese two issues should be addressed in order to open the
application space for the ME composités.this section, a selfiased ME compositethat

exhibitflat and stable response over a wide rangaadneticDC biaswas demonstrated

3.2.1 Geomdry gradient ME composite design

The first questionthat needs to be answered i#low to controlthe magnitude of
optimum DC bias andiltimately createthe self-biasedmagnetoelectric respongeth the
previous sectionmy study hasrevealed that by selecting Ni #se ferromagnetic phase, a
selfbiased magnetoelectric respons&n beobtained due tats nonzero piezomagnetic
coefficient under the low field coriion®®. Therefore, nickelwas selectedas the
magnetostrictive phase this study For adjustingthe selfbiased ME response,wasfound

that high magnetic flux concentrationtire magneic phase has positive efféé® By

*Reprinedwith permission fromf], Copyright 2014, AIP Publishing LLC.
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considering thenfluenceof demagnetization effecthe effective magnetic flux density can
beexpressedsa*®

0 0 0 0 0 “ 00 (3-6)
whereHegs is the internal effective magnetic field and camoitten as:

© ©° O 0O 00, (3-7)

M is the magnetizatioriasis the applied external magnetic fieldy is the demagnetization
field proportional tothe demagnetization factolN(g). The demagnetization d¢eorfor afinite
non-spherical ferromagnetas foundto bedependent oits geomety.” Thus,onecan tune
the magnitude othe self-biased ME response byodifying the B-field distributionthrough
the variationn geometry of the ferromagnetic phabeorder to achievéhe same magnitude
of Hetr, ONeneeddo apply largeHpiaswhenHy/Nq is larger and viceversa.

The magnetic fluxdensitydistribution of Niwas estimate by a nagnetostaticsimulation
using the finite element mod€éFEM, ANSYS MAXWELL 15.0). Ni plate with different
thickness 0.2, 0.4, 0.6nm) but same planar dimension 26x5 mn? and differeniiength
(I=5, 10, 20mm) but same crossection dimension 06x0.2 mn¥ were used in this
simulation. In this model, all Ni plates were placed inthe air and assiged relative
permeability of 600 andoercive field force (in the axial length direction) of 0.7
approximate the real behavior of the Nimagnetostatic insulating boundary condition was
appliedto the Ni. Ineachcase thenickel was meshed with a maximum element mesh size of
10C mand tesimulations wereompletedwithin 1% accuracyFigure3.7 (a) and (bshow
the simulated magnetic flux density distribution along Ni plates as function of thickness and

length One can clearly notice that thickerickel exhibits weaker magnetic inductiohe
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increase in length of thidi resulted inenhancemenh the magnitude omagnetic induction.
These results led us to the assumption that by designingmposite withseparateNi
sections igeometric gradientonfiguration one can manipulate tiself-biasedME response
through combination of the outpiibm separateectiors of the composite.

Two different geometry gradientunimorph configurationswas first designed and
fabricated[Thickness gradient composite (TGC) and Length gradient compdsBE)|
based on treesimulations as shown irFigure3.7(c) and (d) In Figure3.7(c), a Ni foil with
thicknessof 0.2 mmwas first machined into a  structure with three beams of satateral
dimension (285 mn¥). Next, | stackeddifferent number ofNi layerson each sectiorio
achievea gradient thickness d¥.2, 0.4 and 0.6 mmA different configuration shownni
Figure 3.7 (d) referred as LGCconsists ofa 0.2 mm thick Ni length gradientarchitet¢ure
with three beamin variouslateral dimension (85, 10x5, 20x5 mnf). All of the beams were
separaté by a bridge oflimension5x5x0.2 mn¥. The contour plots illustrate the magnitude
of magnetic flux density distribution along the gradient structdim@ansversely poled
piezoelectric plate{PSF5A4E, Piezo Systemyith dimensionof 10x5x0.2 mni were
attachedn the center okachbeam using epoxy (West System, US#th curing at room
temperature for 24 hoytdn both TGC and LGCthe piezoelectric plates weedectrically
connected inparllel. The ME voltage coefficient was measured by applying the DC
magnetic field Hqc) longitudinally with the sample placed in the center of the Helmholtz coil
under an AC magnetic fieldHg). ME voltage induced on the laminate was monitored using
lock-in amplifier, and the strength of thi. was monitored using Gauss meter (F. W. BELL,

Model 6010.

59



(2)

Top view (7 * w : 20mmxSmm)

(b)

Top view ( w#* 7 : Smmx0.2mm)

. 2.085<10° )
1.962x10°
1.839«10° =0.2mm
1.716x10°
1.593410° ) ( I=5Smm
1.469x10
1.346x10° #=0.4mm
1.223x10°
1.100x10 ?
BT =0.6mm [=20mm
(c) i ilf'ckness gradient (d) /’N‘ Length gradient
BT BuT)
9.700x10? b Y 4 4750410 ,
8.737x10°  =02mm | ! 4.231x10° [=20mm
7.775x10° 3.712x10
6.812x102 3.194x102
5.85010 2.675x10 =10mm
4:887.10" Fcmomm 21156:10] o
3.925410 1.637x10
2.962x10° 1.119xlo§
2000<10°  =0.6mm | 0.600x10 /=5mm

Figure 3.7 FEM simulation datdor in-plane magnetic flux density distribution along the Ni

plateswith (a) variation in thicknessand(b) variation in length. Schematdiagramof the

geometry gradient magnetoelectric laminatiepicting (c) a thickness gradient composite

with three beamef different thicknessand(d) a length gradient composite withékrbeams

of differentlength The insetcontourplots showthe correspondingimulatedmagnetic field

strength distributiomsingANSYS MAXWELL.



3.2.2 ME coupling characterization

Figure3.8(@) and(b) showthe MEvoltagecoefficient of the thickness and length gradient
compositesas function ofHgc with H,=10e atl kHz For comparisonthe ME coefficient
from each Ni/PZT sectiowasalso measuredeparatelyln all cases, the magnitude dfie
shows hystettec behavior during Hge sweep, in agreement with prior study on
Ni-piezoelectric laminaté$ Large sekbiased ME responsflio) was obtained with the
magnitude of ~183nV cmi* Oe* (TGC) and ~86 mV ciOe* (LGC) respectivelyThe ME
bandwidth ( H) of the composite is defined as the DC magnetic bias difference between the
lower and upper half power points (3 dB) where the ME coeffi¢ciaatdropped by a factor
of 1/Wi¢ or 0.707. Benefit from the seffiased hysteretic behavior, both for TGC
( H=97.50¢ and LGC ( H=137.30g¢, is illustrated in terms of the larger bandwidth than
the conventional ME composite H=6.908*". It should be noted thatTGC and LGC
exhibitedreduced MEcoefficientin compaisonto the response frorthe individual sectios
in the compositedue to thechargeredistribution occurring from the parallel electrical
connection.

Figure 3.8 (c) and (d) summarize he individual ME responses from separate sections of
the compositeFrom these results, several important observations can be madéir(tigr
or longer Niplate possessdarger magnetic flux density2) Laminates with strongeB-field
exhibit notably higher selbiased ME coefficien{Uyo/Uvax) While requiring loweHyias (3)

The magnitude oblyax increasesiramatically as the magnethasevolume ratio increase
(4) Magnitude of mndividual response from separate sediof the composite plays an

important role towarsldetermining the total ME response.
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3.2.3 Optimization of geometry gradient composite

Guided by these resultsredesigned the dimensional gradient compdsitéinga larger
geometryseparationto generatea broadband responsé this new designreferred to as
complex gradient composite (CGQG one shortand thick beam(10x5x0.6 mni) was
connected witha long and thin beam 20x5x0.2 mnf) as shown inFigure 3.9a). Large
variation of magnetic flux density was realized in each section of the JBE ME
coefficient of the compositdemonstrated large setbiased effectdyo/amax=0.72), as shown
in Figure 3.9b). The ME response of CGC is combined behavior of the two sections. The
individual peaks corresponding to each section were brought in vicinity of each other by
modulating the geometrmesulting ina flat response as function Bfy.. This result clearly

demorstrates thewideband setbiased magnetoelectric respons€@Cs
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Figure 3.9 (a) Schematialiagramand the simulated magnetic flux density distribution of the
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gradient composite asfunction of DC magnetic field undét,=10eat 1kHz.
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Next, | investigated theffectof AC magnetidield frequency andC magneticfield bias
on the ME responseFigure 3.10@) shows the ME coefficient of each section the CGC
The first peak (139nV cmi’ Oe® @ Hyiae 30 Oe)and the seconpeak(120 mV cmit Oe* @
Hpias= 10 Oe) were associatewith the large and smalbeam componentof the CGC
respectively.The combined responsaf the structure exhibited a large bandwidth-8600e
which is almost 38 times of the conventional Metglas/PZT caitgdd Figure 3.1Qb) shows
the ME coefficientat low frequency(10 Hz), off-resonance frequency Hz) andat the
resonancérequency (4.4%Hz) as a function oHy.. The wideband ME behavior was found
to occur at all thefrequencieswith enhanced ME coefficienfThe Uyax was improved
exhibitingthe magnitude of 0.2¢ cm™ Oe* and 5.35V cm* Oe* at 10 Hz and 4.49 kHz. To
investigate the stability of selfiased ME response, measured the ME coefficient as
function of frequency under variotiy= 0, 30, 159 Oe, as shownkingure 3.10(c). All the
ME responses folloed the similar trend and hd similar range ofUye (~6 V cmi' Oe?) at
~4.49 kHz, even without externdl.. Theexcellentstability of the selbiased ME response
in this design offerssignificant advantage towasddeveloping magnetoelectric energy
harveser*'’ that canscavenge the magnetic fiekhergyregardless of the ambiehtyc. It
should be noted that prior research on the magnetoelectric harvesteevdaled that the
requiremendf Hyiasis problematictowards high powerdensity®®’®. The structure can also be
used todetect the external,. by monitoring the variation of ME voltage based on the
conversion ratio between the tvparameter,sDWE: UEad W In Figure 3.10d), | measured
the ME voltage output as function of appliedc under wide range dflyc from 00Oe to 2600e.

