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Abstract

Since the discovery of giant magnetoresistance (GMR) in the |&6@s 1@hich marked the
emergence of spintronic technology, the integration of conventional semicondastat electronics
with spintronics has always been of great interest due to important technological advantages. Dilute
magnetic semiconductors (DMSsMeabeen developed as a viable solution for realizing this idea.
The recent generation of DMSs alikuite magnetic semiconducting oxides (DMSOSs) that promise
reaklife device applications due to their high Curie temperatures well above room temperature.
Among all DMSOs, HfQ has received increased attention because of its technologically important
properties such as high dielectric constant (8~2
(n=2.9), and excellent thermal and chemical stédsliMore importantly, HfG is the most CMOS
technology compatible metal oxide, and its ferromagnetic properties therefore peasyse
integration of CMOS technologyith spintronics. As the structural defects, particularly oxygen
vacancies, are believed to play amportant role in inducing ferromagnetism in DMSOs,
nanostructures of HfDespecially onelimensional (1D) nanostructures with high specific surface
areas, are expected to exhibit enhanced ferromagnetic properties. Moreoverrgstgléne 1D
nanostruaires with their high crystal quality provide an excellent material system for studying the
correlation between oxygen vacancy defects and ferromagnetism due to the minimal effects of other
structural defects. However, the synthesis of siagystalline HD, 1D nanostructures have hitherto
been unsuccessfhkbcause ofhe extremely low vapor pressures and high melting points of Hf (2233

) and( 2Hg 000 ) of tha suppressibnsobvaptiquid-solid (VLS) growth arising from

pulsed laser ablation akide targets.

In the present work, we have synthesized undoped and dopea&ti@structures with different
morphologies to investigate their novel magnetic properties. By precisely controlling the growth
parameters in a catalyassisted pulsed laserpissition (PLD) system and by using different growth
templates including chemically oxidized Si (8%, OxSi predeposited with gold nanoislands
(GNI/Ox-Si) and with tin alloyed gold nanoislands {SNI/Ox-Si), we have been able to grow HfO
nano squareywamids and nano triangular pyramids on8hand GNI/OxSi, and nandetrahedrons,
undoped 1D nanostructures [nanowires (NWSs), nanospikes;audunons], Tidoped and~e-doped
nanospikes, and Feoped distorted nanocubes onGNI/Ox-Si. The 1D nanostrugtes synthesized
in this work are the first singlerystalline 1D HfQ nanostructures ever reported. In the first phase of
the present work, weharacterizéhe morphology, crystal structure and growth direction of the

undoped Hf@nanostructures usirggaining electron microscopyglancing incidence Xay



diffraction, and high resolutiotransmission electron microscqmong with structural simulation by
calculatedcatomic models. Our investigations reveal that Sn plays a crucial role in promoting the VLS
growth of 1D nanostructures by alloying with GNIs to form@&NI to increase both the VLS growth
nucleation and growth rates. FurthermoreaX photoelectron specscopyshows thatHfO, NWs

are more oxygeueficient than th&ifO, nano square pyramid§heir room temperature

ferromagnetic behavior compared to theskvparamagnetic behavior of Hf@ano square pyramids
thereforeconfirms a strong correlation betwelgigh temperature ferromagnetism and the amount of
oxygen vacancies in the lattice. Employing a modified bound magnetic pdigboidized band
ferromagnetism model, we explain the role of oxygen vacancies in inducing high temperature

ferromagnetism in HFONWs.

In an attempt to fabricate HfManostructures with higher magnetic saturatiorgdpedand Fe
doped HfQ nanostructures are also synthesized in this work. Morphological investigations reveal that
Ti doping has a minor effect on the VLS growth mexsia producing HfcTixO. 1D nanostructures
(nanospikes) at different Ti atomic concentrations (x=0.0D, @.25 and 0.8). On the other hand,
doping with a magnetic materislich ag-e is found to restrict VLS growth significantly, yielding
nanospikesdr 1 at. % Fe doping (klfsFe.0:0. nanospikes), but distorted nanocubes with stacked
crystal flakes for 5 at. % (blbsFe.0502), 10 at. % (Hfod-e.1d02) and 20 at. % (HfsoFe.2d02) Fe
doping. Moreover, Ti doping up to 10 at. % is found to slighttyéase the magnetic saturations of
the HfQ, nanostructuresyhile further doping (25 at. % and 50 at. #éjluceshe magnetic saturation
back to the same order of magnitude as that of the undoped\W#S, which is attributed to the
presence of the HfTi{phase with a possible higher oxygen vacancy formation energy. In contrast,
Fe dopinghassignificantly increasg magnetic saturations (e.g., up to two orders of magnitude higher
than that of undoped Hianostructures for 10 at. % doping) througbeRte exchange interaction
in the lattice. Further doping (20 at. %), however, is found to produce extrinsic properties due to

possible atomiscale magnetic ion clustering.

The present work offers valuable insights to the synthesis of other oxide nanostructures, especially
1D nanostructures of complex oxides. Indeed, the use of appropriateaftmtalatalysts could
provide the key to the PLD growth of other hitherto unatathie 1D nanostructures athermetal
oxides. Their magnetization measurements could further advance our understanding-ofdisfedt
ferromagnetism in DMSO materialBhe singlecrystalline HfQ nanostructures introduced here
could be an important giping stone toward the integration of CMOS and spintronics technologies,

given their high Curie temperatures and high material compatibility.
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Chapter 1

|l mtoducti on

The present workocuses onthefabrication and.agnetic properties of doped and undoped HfO
nanostructureas novel materiaffor spinbased applicationd his chaptebeginswith abrief
introductionto the history and basimonceptof spintronics and the significance of integrationtbis
technologywith conventionachargebased electronic§ hiswill be followed byan overview d
dilute magnetic smiconductas (DMSs), particularlydilute magneticemiconduéhg oxides
(DMSGs), asa promisingclass ofmateriat for realizing the integration of spimasel and charge
basel technologiesThe main ferromagnetic mechanisamDMS and DMsOmaterials will also be
discussedh this sectionThis chaptethencontinues with &hortreview d the propertiesand
synthesiof HfO, nanostructuregarticularlyone-dimensional 1D) HfO, nanostructuresas novel
DMSOnanomateria Next, adescriptionof the pulsed laser depositiqPLD) methodand
superconducting quantum interference de{®®@UID) magnetometralong with the experimental
detailson PLD-assistedvaporliquid-solid (VLS) growth of HfQ nanostructures artfieir magnetic
characterizatioywill be provided Finally, this chapter will concluderith the scope and structure of
thethesis.

1.1 An Introduction to the Fundamentals of Spintronics

Charge and spin are two fundamental and intriclsaracteristicef the electron Before the
discovery ofthegiant magneairesistance (GMR) effect in 1988 by the Nobel laureaAtbert Fert and
Peter Griinberg? only theelectroncharge hd beenexploited inthe designanddevelopment of
electronic devicewhile theelectron spin has always been overlookdowever,the discovery of
GMR effectrapidly changed thipicture triggeling intenseresearchhatled totheemergence o
new fieldin scienceand technologknowntoday asspinbased electronics or spianics In
spintronics electron transport is controlled throutiie manipulation of electron spiridzor example
GMR arisesfrom themagnetizatioreffect offerromagnetic layes onthe electricalresistivity acrosa
multilayer structure consistg of alternatingferromagnetic and nonmagnetic met&igurel-1a,b
depictthefirst observations athe GMR effectin a Fe/Cr multilayer an@ Fe/CrFetrilayer
architectures In particular, eighboring ferromagnetic layers with antiparallel magnetizairoduce
maximumresistivity (Rap), while ferromagnetic layeraith parallel magnetizatioproduceminimum
resistivity (Rp). The magnetoresistan¢®IR) can therefore be written 8R=100%[(RyRp)/Rp].° The
concept of GMR effect can be damed by theéwo-currentmodel proposetbr the firsttime by Mott



in his workontheelectrical conductivity of transition mads® Accordingto this modelspinup and
spin-down electrons can carry the electrical currertvo independenthannelsThe resistivity ina
ferromagnet arisefsom the scatteringof electronsn the4s bandgwhich are responsible for the
electrical conductionwith the electrorin the3d band.®> When the spisof the electrosareparallel
to the magnetization of tHerromagnet (majority spin)hedensity of state€DOS)for the 3d band
at theFermienergy (E) is small(Figurel-1c). On the other hand, faheelectrons withantiparallel
spirs to the magnetization of the ferromagnet (minority spin) xS of 3d band becomedarge
Sincethe probability of scattering proportional to th®0OSat the Fermi energyhecurrentchannel
with electrors of antiparallel spiato the ferromagnahagnetizatiorexhibit higher resistivitydue to
themore scatteringFigure1-1c). Therefore, m a sandwich structure of
ferromagnet/nonmagnétfromagnetvith parallelmagnetic configuration of thierromagnets, one of
the electrical currenthannelsould easilypass though both ferromagnetic layeereating a short
circuit ard low resistanceHowever, inthe antiparallelmagnetic configuration of the ferromagnetic
layers both spirup and spirdowncurrentchannels experience some scatteringitinerof the
ferromagnetic layers, which leadshigher overall resistivityKigure1-1d). The current in GMR can
be measuredither parallel to the interfaces [current in the plane (CIP)] or perpendicular to the
interfaces [current perpendicular to the plane (CEHRYurel-2). The GMR effet wasoriginally
observed in a CIP measuremeanfiguration butthe CPP measuremestiows astrongeilGMR

effect”

The discovery oGMR hasrevolutionized tle data storage and recording technoldggrd-disk
drives (HDDs)with GMR-based read headsethe mosfprominentdevicesfabricated based on GMR
effect. Thenewread head technologyiginally introduced by IBM in 199¢ould increas¢he
recording densitynore than two orders of magnitudéthin 10 yeardeading to fabrication afiDDs
with smaller sizes and much highemipacitiegup to 1terabyt@.® Today, the capacity of available
HDDsin the markgtlacehas already reaché@® TB andit is expected tgrow up to70-80 TBin
near futuré® Although theglobalmarketfor HDDs has started to shrink sin2810? due to thefast
developmenof competingechnologessuch as sadl state dves (SSD§ HDDs arestill in high
demandparticularlyfor cloud andhearline storagé'* Despite the disruptive impact of COVAL®
pandemioconthe HDD supplymarketover the last two yeargheglobal shipment oHHDs in2021is
still projected to b@ver 200 million units,*2 with anexpectedetabyte shipmentgrowth of 18.5%
per yearbetweer2020and2025
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Figure 1-1. First observatiorns of GMR showing magnetoresistancelotsin (a) Fe/Cr multilayer
and (b) Fe/Cr/Fe trilayer structures. R(H)/R(H=0) in (a) is theratio of resistancesin the
presence and absence tfie external field H, and R(H)/R;, in (b) is the ratio of measured
resistanceto the resistancevalue when the magnetization of ferromagndt layersis parallel to