Linear increase in ME voltage output was observed under vadgusith similar slo as
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the applied AC voltagavas variedn the Helmholtz coil, indicating a small variation tfe
regardless ofthe magnitude ofexternal Hq.. This resultsuggests a great potential of

implementing thistructureinto a high stability/sensitivity AC magnetic field sensor
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Table 3.1 lists the ME properties of various ME composites, including conventional
Metglas/PZT laminates {®IE)**® wideband ME laimate (WME)’’, cofired ME
composite (Cdired)’®, seltbiased ME composite {gE)*® and gemetry gradient ME
composites TGC, LGC, and CG(Q. The effectivewidebandquality factor of theME
laminatecan be expressed @= H/Hpias Wherelarge Q factor with lowHpissand high H
is desired. Following conclusion can be drawn from this tdth)eCompared to conventional
ME composits, giant H with the magnitude 0261.30e was achieved in complex gradient
composite which is 650%3800% higher (2) All the seltbiased ME compositesxhibiteda
higher magnitude o) compared taconventional ME composites, indicating either a much
wider bandwidth or a loweHias (3) Geometry gradient structure dramatically enharibe
bandwidth of ME compositelhus, the combination of sdliased ME effect and geometry
gradient structure notnty helpsin eliminating the need for DC magnetic bias, but more
importantlyenhancethe ME response stability in a wide range of DC bias.

In conclusion of this sectignl designedand fabricateda seriesof geometry gradient
Ni/PZT compositesThe desigrwas able tgprovidea wideband selbiasedME responseBy
optimizing the structural and geometrical parameters of the ferromagnetic phase,
significantly flat and stableselfbiased ME response over a wid®C magnetic bias
( H=261.3 Og was demonstratedThis widebandbehavior provides great advanceent
towards development othe high stability/sensitivity magnetoelectric energy harvester and

AC magnetic field sensor.

68



Table3-1 Magnetoelectriproperties of various ME composste

Sample Hbias H Q= W @ w To
[Oe] [Oe] H/ Hpias [MV/cm.Oe] [mV/cm.Oe]

c-Mg“Y 5 6.9 1.4 ~0 22 10° ~0
c-ME!® 69.0 39.7 0.6 ~0 154.66 ~0
w-MEL 220 ~122 0.6 ~0 88 ~0
Co-fired’? 3.0 33.9 11.3 1316.4 1347.1 0.98
sMEM“8 15.5 89.0 5.7 1254.0 1381.2 0.91
TGC 37.0 97.5 2.6 183.4 290.7 0.63
LGC 22.4 137.3 6.1 86.0 114.6 0.75

CGC 30.1 261.3 8.7 99.4 139.0 0.72
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3.3 Giant self-biased ME coupling in coefired textured layered composite$

Gaint magnetoelectric (GME) effect has been reported in a variety of
magnetostrictivgpiezoelectric laminate composites consisting of ferrite, TerfBnohand
Metglas as magnetostrictive phase and Pb(ZraT{(RZT) and Pb(MgsNby3)Os-PbTiO;
(PMN-PT) as fezoelectric phas&®*"%® |n these composites, the measured ME coefficient
was found to be directly related to the effectiveness of elastic cgugdlithe interface of two
phases. The widely used method for synthesis of laminate composites is bonding of
magnetostrictive layer (such as Metglas, Terfddplnd piezoelectric layer (such as PZT,
PMN-PT) using epoxy resin. This method limits the misfrain at the interface arising due
to thermal expansion mismatch between the layers and atomic interdiffusion and/or chemical
reaction between the layers. However, the epoxy layer is much softer than both
magnetostrictive alloy and ferroelectric cerammal @ahus it will dampen the generated strain
resulting in loss of efficiencyFurthermore, high cost of raw materials (large dimension
PMN-PT single crystal fibers) and manual fabrication process (polishing on the order of 200
pm followed by lamination) preents challenge in implementation at commercial scale.
Therefore, in order tancreasethe ME effect while keeping the cost down, materials with
large magnetostrictiveand piezoelectric coefficient isdemonstratedin a co-fired

configuration

*Reprintedwith permission fromf], Copyright 208, AIP Publishing LLC.
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Ag electrode

Textured PMN-PT

Figure3.11 Schematic diagrams of different types of layered ME composite structures.
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3.3.1 Synthesis Cefired ME composites

Figure 3.11 presend the schematiconfiguration of theco-fired magnetostrictive/
piezoelectric/ magnetostrictive (M/P/M) laminatestructure with Ag inner electrode.
Compositions  corresponding to  Pb(Mdby3)0s-32.5PbTiIQ  [PMN-PT] and
(Nio.eCuw 2ZNng 2)Fe,03 [NCZF] were used as piezoetac and magnetostrictive materials
respectively. Low relative permittivity <001> BT mieor y s t=alBswere Belected as
templatesExperimental detailevas detailed listed below.

PMN-PT powders and NCZF powders were synthesized by the conventioxed
oxide method using reagegtade raw materials of 2Pb@®b(OH), MgNb,Os, Nb,Os,
TiO,, NiO, CuO, ZnO, and E©s, respectively. After mixing and drying, the mixture was
calcined at 750C for 2 h. Calcined powders were ball milled again for 24 reddrand
sieved. For tape casting, the slurry was prepared by mixing-PWMkhatrix powder with 55
wt% organic binder (Ferro 73225, Vista, CA) in 45% toluene/ethanol solvent and ball milling
for 24 hours. Then %0l1% BaTiG; (BT) templates were dispersed irite slurry and mixed
by magnetic stirring for 24 hours. Excess toluene was removed by evaporation until the slurry
reached a solid content of 80 %. The slurry was then poured in to the reservoir of tape caster
and casted through the doctor blade with gdp300 pm on siliconecoated Mylar
(polyethylene terephthalate) carrier film. The casted slurry was dried at room temperature.
NCZF green tapes and random PN green tapes were fabricated in the same way as
textured PMNPT tape without adding BT templat8ix layer of random/textured PMRT
or NCZF green tapes were stacked and laminated using a uniaxial hot presSCato80

achieve a single thick piezoelectric or magnetostrictive layer. A commercial silver paste
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(9770, DuPont, NC, USA) was screen printed top of the piezoelectric layer using 325
mesh stainless steel screen resulting in dried electrode layer with thickness of 10~20 yun. The
printed patterns were dried at room temperature for 10 minutes and then dried@tfab0
another 10 minutes. Therinted tape was diced, stacked and laminated atC3@inder
pressure of 20 MPa for 15 min. The laminated green tapes were heated © 4@h a
heating rate of 0.8C min™, held for 2 hours to burn the organic binder and then sintered at
930°C for 4 hours in air. The sintered multilayer textured samples were terminated using low
temperature silver ink and then cured at 30@or 30 minutes. The specimens were poled by
applying DC field of 40 kV cl for 15 min.