H. For comparison, the inset in (b) shows the anisotropic magnetoresistance (AMR) effect in a
250-A-thick Fe film. Reprinted with permission from references [1] and [2]. Copyright (1988
and 1989 by American Physical Society (c) Band structure of the ferromagnetic layers inthe
absence (H=0) andhe presence (H 0) of the external field, where D is the density of states and
Er is the Fermi energy (d) Schematic diagram ofthe two-current model. r is the resistance of
electrons with their spin parallel to the magnetization of ferromagnet and R is the resistance of

electrons with their spin antiparallel to the magnetization of ferromagnet.
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Figure 1-2. A typical GMR measurement configuration in a multilayer structure. Thered
arrows showthe direction of the current in either current in the plane (CIP) or current
perpendicular to the plane CPP) configuration. The white arrows indicate the magnetization
direction in the ferromagnetic layers. Repinted with permission from reference[7]. Copyright
(2007) by John Wiley and Sons.

Anotherkey stepn thedevelopmenbf spintroncs waghe study otunnelingmagnetoesistance
(TMR) in magnetidunnel junction§MTJs). The structure of MTJis very similarto a
ferromagnet/nonmagnet/ferromagtrifyer structurethat exhibits GMReffect Instead of a
nonmagnetieniddlelayer, the ferromagnetic layeia a MTJare separated @thin insulating layer
about Inmthick.}* The spin pohbrizedelectrons tunnel through the barnenen the ferromagnetic
layershave parallemagneizationandtheyareblocked wherheferromagnetic layers have
antiparallel magnetizatiott:'> The schematidlustration of electron tunneling intgppical MTJ is

depictedn Figure1-3.1°
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Figure 1-3. (Upper panels)Schematiccircuit models of electron tunnelingthrough an insulating
barrier in a magnetic junction transistorwith the ferromagnetic layers in(a) parallel and (b)
antiparallel spin configurations. (Lower panels) Corresponding band diagrams showthe spin-
resolved densiies of statesfor d electronswith spin splitting e x ¢ h a a3 a resalt of
magnetization of the ferromagnetsDashed linesdenotespin-conserved tunneling through the
barrier. Reproduced with permission from reference[15]. Copyright (2004) by American
Physicd Society.

While the TMR effect wadfirst observed in 1978 before the GMR effect, it did nattractmuch
attention due tehesmall TMR ratio (14% at 4.2 K) and poor reproducibifitf The TMRratio is
defined agRarl Rp)/Ry, Where Rp is the resistancacross the tunnel barrieith the ferromagnets

with antiparallel magnetizatiowhile R, is the resistancacross the tunnel barriesith the
ferromagnetsvith parallelmagnetization.Twenty years latethe first MTJs witha TMR ratio of
~20%and good reproducibilitgt room temperature were obtairt®demploying an amorphous
alumina (AbOs) thin layer as the tunnel barrtét® To date, the TMR ratgof MTJs haveoeen
significantly improved by using crystalline MgO (001) tunnel barfiétseaching a read TMR of
604% at room tempratuf@Recently, a new concept of magnetic memory called magnetic random

access memory (MRAM) has been developed based on ¥IMRAMSs are conceived to be a



promising cadidate for a universal memory unit in computers as they can combthe adlvantages

of the existing memory technologies. This new technology has a great potential to produce memories
with thefast read and write performance of static randagess memyg (SRAM), high density of

dynamic randonaccess memor§DRAM) and nonvolatility of the flash memoriatogether* Over

the last thirty years, many spintronics phenomettia great potential for invention of novel devices

have been found. Here, wiaveonly discussed two of the most important spintronic effeects
illustratetheir potential fornovelapplications. The diagram shownHigure1-4 summarizes the

recent developments in spintronic research and dev#es.

Quantum
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Spintronics

electron spins spin / orbit moments

Figure 1-4. List of spintronic phenomena anddevices.Reprinted with permission from
reference[5]. Copyright (2014 by IOP Publishing, Ltd.

Manipulating the electrical current using the electron spin provides an extra degree of freedom in
conventional chargbased semiconductor devicéisusincreasing their capability and performance.
The integration of spintronsand mainstream chardgased electronics could, therefore, produce
devices with greatr advantages such as nonvolatility, higher data processing speed and lower power
consumptiorf! Moreover, the integration of these two technologiésrs an excellent opportunity to

combine all elements of data processirgy, stoege, logic and communicatipan a single chip.



Fabrication of electinic devices with more compact design cahlkereforebe achieved using such
type ofmultifunctional chips? Designing a new material with both semiconducting and
ferromagnetic propertigs an important step toward realizing the integration of spintronics with
mainstream chargeased electronics. For example, one of the main advantages of using a
ferromagnetic semiconductor is the easier injection of-ppiarized current from a ferromagnetic
semiconductor to a nonmagnetic semicondyetiencompared to the spin injection from a metallic
ferromagnet to a nonmagnetic semicondyctoe to the absencé Schottky barriers:*> Indeed,
some ferromagnetic semiconductors such as europium chalcogamidderrimagnetic or
ferromagnetic spinet$?®have alreadypeenidentified. However, these materials usiyatlavealow
Curietemperature (J andthey requirdifficult growth proceses andtheyare incompatible with
substrates typically used in semicondudiased electronics such as Si and GaAthigsearch for
alternative ferromagnetic semiconductoragavclass of materials calldtie dilute magnetic
semiconductors (DMS4djas been develope@ihe next sectioprovides an introduction tine DMSs

and the physics behind their magnetic properties.
1.2 Dilute Magnetic Semiconductors (DMSs)

1.2.1 History and Background

Dilute magneticsemiconductors areracen class ofadvancednaterias thatare produced by dilute
doping of a semiconductor with magnatias togen@atemagnetic ordering and spin functionality in
the host material while presengits semicondcting propertie26 The first generationfdMSs was
developedn the 198G and they were mainlgased on BVl compoundsemiconductorsuch as CdTe
and ZnSe&7,28The preparatiorof 11-VI compoundsvith alargeamount of magnetic doparits
relatively easy both ibulk form and epitaxial layer3his advantage originates from the fact tihat
valence of the cations in these compousddentical tothat of common magnetic dopastuch as

Mn, whichleads to theformation of substitutional ternary alloys suchzad-xMnxSe 0 < x O0 . 57)
andCdl-xMnxTe( 0 < x OZ¥,28H@wever,the predominant antiferromagnetic exchange
interactionbetween the ngmetic iondn thell-VI DMSs results inspinglass behavior angeak
ferromagnetic response. Moreover, thgype and gtype doping of these materials are found to be
difficult, and theilCurie temperaturés too low (ith TcO4 K) ma krifanogablé for practical
application28,29In the 1990s, he nextgeneration of DMSs based om-W semiconductorsvas
introduced The trivalent catiosof the hostatticein thelll -V DMSs aresubstituted bylivalent

magnetic ionsNIn+2) giving rise toavery lowequilibrium solubility limit However, athe result of



new developmenh crystal growth methods suchmelecular beam epitaxy (MBE} became
possible tdabricatelll -V semiconductorsith magnetic ion conterfiar beyondthe equilibrium
solubility limit.28 The first IlI-V DMS was(In,Mn)As30i 32 thatexhibitedgreatmagnetotransport
propertiesdespite theiwery low Curie temperatureTc<10K). A breakthroughn thisfield was
madewith the growth ofan innovativdll -V DMS based on GaAs [(@gn)As], whichexhibiteda
Curie temperature as high@3K33 andlater up to 110 Knith further improvemen28 To datethe
(Ga,MnAs DMSs have attracted the most attention among all DMS mateuialt therevalent
application of GaAsn many electronic and optoelectronic devices sudhigisspeed transistors
light emitting diodesand laser diode28,34 36 Owing to the continuedmprovements in post
growth annealing techniques, the df (Ga,Mn)Ashasbeen steadilyncreased td40 K37 160K,34
173 K,38191 K39 and200 K40 Although he Tc record of 200 Kas beemn important
achievementit is still far belowroomtemperaturemaking thee DMS materialfappropriate for

practicalapplicatiors in actual devices.

In the searchof DMSswith a Curie temperaturaboveroom temperaturandhigh compatibility
with thecomplementarymetal oxidesemiconducto(CMOS)technologywide bandgap metal oxides
have beomethe centerof attentionsincethe early 2000<Rioneeringwork onthis type of DMSs
includethe observatios ofroom temperaturéerromagnetisnin Mn-doped Zn@' and Cedoped
TiO,,*?43 which havetriggered a new round of intense reseancthis field. A newclassof DMSs
generally categorized afute magneticemicondudhg oxides (DM SQs) hassincebeen
developed® DM SGs haveseveraimportant advantages over D8I he nost importanadvantage
of DMSGsis ther high Curie temperaturthat could bevell aboveroom temperaturée.g., up to
850-930 K for Crdoped indium oxide thin filff), making them promising candidates ferlizable
spintronic devicaapplicationsMoreover thefundamental differences of oxidemiconductorfrom
compound semiconductgsich as bonding characteristityersity andoxygennon-stoichiometry
could potentiallyprovide morélexibility in controlling theirproperties® However,achieving a
uniform distribution of magnetic iongithout any ionclusteing or agglomerationthrougloutthe host
latticein DMSGs s very difficult. Such uncertaintyn the homogeneoudoping of DMSCs ha
prevenedany consensus on the origin of ferromagnetism in these mat&falonetheless, the
magnetic ion distributioissueappears tde closelylinked to the material growth conditig?f*°and
it could bepotentiallyresolvedby using an appropriaggowth technige.In thenext sectionwe will
briefly review someof themainmagnetic interactiaand ferromagnetic mechanisthat are

commonly usedio explainthe origin of ferromagnetisnin DMSs and DMSOs.