The asfabricatedsample wereplaced in the center of the Helmholtz coil (alternating
magnetic fieldHac) which was located at the center of electromagnet (DC biased magnetic
field, Hpc). ME voltage coefficient of the laminate was measured at 1HidZ1 Oe) under
variousHpc usinga lockin amplifier. The inducedP under an applied magnetic field was
monitored by using a ferroelectric tester (Radiant: Precision Premier Il, ¥SMe
measurement system based upon modified Sawgerer technige that allows direct
measurement of th behaviour corresponding to the appliddThe sample was placed in
the center of a Helmholtz coil which excitelc from the DRIVE output of the tester. The
output from the sample was connected to the RETURN inpuhe ferroelectric tester.
Magnetostriction for NCZF was measured by using the strain gauge and Wheatstone Bridge.
The magnetization of the composite was measured by using vibrating sample magnetometer

(VSM).
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3.3.2 Microstructure and chemical stability

Figure 3.12(a) shows the optical image of dwed NCZF/TextureePMN-PT/NCZF
(abbreviated as-Gl/T/N) laminate composite synthesized at 980for 4 h with dimensions
16 x 4 x 0.4 mnt. Cofiring of piezoelectric ceramic layer, Ag metal electrode layer and
ferrite ceramic layer is extremely challenging due to the large difference in shrinkage rates
and thermal expansion mismatch. By using fine PRINmatrix powder and by adjusting the
ratio of sintering aid (Cu) content in NZF as described in the experimssetion, we
sucessfully cdired the multilayer compositeFigure 3.12(b) shows the crossectional
scanning electron microscopy (SEM) images el//N composite. There was no trace of
delamination or micr@rack and the thickness of textured PNANI piezoelectric layer and
NCZF magnetoelectric layer was similar. The interfaaei@mic diffusion and/or chemical
reactions occuring during the sintering process at high temperature was found to be negligble.
Energy dispersive spectroscopy (EDS) line scanning analysis results are shbigare
3.12(b) indicating the high chemicatability of NCZF, Ag, and PMNPT. In a prior study
conducted on NCZF / PZRZT system, the diffusion length for Cu was found to be in the
range of 30 prf! In our case, Ag electode layer acts as an effective barrier layer for Cu
migration and thus provides a sharp interface hyiting the diffusion. EDS analysis of
C-N/T/N crosssectional aredFigure 3.12(c)] shows the dense microstructure and sharp
interface across different layers. The thickness of Ag electrode andHPIViNezoelectric
layer was 10 pm and 140 pm respectivelyigure 3.12(d) shows the fracture surface SEM
images and corresponding planaray diffration (XRD) patterns of different layers. For

textured PMNPT layer synthesized bgmplate grain growtfTGG) method, brick walike
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microstructure with well aligned BT templates (black lines) in the PRINmatrix was
obtained. Increase of {00} XRD peak intensity and decrease of other peaks clearly indicates
the formation of texturdn TGG process, Biemplate crystalarealignedin PMN-PT matrix
powder by tapeasting procesHigh temperaturéreatment(or sintering processesults in

the nucleation and growth of PMRIT matrix on the aligned BTemplate crystalyielding
textured ceramicdMatrix PMN-PT and BaTiQ (BT) template form an excellent couple due

to high chemical stability and good lattice mattthhas previously reported that PMRT

with 1 vol% template content sintered at 1P&0for 10 h was fully textured (Lotgering factor

f = 98%), and piezoelectricoefficientdss increased to 1000 pC Ncompared to its random
counterpart (520 pC M. This large enhancement in piezoelectric property of <001>
textured ceramicswas found to be related to the fornm
which facilitates the rotation of <111> polarization toward the <001> direttf8rin this

work, the kinetics of templated grain growth were reduced due to the lefivingp

temperature of 938C resulting in lower texture degrefe 66%).
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Figure 3.12 (a) Optical image of cfired NCZF/FPMN-PT/NCZF laminate; (b) polished
crosssectional SEM images and EDS/SEM element line scanning analysis; (c) element
mapping of cefired NCZF/FPMN-PT/NCZF laminate; (d) fracturerosssectional SEM

images and planar XRD patterns of different layers.
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3.3.3 ME response of cefired laminate

Figure 3.13@) shows the change in ME voltage coefficignt) as a function of DC
magnetic field at offesonance frequency of 1 kHAlthough the magnetostriction of
Metglas =40 ppm) is twice that of NCZFa&d 2 0  ptpenmaximum| of cofired
NCZF/randorAPMN-PT/NCZF (abbreviated as-N/R/N) is two times as that of epoxy
bonded Metglas/randoiAMN-PT/Metglas (abbreviated as-M/R/M) laminate. Further
improvement was achieved for-ficed textured sample (GI/T/N). The large enhancement
in ME voltage coefficientwas related to the formation dfigh performancetextured
ceramis.®*®* In Figure 3.13(a) it also can be observed that there is strong hysteretic ME
response in cfired composite. Considering the relation® 1 'Q QO , we esimated
the effective & behavi or Hbcas shawniFigure8adbhg U wi
Epoxy bonded Metglas’lPMR T/ Met gl as s h obelavis witmrespécrtdpsg al o
whil e t he t e rickadconpygsites was Bundl to be asymmetric. The variation of
| with frequency of applietHac is shown inFigure3.13(c) It can be seen that the maxium
| displays excellent stability. A giant ME volatage coefficiént200 mV cni O€?) at
zerobias was achieved in-8/T/N compositeFigure3.13(d)shows that dynamic change in
charge Q) or polarization P) of ME composite(Radiant: Precision Premier Il, USA) was
measuredinder the condition dfiac=1 Oe atf=1 kHz andHpc=0 Oe. ME charge coefficient

| r can be written as:

a?MEQ:E =99 31_ P _A, (3-8)
? dH dH,. Ct dH, Ct

whereC, A, t are the capacitance, area and thickness of the piezoelectric layer, respectively.

77



Large polarization and charge induced by AC magnetic field under zero DC bias, and
calculated ME charge coefficient  is shown inFigure 3.13(d) further confirming

the presence of strong ME effect under zero bias. The time delay gf related to Hc

can be observed irFigure 3.13(d) which is attributed to the interface between
magnetostrictive and piezoelectric layer. Compared to ME coefficient of 30 mi\Oh
obtained for NKNLSNZF/Ni/NKNLS-NZF trilayer laminate (40) and ~400 mVem*

Oe! obtained for functionally graded MiZFO-PZT laminate compositesBat zerebias,

this co-fired composite exhibited extremely high respotsé.Recently, slightly larger
zerobias magnetoelectric coefficient of 1.65 V €i®e* in a quasione dimensional ME
sensor has been raped at 100 Hz compared to our case (1.47 \* @e%).®®> However,

the co-fired multilayer composite based on LTCC has advantage of integration with other
circuit components such as multilayerpaaitor, resistor, inductor, and conductor to

fabricate fully packaged electronic devices.
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Figure 3.13 (a) ME voltage coefficients|( ) of cofired NCZF/FPMN-PT/NCZF
(C-N/T/N), NCZF/RPMN-PT/NCZF (CN/R/N), and epoxy bonded
Metglas/RPMN-PT/Metglas (BM/R/M) laminate; (b) Integral values of  with respect
to the DC magnetic field; (c) ME voltage coefficients () as a functiorof the frequency
of applied ac magnetic fieldd ); (d) Dynamic ME charge coefficients ( ) and applied ac
magnetic field spectra as a function of time foNO/N, C-N/R/N composite, and epoxy

bonded Metglas/®PMN-PT/Metglas (BM/R/M) laminate, mder zereDC magnetic field.
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The giant ME response of dwed composite and selfiased hysteretic behavior can be
explained by taking into account the piezoelectric and magnetostrictive characteristics. Figure

of merit for the ME composite can be dexvas following:

a, =HE LE 0 Ju 3 u_dilqa (29)
o uH [P Tu S{u| Hlple !
T emer | M-layer

where E is the output electric fieldH is the applied magnetic fiel@& is the mechanical

strain, T is the mechanical stresb, is the electric displacemend, is the piezoelectric
constant,Uis the dielectric constant is the elastic compliance of piezoelectric layer

(P-layer), andqg is piezomagnetic coefficient of magnetostriction layerl@yker). Since the
parametersl, Uands of piezoelectric materials are independent of applied magfieti

(H), we focused our investigation on the magnetizatidy) ¢f NCZF as a function of

magnetic field in longitudinal direction by using vibrating sample magnetometer (VSM) as

shown inFigure3.14(a) The ME behavior can be correlated with magnetdtri on ( &) an

magnetizationNl) as:®®

j - 3/ s
(K+20M?)

or /- M?, 3-10)

wheredi is the angle of magnetic momeniksand (i are the anisotropy constant and stress
respectively. As shown iRigure3.14(¢), the plot off 0 #T "Ocan predict the hysteretic

nature of piezomagnetic coefficient ( 'Q ZQ "Pwith respect to applied magnetic field,

which is in accordance with the ME result showrrigure3.13(a) To further confirm the

variation of g as a function ofHpc, in-pl ane magnetostrijewas on coe
measured in parallel to applieéthc by strain gauge method. As shownRigure 3.14(e)

the behavior of irplane piezomagnetic coefficientj(= d gdH) was similar to that of

80



T0 7T "Cand the ME result shown iRigure 3.13(a) Due to the inherent hysteresis in
NCZF, the magnetostriction o e f f f i ci ent [Figue3.13(b] amddigphayse t r i C
"butterfly" characteristi¢Figure3.14(b)(d)]

On the other sidethere is negligible effect of thénterfacial couplingon the
self-biased responsdhe role of internal stress has to be taken into account. Silver
electrode layer has much larger thermal expansion coefficient (~18 ppm) than that of
piezoelectric phase (-2 ppm) and ferrites (~10 pmnd thermal conductivity of Ag is
much higher thanhiat of piezoelectric phase and ferfiteDifferential thermal expansion
and thermal conductivity could result in bdiit interface strain which is comparable to
magnetostrictive strain (20 ppm in free condition). To confirm this hypothesisedo
M/P/M composite without the Ag electroaeas characterizedAs shown inFigure 3.15
the hysteresis of ME response was dramatically reduced. Srinivasan et al. have also shown
that the hystersis was noticeable with increase in the numberfoéddayer in the NZF
and PZT composite without Ag inner electr8&his result tearly shows the relationship
between the hysteretic behavior and internal stress arising due to the thermal expansion

mismatch between metallic and ceramic layers.
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Figure 3.14 (a) Magnetizatiormagneticfield (M-H) loops, (b) square of magnetization as a
function of magnetic field, and (c) differential of square magnetizatiagnetic field
[(dM?dH)-H] plot for pure NCZF (not cdired) and GN/T/N structure. DC magnetic field
(Hoc) dependence of (d) thmagnetostrictiond and (e) piezomagnetic coefficienty) ©f

NCZF (not cefired).

82



1.0

cofired Ag |E
no Ag |E

_1 0 A | A | A A | A |
-60 -30 0 30 60

DC magnetic field (Oe)

Figure 3.15 ME voltage coefficients| ( ) of cofired NCZF/RPMN-PT/NCZF with and

without Ag inner electrodes (IE).
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To further understand the effect of interface condition (such as effect of epoxy and
electrode) on the ME coupling, induced polarizati® i magnetic field H) loops were
measuredrigure3.16 shows the normalized induced polarizati® &s a function of the AC
magnetic field for epoxy bonded Metglas/randBMN-PT/Metglas [BM/R/M (epoxy)],
co-fired NCZF/randorrPMN-PT/NCZF without Ag inner electrode {S/R/N (no)], cefired
NCZF/randomPMN-PT/NCZF with Ag inner electrode [S/R/N (Ag)] and ccfired
NCZF/texturedPMN-PT/NCZF Ag inner electrode [S/T/N (Ag)], at f=1 kHz under
optimum DC magnetic field. The normalization was conducted by using.th@alue. The
hysteresis presents in this figure indicates the nonlinear behavior of matpstio coupling
which can be attributed to the losses associated with the transfer of elastic strain and
scattering at the interface due to the presence of surface irregularities and®d€fedteed
samples hadess interfacial dissipation than epoxy bonded laminates. Furthdiredo
samples with Ag electrode showed smaller hysteresis as comparefirelcgample without
Ag electrode because of reduced Cu diffusion. Small difference betweenfireddextued
and random sample indicates that the nonlinearity was mainly dependent on the interface

microstructure.
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Figure 3.16 Nomalized polarization (P) AC magnetic field (H) loops for epoxy bonded

Normalized polarization

Metglas/randorPMN-PT/Metglas [BM/R/M (epoxy)], cofired
NCZF/randomPMN-PT/NCZF without Ag inner electrode {S/R/N (no)], cafired
NCZF/randomPMN-PT/NCZF with Ag inner electrode [N/R/N (Ag)], cofired

NCZF/texturedPMN-PT/NCZF without Ag inner eleatde [GN/T/N (Ag)].
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Table 3.2 lists the dielectric and ME properties of-fieed composites. Following
conclusion can be drawn from this data: (1) Compared to epoxy bonded
Metglas/PMNPT/Metglas, the maximum of NCZF/R-PMN-PT/NCZF was 2~3 times
higherin magnitude (827 mV cm' O€); (2) Texturing further increasdise magnitude of
| (1346mV cm' Oe') by63%; (3) Textured ceramics show
domain configurationo; (4) The dielectric co
low permittivity BT template crystals; and (5) @iced composites with Ag electrode show
large|  under zerebias of the order of 121#hV cm* Oe'. Taking into accounEquation
(3-9) and the results ofable 3.2, the giant ME response of -¢imed textured sample can be
easily explainedlt should also point out that lower losses of textured samples @a
important role in enhancing the which can be understood by taking into account the

modified piezoelectric voltage coefficiems() given as’
. 1
Q31 = gBlé (3-11)

c-C
%andi +tangi+
¢ <

|-O00O

whereC-Ci/C;is the rate of capacitance chan@eis capacitance at a given frequen€y s
capacitance at 1 kHz, and @t\) andlj aee the intensive dielect
loss respectively.

In conclusion, NCZF/PMNPT/NCZF layred composite with Ag inner electrodes
were successfullyco-fired at low temperature (936C). The cefired NCZF/textured
PMN-PT/NCZF layered composites exhibitedl iicrease in  compared tcconventional
epoxy bondingMetglas/PMNPT/Metglascomposite Further, these composites exhibited

giant selfbias phenomenon which was associated with hysteresis of NCZF magnetostrictive
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materialsandbuilt-in stress arising from Ag electrode due to mismatch in thermal expansion
coefficient These coseffective canposites with excellent ME properties open the possibility

of mass production afumerousnagnetoelectriapplications

Table3-2 Dielectric and magnetoelectric properties officed layered ME compositid kHz)

Sample Electrode ¥ tant dE/dH (max) dE/dH (zerobias)
[mV cm* O’ [mV cm* O’
C-N/R/N co-fired 1135 0.7% 1346 1214
C-N/T/N co-fired 1336 1.1% 827 510
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3.4 Chapter summary

In summaryof this chapterinvestigations addressing tbkallenges of conventional ME
coupling have been performed and systematically studiedievemend can be detailed
listed from three aspects as given below
(1) Eliminating the need for DC biaseeB-biased magnetoelectric effeatharacterized as

large ME voltage coefficient under zero DC magnetic fieldas demonstrate in

homogenous twgphase magnetostrictiy@ezoelectriqNi-PZT) laminatesExperimental
results illustrate the method for tuning the magnitude oflse# effectvia geometry
effectand povide understanding behind the hysteretic changleis. phenomenomwas
further modekd by considering the magnetization hysteresis with siragheced
demagnetization effect. The sélased response was found to be directly related to the
nature of magnetation and can be tuned by variation in demagnetization state and the
resultant differential magnetic flux distribution. These results present significant
advancement toward development of AC magnetic field sensor and magnetoelectric
composite based echip devices by eliminating the need for DC bias.

(2) Increase the working bandwidtME composites that exhibit flat and stable response
over a wide range of magnetic DC bias were realized in geometry gradient configuration.

By adjusting the configuration of theagnetostrictive layegne wasable to control the

magnitude okeltbiased magnetoelectric coefficieiihe ME responsavas found to be

almost independent of the applied DC hiashe range 0D~28)0e. This bandwidth is

almost 69%~3800% higher than that ofthe conventional ME composites This
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significant advancementeads great potential towasl the developnent of high
stability/sensitivity magnetic field sensors and energy harvesters.

(3) Enhancing the ME interfacial couplingCo-fired magnetostrictive / piezoelectric /
magnetostrictive laminate structure with silver inner electrode were synthesized and
characterized.Integration of textured piezoelectric microstructure wihhanced
physical properties was demonstratednprove the ME coupling. Direct bonding of the
consecutive phases with high chemical stability and sharp phase boundaer
strengthead theirinterfacial coupling, leading to a giant ME voltage coefficienheT
low-temperature cdéired layeredstructurenot only providesa costeffective method
toward large fabrication of ME composites, but also significantly enhanced the ME

couplingthroughdirect bonding.
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4. Magnetoelectric Nanostructures

The ME effect in composite thin filmis dependent upon microstture, connectivity
and the interfacial coupling properties between piezoelectric and magnetic phases. Motivated
by onchip integration, nanostructured composites of ferroelectric and magnetic oxides have
been deposited on various substrates with diffesenhectivity (03, 1-3 and 22) via diverse
synthesis method Although these ME nanostructuremay imply application of
microelectronic devicest remains a challengthat how to precisely control the growth of
desired ME nanocompositewith precisely manipulated compositionanostructure and
interface.
In this chapter] will discuss ME nanocomposites investigati@mutthese challenges
from two perspectives
(1) Control growth of nanostructur&oth microstructure and surface morphglayf a
continuously piezoelectric film andwell-ordered nanocomposite arraysith
controlled grain orientation will be discussed.
(2) Manipulate nanocomposite inteace: Interfacial effects in -2 layered
magnetoelectric thin/thick films will be systematicaihwestigated Subsequently, a
novel complex thredimensionalME composites with highly anisotropy structure

will be discussed.
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4.1 Microstructure and surface morphology evolution of pulsed Laser

depositedpiezoelectric BTO films*

Barium titanatgBaTiOs, (BTO)] thin and thick films have been extensively investigated
owing to their high dielectric, ferroelectriand nonlinear optical propertie$>%*® These
films have beendepositéd on various substrates (e.g. SiTi®;, MgO) using diverse
deposition techniques (e.g. sy@l, sputtering, pulsed lasablation) targeting applications
such as capacitarsferroelectric memory, optical modulatorspagnetoelectrigs and
microelectromechanical systemgMEMS).39909:92939495  pacently, there have been
investigationson the design of nanoscale structuresich as nangillar, nanaebelt, and
starlike nanostructure®™*2 that have contributed towardse understanding of the growth
mechanismsn thin films. Depending upon the thickness of the film, depositechnique
and deposition conditions, variety of microstructures can be obtained. In ortethier
improve the process compatibility andpiezoelectric property, unveihg the growth

mechanisnandmorphological evolutiomf thin films is of utmost importace
4.1.1 Thickness effect: crystallinity, microstructure, and properties