1.2.2 The Origin of Ferromagnetism in DMSs and DMSOs.

1.2.2.1 Direct exchange interaction

Exchange interaction is purely guantum mecharicabture andt is the result of interaction
betweerthe wavefunctiogof two identicalparticlessuch as electrondf two electrongnteract
throughexchangenteraction diretty and without anyntermediary,the interaction is calledlirect
exchange interactiohis interactionbetweertwo localized electronsan bedescribed byhe

HeisenberdHamiltonianas?46

HET 3% Eq. 1-1
i

whereS andS arespin operatas of theelectonsandJ; is the exchangeoefficienttbetween the'
and J" spins Dependingon the sign ofj] the exchange interaction thfe electronscanresultin either
parallel or ferromagneticJ;>0) or antiparallel ¢r antiferromagnetid;<0) alignment of their spm If
the electrons belong to the saatem,J; is typically positiveleadingto parallel alignment of spiras
refl ect e firstiule Howeverd thesnteractng electronsare locatedt differentneighboring
atomsthe J valueis generallynegative giving rise tothe antiferromagnetic alignment of the spins.
The lattercasetypically occussin abondingmolecularorbital whenthe atomsond togethet®4¢
Althoughdirect exchanges an important interactiobetween twandividual electronsit doesnot
play a prominent roldén determiningthe magneticdbehaviorof ionic solidssuch abMSsand
DMSGs. Directexchange interactioils ashortrangeinteractionthat arisesvhen theorbitals ofthe
neighboring ion®verlap effectively However the separatiobetween the magnetionsin ionic
solidsis typically far beyond theffective range oflirectexchangeénteraction. In solidsndirect
exchange interacti@thataremediated bya secondarydctorwould thereforebe themoreeffective

mechanisnt®

1.2.2.2 Superexchange interaction

Superexchange interactiocan be defing astheexchange interaction between the magnetic ions
mediated by a nonmagnetan (e.g.,oxygen inmetaloxide9. Hence it is a type of indirecexchange
interactionwith alarger effective rangthanthe directexchange interactiarAn antiferromagnetic
superexchangeavhich is the most common excharigteractionin ionic solids andnetal oxidescan
beunderstood with reference two transitionmetalionsseparatethy an oxygenon shown inFigure

1-5. There isa kineticenergyadvantage for the systefthe twoelectrorsin thep orbital ofthe



oxygenion become delocalized by hopping to #raptystates ofthe d orbitalsin the neighboring
transitionmetalions Two possibleelectron transitioparedepicted inFigurel-5aandb. As it is not
energeticallyfavorable for the system that te2p electrondlip their spirs while hoping to the
transition metatl orbitals a certairalignment of theslectronspinsin the neighboring transitiometal
ion onone sidevould inducean antiferromagnetic alignment efectronspinin thetransitionmetal
ion onthe other sidé® Similar to the direct exchange interactionpsrexchangmteraction carbe
described by Heisenbergdamiltonian Eq.1-1).2° The signof J; in the superexchange interaction is
usually negative and thasitiferromagneticHowever,it could alsobe ferromagnetic dependiiag

the electronconfiguration of the d orbitals or tmeetatoxygenmetal (M Oi M) bond angle® These
dependeriesarediscussedy Goodenough’*¢Kanamort® and Andersofi® todayknown ashe

GoodenougKanamoriAnderson(G-K-A) rules

(@)

A AIA 0 |

TM lon O2p TM lon

Figure 1-5. Schematicdiagrams of an oxygen mediatedsuperexchange interaction in a metal
oxide for two possibleelectron delocalizationschemesnvolving (a) oneelectronfrom O 2p
orbital and one electron fromd orbital of a neighboring transition metal (TM) ion becoming
delocalized and hoping between p and d orbitals, and (b) both electronsof O 2p becoming
delocalizedand hopping betweenp and d orbitals. To prevent spinflipping while hopping,
certain alignment of spins in the TM ion on one sideinduces an antiparallel alignment of spins

in the TM ion on the other side.
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1.2.2.3 Double exchange interaction

Double exhange interaction occurs in the systems witlitivalenttransition metal iond.e.,those
ions that can exist in different oxidation states such msvith the oxidation statsof 3+ (Mn**) and
4+ (Mn*").*¢ This type ofinteraction wadirst proposedo explain ferromagnetism it xAxMnO3
(0<x<1) oxides with a perovskite structuravhere A represesiCa, Sr, or B&* In these materiajshe
electrorsin g orbitals of Mn®**(3d*) ionstend to hopnto theempty state of g orbitalsof Mn**(3cf)
ionsto reduce thé&inetic energy and therefore the total energy of the syseroe the electrons
preserve their spin alignment while fpomg, it is energetically favorable that the three electrons
occupyingthetq orbitalsin the receiving ionNIn**) have the same spin as the piog electron

( Hu nficstaride). This situation requires thhbth donatig and receivingvin ions havethe same
spin alignmentferromagnetism)Therefore, double exchange interactisaferromagnéc
interactionwhich gereratesnetallic conduction imxides,and it isalsoan indirectinteraction
because¢he homping process is mediated by the oxygen ion located between the two magetadic

i0n329’46

1.2.2.4 Carrier-mediated exchange

In some DMSsthe exchange interactidretween magnetic ionsan be mediated ghargecarriers
(electrors or holes). In this mechanisra magnetic ionvith a localized magnetic momespin
polarizes theconduction electronsr holes which in turncan couple to a neighborimgagnetidon
located at the distance r frothe first ion.Since the exchange interactibaetween the magnetic
momentds mediated by the charge cargghis corresponds tatype ofindirectexchange
interaction®® An earlier version of this interactidmown as Zener carrier exchange interactias
first proposedy Zener to describe ferromagnetism in transition métadewever,this modeldid
not consider thescillatorynature ofspin polarization around a localized magnetic momehich
can induce not only ferromagnetic interaction but also antiferromagnetic interaction depending on the
distance fronthat localized magnetic momewt moreaccuratemodelwas later developedyy
RudermanKittel, KasuyaandYosidg known aghe RKKY interaction whichincluded
consideation ofthe oscillatorynature ofthe exchangenteractionmediatedoy the carrers® Based
on this modelthe sign othe exchangenteraction, kkky, oscillateswith the distancér) froma
localized moment and can be describeéas:

. ¢ A °E R
') "QE&& E.Q Eg. 1-2
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where mis the effective masandke is the Fermiwavevector of thelectron gasand h ighe

Pl a n c k 6 sTheoscitlasotyfanction defined as ()=(xcosxsinx)/x* is shown inFigure1-6.
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Figure 1-6. The oscillatory functionin RKKY interaction, wherex is proportional to Ker.