BTO films with variousthicknesses were deposited platinized silicon substrate by
using KrF excimepulsed laser deposition systérr248 nm Neocera, LLC)Stoichiometric
BTO ceramic target was synthesized dpnventionalsintering method using amaytical
reagent grade ~99.9% pure oxide powder of Bafif@n Johnson Matthey, Ward Hill, MA,

USA. The powder was milled in a polypropylene jar with zirconia milling ballseéimainol

*Reprinted with permission fron1q, Copyright 208, The Royal Societpf Chemistry
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(99.5%, SigmaAldrich, St. Louis, MO) for 24h, dried, pressed into diikle target (diameter:

1 inch, thickness: 0.25 inclgnd coldisostatically pressdat 130MPa for 5 min The sample
was then heated in air &f@min and sintered dt350°C for 2 h.Before deposition, Pt coated
Si substrates wengtrasoniccleaned using acetonethanoland DI waterrespectively Then

the substrates wergansferredo the chamber andacuumdown to the pressure of 5x1@orr.
During all the depositiors, the laser energy density, repetition rate and the oxygen pressure
was kept at~2.5 J/cri, 10 Hz and 100mTorr respectivelyThe film morphology was
controlled by the deposition time and temperatldeposition time was controlled kthe
numberof laser pulses with fixed deposition rate (10Hm)order to vary the film thickness
the number of laser pulses was varied fi20000to 100000. The substrate temperature was
kept constant at 86Q during depositionin order to investigate the effedttemperature, the
substrate temperature was changed fron?®@6 1006C, while keeping number of pulses
constant at 60000X-ray diffracion (XRD, PANalytical X®ert, CiKa, Philipg and Raman
spectroscopy(JobinYvon T6400 Triple spectrometenvere used to characterize the
crystallinity and orientation of the BTO film$he film morphology and microstructure were
investigated by usingeld emissionelectronscanning electron microscopy (FEM, Zeiss
LEO 1550. Bright field imaging and highesolution transmission electron microscopy
(HRTEM) wereconductedn a FEI Titan 88800 scanning/transmission electron microscope
(S/TEM). The microscope was operated at 300 kV and a standard setting for HRTEM
imaging was a@ um C2 aperture with an objective lens defocus5# nm.The topography
and ferroelectrianeasurementwere performed using a scannipgpbe (Bruker Dimension

Icon, USA) with apiezoelectridorce microscope (PFM). Conductive diamond coated silicon
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cantievers (DDESH-M-10, Bruker) were used for PFM. For local hysteresis loop
measurementhe out-of-planepiezoelectric response waseasuredt selected locations on
the ferroelectric film surface as a function of dc bias superimpos#teacs modulation ias.
The deflection sensitivity of the twas 94.9 nm/V and the AGrive amplitudewas 3.5V (20
kHz) during the DC bias sweep.

Figure 4.1(a) showsthe XRD patterns ofthe BTO films with varying thicknesses
deposited orthe (111)Pt/Ti/SiQ/Si substratet 800C. Thesefilms exhibited(111) prefared
orientation without any secondary phas&éhe degree of (111) preferred orientation was
determined by the Lotgering fator methodi117= [Pa11yPo)/[1-Pol, Pai= 1) n) o,
Po=t) ) . Where t) and t) are the (111) peak intensity of the BTO
film and the random powder, ard andt) are the summation of XRD peak
intensities of all the hkl peaks in the BTO film and random powder, respectively. The
diffraction pattern2d scan from 20to 80 were used to calculate tHdactor. The degree of
(111) preferredorientationf(111) was significantly enhancedrom 77 to 94% with increasing
thickness This preferred orientation of BTO filwas attributed tathe lattice match between
(111)BTO film and (111)orientedunderlyingPtlayer The lattice mismatchf) between a
film and substrate can be determined usinge#pession

f=(asar)/as 2 100% |, 441)
where as and a refer to the lattice parameters of the substrate and film respecfiledy.
lattice mismatch along both (100) and (111) direction were calculated to-1b8%-
(ag10=3.99A, ce10=4.036R, ap=3.928). This small mismatch leads to the (Ipteferential

growth of the film on Pt electrodein orderto minimize the interface energy?®* The
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crystallinity of thin films was found tancrease with increasin film thickness and grain
growth. Therefore, thin films with higher thickness were found to depict higher intensity of
BTO (111) peakand thereby increased degree of textilites agrees well with the Van der
Drift & model® for vapordeposited film wherepreferredorientation growthwas attributed

to theevolutionary selection.
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Figure 4.1 (a) X-ray diffraction patternsof BTO films with different thickness, (b) Raman
spectra oBTO films with different thickness(c) NormalizedA1(3TO) phonon intensity as
function of film thickness, and (dA1(3TO) phonon peak position as function of film

thickness.
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Unpolarized Ramaspectravere measured to identify the structure of &las a function
of thickness ashown inFigure4.1(b). Tetragonal BaTi@has G, symmetry,which allows
3A.+1B,+4E Raman active optical modes and,#& acoustic moes!®+'%? There is further
splitting in A, and E modes to transverse optic (TO) and longitudinal optic (LO) modes due
to long range electrostatic force associated with lattice iconiCiynsequentlythe Raman
active modes in BO tetragonal phases are:
3A1(TO)+3A(LO)+3E(TO)+3E(LO)+1E(LO+TO)+1B More optical modes due tdhe
dielectric anisotropy can be seen in the Raman spegfrafor the film with 1.33 >m
thickness, almost all of the E(LO), E(TO), ATO), Ai(LO), and B modes can be
successfully assigned in the specBame nteresting features of the Raman spectra are as
follows: (i) the thickest film show thall the Raman active modes matched with single
crystal indicating itsexcellert crystallinity, (ii) intensiy of the spectrarops withthickness,
(i) E(3TO) and E(3LO) modes are absent in @h28 pm thinfilms and (v) an upward shift
of A1(3TO) mode and diffuse nature of(BTO) made It is believel that the smaller grains
are responsible fooW intensity, diffuse ABTO) mode, and absence of several lowest E and
A modes in thé®.28 pm thin films

To clarify the Raman spectra, the wedfined A1(3TO) modewas simulatel as a

function of film thickness using the dampearmonic oscillator (DHOJodef?3!%

. caGngn
S =8 9T Fp,T),
R S EY- (4-2)

where population factof ¢ T) =) +1] 1o stokes scattering afé?) =[expbn/km)- 1
The parameters ikquation (42), amplitudecyo (in arbitrary units), the mode frequenny,

the damping consta® and the temperature T, describe phonon mode as a damped harmonic
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oscillator. It wouldbe hard to simulate the low frequency phonons due to weak intensity and
unable to distinguls the modes for thin film (0.28n). It is shownthat the normalized
A1(3TO) phonon intensity increases linearly with increase in the film thickjt@gsre
4.1(c)] whereas phonon peak position are almost ddngrire4.1(d)]. This might be one of

the reasons that thicker film shows well defined Raman signal matched with the BT single
crystal. Raman selection rule for perfect epitaxial films or single crystal 8fgest that

the weak E(3TO) and E(3LO) modes indicate the lowenmsgtry of the system and less
c-axis oriented polar domaitfs It means thinner film should show poor preferential
orientation and functional pperties as can be seen from XRD and piezoelectric data
respectively. The above observation is also well supported by the XRD data where the
intensity ratio of (111) to (110) peaksasite smallfor 0.28>m film comparel to 1.33>m.
However for anyquantitativeanalysis, one should perforpolarized Raman studies on
epitaxial BTO thin films where the dielectric leakage in the cross polarization will be
minimal.

Figure 4.2 shows the plaar and crossection SEM images ofthe BTO films as a
function of film thickness. When the film thickness was ~0.2&, the microstructure
exhibitedafine columnar structureHigure4.2 (a) and (d) with the inplane grain size 056
nm. The interface between the BTO and Pt layesmas continuous while the surface
morphologyexhibitedpyramidlike shapesAs the film thicknessvasincreasedo 0.83 em,
the microstructurecoarsenedand the inplane grain sizencreasedo 78 nm as shown in
Figure 4.2 (b) and(e). At the same timethe surface morphology chang&dm pyramid to

starlike shape Furthermore, Wen the filmthicknesswasincreased tdl.33 >m, the grain
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morphology changed tosix-fold hexagramas shown inFigure 4.2 (c) and (f). This
morphology staysiniform along the surfacwith averagan-plane grain size dd8 nm. The
growth habit plane of BTO Isabeen previously charactexi®® and the films with preferred
grain orientation exhibited good electrical propertias compared to random on&s
However,no detailed information on d@mechanism describing tmeicrostructurakvolution

hasbeen reported.
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Figure4.2 Plarar and crosssection viewsf BTO films show the morphology changes as a
function offilm thickness: (a) and (d) 0.280.01¢ m(b) and (e) 0.8= 0.03¢ m(c) and (f)

1.33 0.06e m
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Piezoelectriccesponse of thdeposited BTO films wameasuredby using PFM as shown
in Figure4.3. Thedss valuesincreasedvith film thickness.The measured effectivis (dsser)
valueswere found to bd 8, 20, and 2 pm/V respectivelyfor 0.28, 0.8, and -thick33 em
BTO films. Kim et al. havereported that theandom0.25 ¢ nthick BTO film on Pt/Si
substrate had thesser value of 14.3 pm/\VF% In comparison with this prior respit was
found that orientation contrééads tosignficant risein thedsz e Value.The enhancement of
dss et Valueswith film thicknesswas attributed to(i) preferredorientation (ii) increase in

grain size, (iii)reduction in substrate clampingnd (iv) increase in crystallinity.
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Figure4.3 Piezeelectricresponses dTO films with varying thickness.
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4.1.2 SZM and DST analysis

Morphology evolutiormodelssuch as Dynamic Sdal Theory (DSTY”® and Structure
Zone Model (SzM}***! have provided the important foundation for understanding the
growth of films While theoretical predictions provided by these models describe a general
morphology developmenthey fail to explain the evolution process such as the correlation
between the occurrence of defects and the growth gde In thin film growth, the
introduction of msfit dislocation isenergeticallyfavoredat the interface with substrased
the formation ofdislocation will relieve strain to form a semicoherent interfécélowever,
the systematiénformation regardingthe rlationship between the induced defects and the
growth modess still missing

Generally, morphological evolution in vapor deposited films can be explained by taking
into account the SZM modeprediction$™® which suggestthat the developmenbf
microstructureis a universal function of the ratio between the deposition and melting
temperature T4 Ty). All the asgrown BTO thick films show a compact columnar growth
habit while the surfacemorphology vares from pyramid to starlike to hexagram. The
columrs, which extend through the entire film thicknesghibited sharp terminating ends
and secondary growth in the lateral directimn thicker films resulting in an enlarged
diameter,as shown irFigure 4.2 (d), (e) and (f) Inset image shows hotlie coherent grains
are stacked to form theolumrs. Thisuniform columnarstructurematcheswell with the
description ascribed to zone Il in SZM model, where regular arrangement of uniform
columns appear® the range offT,<0.50.55 (T=80CC, T=1625C, TJT=0.49) Also,

zone Il can be characterized by evolutionary growth due to adatom diffisidowever, the
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observedsurfacemorphologychangesn the present case are tlenction offilm thickness
and are not expectedy the SZM modelMoreover athoughin this experimentthe T4 Tn,
ratios (0.494Tn<0.5) corresporglto the upper limit for the appearance of a zone Il
morphology, hexagram grains with equiaxetharacteristic belongs to zone |l
(TdTm>0.50.55) morphology.

To better explain #se surface morphological changethe surface structurewere
investigatedby atomic forcemicroscopy Figure 4.4(a)] and dynamic scaling analysis. The
growth evolutioncan be taken as process of columnaoarseningyhich can bestatistically
characterized by twgarametersthe interface widthy (or rootmeansquare roughness,
RMS), and a lateral correlation length (related to the lateral size of the surface features such
as columnar diameted). Both ¥ andd dependence on the deposition thickness/time tew
estimated by statistical studiebthe AFM and SEM images, as shown kigure4.4(b). The
RMS roughnessand averagecolumnar sizeaccording to the power law relatigns given
as’®

r~t°, d~t'” (4-3)
where b and 1/z are the growth and coarsening exponentsespectively The deduced
coarsening exponent for BTO isz20.35+0.03, which is similarto the theoretical prediicn
for a growing surface destabilized by a Aoocal geometric shadowing effect £30.33).

1411518 The highb value (>0.5) also agrsevith this interpretatiott’.
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Figure4.4 (a) AFM images of as grown BTO films with different thicknes®. l(ogarithmic

plot of the columnacoarsening in BTO films deposited at 860n 100mTorr on platinized

silicon substrate (c) PSD curves calculated from AFM images of BTO filoidifferent

thickness.
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The spatial resolution of the roughness and correlations betwaeghness and specific
surface features amiscused by power spectral densitfPSD analysis[Figure 4.4(c)], as
117,118:

03 $H0° E Q0o (4-4)
where k is spatial frequency (or inversely, lateral dimensiandlt is growth time For
Vo>>1, Q006 constant,0 3 OO E . The dimension of the system is D=2,
and a is the roughness coefficient. can benoticed that the PSD curves exhibit several
distinct regions, a frequenggdependent roughness at lorequency and two
frequencydependentegionsat higher frequency, implying combination tfo processes
controlling thedevelopnent ofthe surface morphologietn agreement with the previous
work on PSD curve analys$ts'?, it is suggestd that: (1) In the high frequency regime, the
lateralsurfacegrowth is drivenby atomic diffusion mechanism, which migsult inthe grain
coalescencerhis interpretation isalso in agreement with the SZM modelzone I, where
the thick film growth is domiriaed by adatom surface diffusidfi (2) In theintermediate
frequency region, the growth mechanism can be described as a balance between roughening
(randomfluctuatiors in dgoositing flux) and smoothing process (diffusion at the growth front
with local structure unchangg®. In addition, it can benoticed that the frequency of
transitionbetween the variouggimes marked by arrows ifigure4.4(c), clearly exists and
they both shift to lower value of k as thickness increases, implying the presence of a
coarsening proce¥s. These transition frequencies of each curepresentthe average
specific surface feature (small grains or branch obfpe@mshaped grainsgize (~810nm),

column diameter (~5@00nm), respectively, and is coherent to the experimental observation.
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From these results it can be concluded that the growth dyrmehavioris tightly correlated
with surface roughness, spatial length awsgecific sirface features(branch of
hexagramshaped graifsduring growth, which in turn can be used to predatesponding

growthmechanismsuch ashadowingeffect and surface diffusion.

4.1.3 Local nanostructure analysis

In order to further elucidate the graioalescencbehavior, the local nanostructuwethe
columnwith hexagonal featurevas studiedin a thick BTO film grown at 800C by TEM.
Figure 45(a) shows a typical TEM bright field crosectionimage ofthe BTO/Pt sample.
The film has a welteveloped columnar structure with a featlile morphology growng
along the vertical columnar boundafhe column has a central stem (column) with array of
lateral protrusiongone of the agrown hexagonal brancheslo investigate the detailed
atomic structure aboththe column angbrotrusionsa series of higkresolution transmission
electron microscopy(HRTEM) images [Figure 45(b)~(d)] was taken from theregiors
marked inFigure 45(a), where regiomAo [Figure 45(b)] and fiBo [Figure 45(c)] referto
selectedorotrusiors of the column, regiofiCo [Figure 45(d)] denote the interface between
the substrate and filmAlthough there are some local defectstiie BTO film, the major
growth directionof the columnasstructure and thprotrusiors were determinedo be<111>
and <110xfrom the FFT patterns, inset Figure 45(b) and(c). Among the HRTEM images,
there areplanar defectslistributed all across the central column and at the vicinity of the
protrusiors along the [111] axiss shown irFigure 45(b) and(c). These planar defects were

identifiedto be twins bycomparingthe periodic structure of the plardefect in the HRTEM
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imageto asimulated twinned structuresahownin Figure 45(f). The appearancef the
streakingspotsin FFT patternsis due to the presence dhesenanoetwins. Figure 45(d)
illustrates theHRTEM image of regiomiCo that denote the interface between the substrate
and film. The interface is coherent arudghlighted by dashed line. FFT pattern further
confirms that majority of the BTO film growthccursepitaxialy from the substrate alortge
<111> orientation The resultsillustrate that both columrar structuresand protrusiors have
preferredorientationandtwin lamellae are widely distributegimongthem. However, there
are somajuestionghatneedto be addressed here: (i) Why BTO tiamellaestructurewas
formed? (ii) Instead opreferredgrowth orientation along <111>, wiwere theprotrusiors
formedalong <110>directior? and (iii) Howdid the twin lamella structure affect the film

growth mechanism amglirfacemorphology?
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Figure4.5 TEM characterization of BTO thin film fabricated by pulsed lad&position (a)
Bright field image of BTO thick film synthesized at 8@) (b) HRTEM image of region A,

(c) HRTEM image corresponding to the region B; (d) The lattice fringes indicate a part of the
BTO and Pt interface, which corresponding to the regiofeCHRTEM image of the film

with lamella twins, inset is FFT pattern generated from the twin lamella€p(fjparisorof

experimental and simulated twin lamellae structure.
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Twin lamellae structure has been widely observed in ceramic, single crgsthlthin
film s'9120121 Severalgrowth mechanismdor twins have beerreportedand some of the
relevant ones for the present discussion are summarizedJreret al. suggested that twin
nucleation could occur from dissociation of a perfect <lddge dislocation?? Jang et al.
have explained the formation of twin lamellas as approach to releaste small misfit
between two growing islands during coalescence pr&iée¥ith respect to planar defect, the
cause of the formation of (111) twin lamellae could be explabyethe maintenance of a
TiOg octehedronand the presence of a hexagonal BTO strutturBased on thesgrior
results with respect to the generation of defects during the-atpnlibrium film growth
process, a mechanisior formation of twins to releaséhe stressduring growthis proposed
Jang et at?* havereported that the graigrowth in thicker film is expected to give rise to
complex facetedamellatwins. In this study the faceted twinlamellaewere observedalong
vertical and lateral equivalent <11ldtrection, as shown irFigure 45(e). This can be
explainedby the enhancement of lateral grain growth in thicker film as a result of less
competition between columnghe preferred growth orientation along equiaxed <111>
direction can be expected by theift& modet®.