Reproduced with permission from referencg29]. Copyright (2005) by IOP Publishing, Ltd.

RKKY exchangenteraction igmainly used to explaiferromagnetic ordering in HY DMS systems
such agGa,Mn)As.The Mn ionsdoped into théll -V DMS lattice substitute the trivalent cations
(Ga) and servasthe supplier foboth local magnetimomentandthehole carrier. The electrorin
thesp-d bonding statesf the Mn-As bondspinpolarizethe weakly bound holes in the antibonding
stateswhichin turn couple with thelectronsn thesp-d bonding statesf theneighboringMn-As
bond>* The sign ofRKKY interaction(jrkxky) between the two Mn iais, in effect only
ferromagnetic because the first zero ofdkeillation beyondwhichthe interaction is
antiferromagnetiopccursat a distancéar beyondthe RKKY cut-off length(i.e. thechargecarier
mean free pathjue to the diluténole concentratior®355°

1.2.2.5 Bound magnetic polarons (BMPSs)

In the context ofmagnetic semiconductorthie bound magnetic polaraomodelwasfirst employed to
explain the insulatemetal transition iroxygendeficient EuCP® Basedon thismodel, an electron

(hole)bound tothe donor &cceptoy impurity is assumed tbehavdike a hydrogen atomwith a
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hydrogenic orbitathatinteractswith theneighboringmagnetiaonslying within this orbital As the
result of such interaction, bound magagiolarons (BMPsare createdwvhich in turn carnteract
with each other ferromagnetically. If toencentration of donor (acceptor) impurégd thus the
number of BMP®xceedshe percolatiorthresholdthe exchangeteraction between BWs leads to
a longrange ferromagnetic oeing througlout the hostlattice3”°8 Althoughthe BMP modelis also
applicableto 111 -V based DMSsuchas (G,Mn)As?> it is mainly used to eXpin ferromagnetisnn
DMSO materials’®% As DMSOs are typicallwide-bandgap semiconductoosinsulators wih low
density ofitinerant carrierscarriermediatethased mode)®.g, RKKY exchangénteraction arenot
appropriatamodels to explaitheir ferromagnet property®* unlike BMP basednodek thatappear to
provide abetterexplanationSincestructural defects such asygen vacanciesan act aglectron
donos, the BMPmodel is particularly usefdbr explaining ferromagnetism imxygendeficient
metaloxides®? > However, @spitea reasmableaccountof thelong-rangeferromagnetic orderingn
DMSOs the BMP modelalonecannotreconciletheir high CurietemperaturéTc). A more

sophisticateanodelis required tgprovidea more accurateand completicture

1.2.2.6 Charge-transfer ferromagnetism

All the magnetidnteractionmodelsdiscussed star are based atihe Heisenber@pproachi.e., the
direct or indirecexchange couplingetween the localized magnetic momefkargetransfer
ferromagnetismmodel,on the other hands based oithe bandferromaynetismapproachalso known
as itinerant ferromagnetismyoposed foDMSOs doped with multivalent transition metéfs.
According to théband ferromagnetistieory,in transitionmetals someelectrors of the same spin
state(e.g.,downspin)in the conduction banandnear thd=ermienergylevel canspinflip and move
to the subband with theopposite spin stateif spin) due téhe exchangteraction with thenternal
molecular field. If the kinetic energy cost fitie electrondransferring to the opposite spin sbhénd
is outweighed by th€oulomb energy reductipspontaneous spimp andspin-downsplitting of the
bandoccursandleads to spontaneous ferromagnetiéhi.he balancebetween thenergy cost and
energy reductioin this process is determined liye Stonercriterion defined adl(Ef) @I, where
N(Eg) is the density of stated the Fermi level and | the Stoner parameteFhe spontaneous spin
splitting of the banaccurs when the Stoner criterion is met. In DMSiBe maximum of th@arrow
band associated with the defedtges notoincide with the Fermi leveHowever the multivalent
transition iongdoped intahe latticesave as charge reserveiransferring electrasto the defect
statesthusraisingthe Fermi levelto the maximum of the density of statés aresult the N(E)

becomslarge and mesthe Stoner criterion leading tthe spontaneouspn splitting of the defect
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bandand therefore spontaneouterromagnetismA schematigepresentatioof this mechanism is
shownin Figure1-7.5¢67 Although charge transfer ferromagnetisauld successfullyaccount fothe
high Curie temperature of DMS®it can only be used for the systems doped witmthkivalent
transition ionsWe still needa model that can explain the ferromagnetic behavior of thepend

DMSOs orthose systemdoped withsinglevalentmagnetic ions.