It is also noticed that reentrantfacet angleswere formed along the twin lameka
boundaries, amarkedby red lines inFigure 45(e). The reentrant facet anglis, abyproduct
of twin lamellae structureandhas positive effect twardsstabiliazng theatoms orsite such
that it enhance the growth parallel to the twihoundariesnamely twinassisted growti®.
Therefore, protrusion growth along the intermediate <110=lirection is a result ofthe

competitionbetween thequalized111>lateralgrowth and twin lamellae enhanced growth
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Compared with the surface morphology, firetrusiors obtained by slantintateral growth
correspondo the hexagramhaped topography. Consequenityis believal that the twin
lamelleae structurein thicker film, with enhancedlanting lateral growths the origin br the

hexagranshaped topography.

4.1.4 Temperature morphological evolution

In order tofurther elucidatethis mechanismthe morphology evolution asfunction of
temperaturevas further considered The film growth is a kinetic process, thiigs tightly
related with the atom mobility and driving forceince Growth rate= Mobility 3 Driving
force'®, as:

v=M3 (q+ Wmc) (4-5)
wherev is the velocity of crystal growth frordndM is mobility function The driving force
has two components, a weighted mean curvathed) that expresses the decrease in the
integral of the specific surface free energy and a volume phase cbamgenentq. In
pulsed laser depositiorfilm growth is a norequilibrium proess The kinetic energies
(mobility) of adatomsare determined by the substrate temperature, while the drivingsforce
are regulated by the minimization of surface and interface enengyefore onecan assume
that the formation of hexagrashaped topogpy is the result of insufficient engr@f the
adatomsto rearrangen a thermodynamicallyequilibrium configuration If the mobility of
adatomswere highenough tareachthe energeticallgtable site, twins may not be produced
and the morphology will go back to normal pyrarsithpestructure

According tothis hypothesisBTO films were depositedwith fixed timénumber of
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pulses (100mins/60000 pulsedeposition rat€l0 Hz)and oxygen presure(100 mTorr) as
a function of substrate temperature from € 1000C. From a comparison of plaveew
SEM, Figure 46 showsa full tendency of surface morphologgvelopmentAs expected for
a twin lamell@ induced lateral growth, hagramshapedopography was observed at 800
[Figure 46(c)]. With increasng temperature, thessurfacegrains eventually coalesd and
formed the energeticallystable pyramidshaped gram[Figure 46(d)]. With further increase
in temperaturelarger equaxiechexagonalgrains were formedit 1000C [Figure 46(e)].
These results are consistent withor expectationwherethe surface morphology of the film

becomenergeticallyfavorablewhen the mobility of the atois increased.
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(a) 600°C "

Figure4.6 Plarar views of BTO films show the morphology changes as a function of growth

temperature(a) 600°C, (b) 700°C, (c) 80C°C, (d) 90C°C and (g) 100C°C.
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4.1.5 Model of morphology evolution

Accordingly, the aboveanalysisopensthe possibility of explaining the morphology
evolutionashighlightedin Table4.1. However,it canbealso noéd thatnoneof thesemodels
can be used to fully describe the morphology development protkesefore, based on
integration of these ahes, the whole growth and evolution modah be describeds
follows: (i) Nucleation at the beginning of the growth, (1ifBceted BTO nuclei were
favorably formed on the Pt surface to minimize the surfaceirtedfacial energy®®, as
illustratedin Figure 47(a). The strain caused by the lattice mismatch can be accommodated
by elastic deformation as the film is thinner than the critical thickAg$s) Growth during
the initial stages epitaxial growth occurred wheregrain was mainly grown along the
thickness directionas a result of restriction from neighboring grains and substrate
Subsequently, the filmassumed &olumnar structurevhile maintainingthe pyramid shape
surface morphology given by (111) orientatiofFigure 47(b)]. (iii) Coarsening with
increasing film thicknesghe influence of the substrate wouddcreaseand a competitive
grain growth between differemrientationsoccurred Facetedtwin lamellaestructure was
formed as grain growth contiad, where the resultant reentrant facet edge further enhanced
the parallel growh along twin boundariesThe competitionbetweenequaxed <11% growth
[Figure 47(c)] and reentrant anglaided growth resuled in an enhancedlantd lateral
growth along <110>direction Topology changes frorthe pyramidto the hexagram ashe
lateralgrowth occurs[Figure 47(d)]. (iv) Surface energy anisotrop@nce thefilm thickness
increased the grain structure with high aspect rataitempts to achieveequaxed

configuration whichs moreenergeticallystable Perovskite hathe lowest surfacenergyon
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{100} plane'?’. As the grain growth occurs along (1Hiection the surface consists of {100}
planes tominimize the surface energyConsequently, the surfacwould be (111jaceted
single crystal rod as shown kigure 47(e).

In summaryof section | studiedthe microstructureand growth mechaniswf BTO thick
films depositedon platinized silicon substrate by pulsed laser depositios.observedhat
the hexagram grain morphology evolutiexistedin ahighly textured BaTiQthick film. The
evolution of surfacemorphologywas discussed within the framework of SZM and DST
models.The growth mechanismvas further modedd by considering anisotropy of surface
energy and the formation of twin lamellae structure. This wookides new insights toward
the growth and microstructure evolution of BTO thick films.is believed that this
comprehensive understanding of the growth mechanism of BTO filithamprove the

process compatibility
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Table 4-1 Characteristics of different type of moddts explainingthe microstructure and

morphology evolution.

Model SZM DST Twin Lamellae
Factor Ts/Tm Roughness (Height & lateral Local nanostructure
Prediction Microstructure Surfagal characteristics Grain coalescence
Features Columnar Hexagram grains Protrusiors
Atomic Non-local shadowing effect & Reentrant facet angle
Mechanism
diffusion atomic diffusion assisted lateral growth
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8 possible 100 nm
<111> growth directions Equiaxed configuration Single crystal rod

Figure4.7 Schematic of growth mode f&TO film: (a) Nucleation step, (b) Growth in thin
film, (c) CoarseningLateral growth, arrowsindicate8 possible <111>xrowth directions: 2
normatto-plane (black), 3 above the planéred) and 3below the plangblue) along the
diagonal axis(d) Equiaxed gain growth with coarseningn thick film, (e) Expected grain

shape.
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4.2 Growth of CFO/PZT ME composite array with multi -orientation

In the two phase composites magnetoelectric thin films, the morphology stability was
controlled bythe orientation of substrate or annealing condition. Because magnetoelectric
couplingperformance istrongly related to the nanostructures of the consecatimsttuent
thin films, it is necessary toheckthe nanostructure of the composites thin films. Recently
developments in thin film technologies offer the opportunity to control the grain size, shape,
orientation and distribution precisely through continuolm for wellordered patterndn
particular, ly controlling the film orientation the anisotropy ferroelectric and/or
ferromagnetic propertiamnay changeaccordingly, which provida great potential for tunable
ME response anan-chip functional devicesin this section,a novel hybriddeposition
method was introduced to investigate the grain orientation control in a-ovedred

magnetoelectric nanocomposite array.

4.2.1 Well-ordered thin film array via Hybrid deposition

Patterns can be made by varioteshnologies such as focused ion bearbeam
lithography or photolithographyHowever, these bottoup methodsnvolves complex and
tedious processand arevery expensiveIn addressg these problems, a novel hybrid
synthesis methodiasdeveloped

This method based otihe Aerosol Jet® deposition technologshichhas been shown to
be highly promising for maskess coseffective production of thick composite films. The
ability of this technologyis to directly printsolution based inks idesired patters under

atmospheric conditionvithout the need for lithography or vacuum deposition techniques.

117



Figure 4.8 shows theschematic angbicture of the Aerosol Jet® deposition systdburing
deposition, the ink was first aerosolized in the ultrasonic atomizértlzen nitrogen gas
carried the aerosols to the deposition nozzle, where the sheath gas (a secondary nitrogen
stream) focuses the material into fine lines and draws the specific features defined by the
CAD. Structures with specific shape and geometrybsadrawn using any commercial CAD
software and then converted into a readable tool path.