3 [ I

Mn2* Mn3*

Figure 1-7. Schematic representation of chargéransfer ferromagnetism in defectrich DMSOs.
The electrons from Mr?* transfer to the defect band(indicated with red and blue colors),
increasing its Fermi level to the maximum of théand density of states wheréhe Stoner
condition is met, resulting in spontaneous band splittingReprinted with permission from

reference [B67]. Copyright (2014 by American Chemical Society

1.2.2.7 Bound magnetic polaron-band ferromagnetism hybrid model

This modelwasfirst proposed byCoeyet al.in 200%8in an attempto explain both ferromagnetism
andthe high Curietemperaturén DMSO materialdy combiring the BMP model with the band

ferromagnetisnformalism Accordingto this modeldefectgsuch a®xygen vacanciesh the lattice
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couldactas donoimpurity sites donating electrons to the latticks described in the BMP moddhe
exchange interaction betweerseboundelectronsand thé& surroundingnagnetic iongreates
BMPs which in turn interact ferromagnetically witmeanother and generate lomignge
ferromagnetiordering?®%Thehigh Curie temperatureould then bexplained through
hybridizationof the impurityderived bandvith the d statesf magnetidons leading tobandspin
splitting. From theband theory point of viewwhen thampurity donorsiteis formed in the latticet
creates a narrow impurity band near Heemi level ofthemagnetic ios. Due to thenteraction
betweerthe electrons on the donor sitasdthe electrondn thed bandof themagnetic ions
electronscouldtransferfrom the impurity band tthe empty sti@s of the d rad. Theresulting
hybridization oftheimpurity bandwith the d bandausespin splitting of the impurity banand
produces high Curie tempeature ferromagnetisii¥:5° The nunmber of BMPs (  tdgtermined by the
density of donor defec{g.g, oxygen vacanciegndthe concentration of the magnetic ioimsthe
host latticg(x) are two critical parametein this model The number of BMPs needs to be above the
polaron percolatiorhresholdl, (i.e., U B) to creatdong-range ferromagnetic orderinghile the
concentration of the magnetmn dopans shouldbe below thenagnetic iompercolation thresholg,
(i.e.,x<xp), otherwise the antiferromagnetic interaction between the ions wiouhihate®® Figure
1-8 shows a schematiepresentation of impity bandsplitting andhybridizationwith the 3d

magnetic ions.
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Figure 1-8. Schematic band structure ola DMSO with 3d ion dopant and donor impurities
with (a) no band hybridization leading to low T, (b) band hybridization with 3d" ionswith nO 5
electron configuration, and (c) band hybridization with 3d" ions with n<5 electron
configuration. Both (b) and (c) lead to high-T. ferromagnetism. Reprinted with permission from
reference [B8]. Copyright (2005) by Springer Nature.

The BMP-band ferromagnetism hybrid modegbparticularly useful to explaihigh-T.
ferromagnetism in undoped DMSOs. A modified version of this moasbeen recently used to
explainferromagnetism in undoped defewth ZrO, nanostructuréd and nanocrystafs in whichthe
transferrecklectronsrom the oxygen acanciego the empty d stated metallic ionscould provide
the requirednagnetic moment without ameedfor magnetic doants. In tie presentvork, we shall
alsoexplaintheferromagnetic behavior of the Hf@anostructureasinga modified version ofhis
model HfO, is a welkknown material in thecontemporary electronic industwith interesting
propertiesin the rest othis Chapter we will briefly outlinethesignificance of this material and its
greatpotential tobe used as @romising DMSOmaterial We will then briefly reviewvarious
physical and chemical techniques usedliersynthesis of Hf¢nanostructuresnd providean
introduction to pulse laser depositifor fabricating HfQ nanostructureandto SQUID

magnetometryor magnetic poperty characterization
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1.3 Hafnium(1V) Oxide (HfOz2): A Promising Dilute Magnetic Semiconducting
Oxide

Hafnium(IV) oxide orHfO2, also commonly known as Hafnia, has recei@éot ofattention over the

last two decades due to technologically important propertissich as high dielectric constant

(8~25), wi de bighlasefadpced dantagethreshdliigh refractive index (n=2.9),

and excellent thermal and chemicabdty particularly in contact with Si subrsites’™ ’® It also

exhibits a rich variety of crystal structures that can be achieved by controlling the pressure,
temperatureandothergrowth conditios as well ashe dopant contenfé Figure1-9 shows the unit

cells of these various crystahasestructures at different temperatures and pressures. The most stable
crystal structure of Hf@at ambient condition ihe monoclinicphasgP2/c, baddeleyite type,

T O1 0 2 ,avhichiransfornsto thetetragonaphasgP4n mc , 1022 <T<2422 ) an
phasd¢ Fm3m, T>2422 )  wi t WAtrdom emperatwre andiflv increasipge r at ur e .
pressurethe monoclinic phasendergoes a phasafrsformation to orthorhombic | (Pbcm) at@

GPa and to orthorhombic Il at P>29 GP&8° Owing toits manysuperior properties, Hf@has

becomean advanced material with great putal for a broad range of applications. For example, the
high-pressure phase of HfQFigure1-9c) can be quenchdzhckto ambient conditioff 8 and used

as a superhard ceramic oxfdéfter the recent discovery of ferroelectricity in noentrosymmetric
orthorhombic phases &ffO,,2283it has also been subjected to numerous studies for ferroelectric field

effect transistors (FeFE¥¥°and ferroelectric random eess memory (FRAM) applicatioAsOther

applications include antieflective and protective optical coatif®® memristorg’¥ ** and gas

sensor$®
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Figure 1-9. Unit cells of different HfO > polymorphs: (a) monoclinic; space groupP2i/c, (b)
tetragonal; space groupP4:nmc, (c) cubic; space groupFm3m. (d) orthorhombic I; space group
Pbcm, and () orthorhombic II, also calledcotunnite; space group Pnmalarger circles
represent Hf atoms and smaller circles represent O atom&eproduced with permission from

reference[70]. Copyright (2011) by Elsevier.