In this study, he composition of the stock solution was, RBroTio.4)Os (PZT) with a
concentration of 0.4M to form the inkA well-ordered PZT pattern was printed onto
Pt(111)/Pt/SiQSi substrate (Inostek, Seoul, Korea) at room temperature with velocity of
5mm/s. Pyrolysiof the asprinted samples were taken on a hot plat8Gf°C for 3mins
Subsequently, all the samples wgmast annead at 725°C for 30minsin a rapid thermal
anneal furnacéo controlthe crystallization andilm orientation.Then a layer of PZT and
CoF,0,4 (CFO) film was deposited subsequently dhe patterned substrate in vacuum
chamber with KrF ¥=248nm) excimer laser at energensity of 2.0~3.0J/cimand 10Hz
repetition rate. Substrate temperature was set at room temperature with 1mTorr oxygen
pressure during deposition. -§itu post annealing was conducted at °650at 3Torr
background pressure after deposition. Crystallinityy preferential orientation of the hybrid
films were investigated by X ay di ffraction (X0Pert Hi gh Sc
and thickness of the films were determined by field emissgamning electron microscopy
(FE-SEM; LEO Zeiss 1550). The pieglectric/magnetic domain structure was observed by
piezoelectric force microscopy (PFM) and magnetic force microscopy (MFM) (Dimension

Icon AFM, Bruker) in the contact mode and tappliifignode, respectively.
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Figure4.8 (a) Schematic diagram of the working principle of Aergsbldeposition process;
(b) Picture of the Aerosol Jétprinter with deposition head aligned on a Ni foil plate. Inset

shows the magnified image of the depositiondnaad preprinted patterns on Ni.
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Figure4.9illustrates the result of gwinted PZT array pattern on-pbated silicon. Part
(a) shows schematic and optical microscopy images efigpesited PZT film with ordered
pattern. The welarranged arrays ceist numbers of square patterns with dimension
led e m. Af ter pri nt e ddepositedpditerwaspyrbligzedata306€ , t he
for 3mins and annealed at ?25for 30mins. Xray diffraction pattern shows that highly (100)
textured PZT film ardormed after thermal treatmeriifure 4.9(b)] This indicates that the
pattern with different shape can be printed as desired, and can be controlled with preferred

orientation by post thermal treatment.
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Figure 4.9 (a) Schematic and optical microscope image of printed PZT array; -y X

diffraction pattern of PZT array after thermal annealing.
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4.2.2 Orientation control via tempelate growth

It is known that film growth is tightlyelated withthe substrate, grain orientation can be
controlled by predeposited buffer layer with different orientation. In order to underdtaand
substrate effect ofim growth, PZT film was depositedn Ptcoated silicon substragevith
andwithout pre-deposited (100) orientated PZT template. As showfignre4.10(a)and(b),
notable differencebetween these two samples can be fofylFlm grown on the seed
layer illustrates highly (100) textured orientation, whereas the teripéstefilm shows
multiple peaks(2) It is noticed that the predominant peaks of the raignted film are (100)
and (111)orientation These resultdemonstree that by manipulating the growth orientation
of the templatelayer, one is expectedto obtaina well-orderednanocompositdilm with
controlled orientationat selected areaas illustrated inFigure 4.10(c). Thus, asubsequent
layer of PZT film was depaited on the (100) orientedPZT array using pulsed laser
deposition Figure4.10(d)shows the XRD pattern ttfie hybrid deposited PZT filmThefilm
possessesvo dominant peaks of (100) and (111), which is compatible thdhypothesioon

orientation controhs described iRigure4.10(c)
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Figure 4.10 X-ray diffraction pattern of PZT film (a) growth without template; (b) with

template; (c) Schematic of film orientation variation on PZT array template; (d) XRie of

hybrid deposited PZT film.
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4.2.3 ME nanocomposite array

Next, a ME nanocomposite array wastainedwith a layer of CFO film deposited on the
hybrid PZT template Figure 4.11 shows the schematic diagram and SEM imagethef
asdeposited CFO/PZT nanocomposite arfasom the figure, one cawlearly identify the
grain shape difference between template area (Positive region) and exposure area (Negative
region). Figure 4.11(b) and (c) show the microstructureof the asgrown CFO grains on
positive area Two different grain geometries t(iangular and scaré were identified,
indicating the filmgrown on positive areaals predominant orientation of (111) and (100).
Figure 4.11(d) and (e) illustrate thatCFO film with square and rectangular shaped grains
[(100) preferredorientation] aredominantacross the negative regionhese results match
well with the orientation of the PZT template layer as showhigure4.10 representing a
good following of the crystallization with respect to the buffer layer.

It is noticed thathegrain size isalsosensitiveto template layer-ilms on positive region
posses$arger grain size that that of negative af®ath surface and interfacial energy plays
an important roletoward grain growth. PZT buffer layer with mulgrientationnot only
serves as nucleation sites for the formation of CFO graing alsoinduces lattice mismatch.

As evident fromFigure4.11, without the template layer, the CFO interfacial region is notably
stressed and illustrates smaller grain size. The compressive stragmgirlyscomes from

PZT buffer layer with different orientation. To minimize interfacial energy between grains
and the buffer layer, grains grown into a columnar morphology with increasing thickness, as
shown inFigure4.11(f) and (g) These observation clda demonstrate tha{l) the regularity

of the PZT grain orientation controlled by mieposited buffer layer fored after PLD
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deposition and postinnealing (2) this growth regularitywas passed onto the CFO columns
which subsequently grown on the PZT array.

Note that, in addition to work as a patterned template, PZT array plays seymvetant
roles: (1) Printed PZT template can possess various preferred oriergatianthermal
treatmat, which is an advantage for the pdsposit film orientation control. Films with
controlled orientation further provide the way of tailoring the physical properties across the
composite(2) PZT is a welknown piezoelectric material with good electtiparformance,
which can serve as an active layer to generate charge or domain motion with induced strain

across théME composite.
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(2) pulsed laser deposited CFO (800°C)

! (111) ] (111
(1ooy_ (100) [—7ggy - (100)
Pt/Ti/Si02/Si

(b) . pPositive | (d)

-

Negative

Figure 4.11 (a) Schematic of hybrid deposited PZT/CFO ME composite aftgyand (c)
SEM images of CFO grain growth on positive area of the PZT array; (d) and (e) SEM images
of CFO grain growth on negative area of the PZT array; (f) and (g) -Seas®n view of

CFO film grow on positive and negative area of the PZT array.
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MFM and PFM were then used to investigate the magnetic and ferromagnetic domain
structure in the CFO/PZT ME composite array, which can be also used to understand the
structureproperty relationship. For this purpose, the sample was bonded on a conductive
metal disc with silver epoxy, which serves as the bottom electrode for the PFM measurement.
The topographic AFM images are shownHigure 4.12(a) and (b) and the corresponding
magnetic domain phase images are listeBigure4.12(c) and (d)From theAFM images
the negative area was smoother thihat of positive area,showing a lower degree of
roughnessFrom the MFM images, it is noticed thaetmagnetic domagin positiveregion
[Figure 4.12(c)] are in similar size withrespectto corresponding gras) whereas magnetic
domains in negative regidfrigure4.12(d] show a clustelike configuration with larger size.

This magnetic domain variatiotean be devoted to thgrain orientationdifferenceand the
resultant magnetizaticamisotropy

These resultslemonstrate thabne canmanipulatethe physical performance of the

nanocomposite filnthroughcontrolof nanostructure.
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Figure4.12 Topography and magnetic domain images on the CFO/PZT ME composite array

surface of (a) and (c) positive area; (b) and (d) negative area.
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Figure 4.13 shows the piezoelectric respon&R) data of the negative region through
PFM mapping.A Bruker Dimension Icon with a conductive diamond coated silicon
cantilever tip(DDESRFM-10, Bruker)was used to conduct piezoresponse force microscopy
(PFM). High speed PFM was usedré@sonance enhanced mamtean operating frequency of
~520kHz. The deflection sensitivity othe tip was97.47 nm/V Interestingly, the PR signal
(both phase, amplitude and data as showfigure 4.13(b)~(d) obtained from the film
surfaceillustrate significant contrast, indicating the film is strongly piezoelectric. However,
the surface of the film is CFO, ngmezoekctric phase, which should have no pedeotric
responseunderapplied electric field. Specifically, the PR amplitude data with highlighted
region in small grains indicate strongesponsgwhereagegion with larger grains does not
have significant comast. It is noticed that, grain size on the other side reflect different
orientation, and theiezoelectricresponse mugtriginatefrom the bottomPZT layer. Thus,
these PFM images demonstrate that the domain distribution of the composite film is tightly
relatedto the grain orientation. Moreover, PR amplitude image indicate that magnetic grain

with smaller sizéhasbetter elastic coupling in layered ME composite than larger ones.
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Figure4.13 AFM and PFMstudy of negative area: (a) AFM topography image of an area of

4¢3 e m; (b)), (c) and (d) the corresponding pi_
(e) the local piezoelectric hysteresis loops measured in negativeleftegart shows the

phase angleariationunder tip bias sweep, right part shows the amplitude variation under tip

bias sweep
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