Among all potential applicationssing HfQ asthe gatedielectricof a metaloxide-semiconductor
field effecttransistofMOSFET)is the most establishédchnologicabpplicationof HfO>. In
general apromisingcandidatdor gate dielectrian MOSFETSs should haveehigh dielectricconstant
(between 10 to 30a large bandga(above5 eV), ahigh electrical breakdown fieléindalarge
barrier heightt interfaces witlSi (above V) to minimize thecurrent leakageMoreover, the
potentialcandidateshould have high thermal and chemical stability in contact thélsi substrate

Among allthetransition metal oxide${fO» and othehafniumbased thin film$iavethe most
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optimum properties ttulfill the above requirementSinceMOSFETs with HfO. gate dielectrics can
haveamuch moe compact desigdue tothelower currenteakage’® HfO, hasrecently found
extensiveapplicationin modern electronidevices andit hasbecone themetal oxide that isnost
compatible withCMOS technologyThediscovery offerromagnetism imndopedHfO, thin filmsin
2004° was therefore of great significantecausaising an excellent CMOS compatilidISO
materialwith a Curie temperature well ab®room temperatuii@ spintronic devicesould be a
major stedorwardin realizingthe goal of integratingspintronics withconventionakemiconductor
baseckelectronics and CMOS technologyy.

Theobservation ofinexpectederromagnesmin HfO, hasalsosignificantlyimproved our
understanding of ferromagnetic mechanismBMiSOs As alludedto earlier,therehas beemo
consensuabouttheorigin of ferromagnetisnim DMSO materialsWhile someaesearcherbelieve
thattheferromagnetigropert of DMSQs is intrinsic, originating from thestructural defects in the
lattice,othersadvocatdhatit is due toextrinsiceffects such amagnetic iorclusterformationin the
lattice after doping?® Undoped HfQis a metal oxide with Hf ionswith a closed shell [Xeff'4
configuration and no unpaired electron or magragigant®® The discovery of ferromagnetisimthis
materialtherefore hassignificantly strengthened thaéew thatstructural defectsratherealsource of
ferromagnetism in DISOs.Althoughthe role of defects in genenagiferromagnetism in DMSOs is
generally accepteih date?®+>5%%there is still ongoing discussion on the exzatire ofthese
defects®%9While a fewstudie$§®'°°show cation vacamesare the source of ferromagismin
DMSO materialsthereis more solid evidence that oxygen vacancies are indeed the main source of
ferromagnetisnin both undoped and doped DMS#3§#97:98.101103 Baged orntherole of strudural
defects particularly oxygen vacancigmanymodels have been proposed thus far to explen
ferromagnetic behavior of DMS@Sectionl.2.2. According to theBMP-bandferromagnetism
hybrid modef®, which appears tbethe most complete model, the amount of oxygen vacancits
hostlattice determins the numier of BMPs(thus the total magnetic saturation valaadthe degree
of hybridization of the impurity bandvhich affects the CurimperatureCompared to thin films,
low-dimensionahanostructures, particularly 1D nanostructisesh as nanowirgd\Ws) and
nanospikeshavelargespecific surface arsdhat couldpotentiallyoffer more surface defectnd
oxygen vacancies.hey arethereforeexpected to exhibi&nhancederromagnetic responsehich
hasalreadybeenconfirmedin recentreports ofsuperio ferromagnetic propertigns ZrO, 1D
nanostructuréd andnanocrystal$* Consideringhe nearly identicathemistries and crystal structures
of ZrO, and HfQ,’® similar improvemersof magnetic propertieim HfO low-dimensional

nanostructures, particularyfO, nanowiresand nanosges are expected. MoreovetD
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semiconductor nanostructureshibit novel electronic and optical propertigise tohigh specific
surface aredjigh crystallinequality, and sizedepen@nt quantum confinemembducedeffectsthat
could alsaaffecttheir charge transpoend magnetoresistanpeoperties® 1%’ The synthesisof HfO,
nanostructures, particularhp nanostructuresvould thereforebe of great interesb spintronic
applicationsIn the next sectiarsynthesisnethoddor fabricaing HfO. nanostructuresespeciallylD

nanostructureill be briefly reviewed.

1.4 Synthesis and Growth Methods of HfO2 Nanostructures

To date HfO, has beemainly usedin the form ofthin filmsin most applicationsTherearealready
numerousepors onthedeposition of Hf@ thin films usingvarious depositiotechniquessuch as
solgel, sputtering, pulsed laser deposition (PLDhetalorganic) chemicavapor deposition
[(MO)CVD], andatomic layer deposition (ALD). Metailed review of these methods can be found in
referencd70]. Thereare howeveralimited numberof reports in the literature abothte synthesis of

HfO. nanostructures, particularbD nanostructure$Ve briefly review some of these reports.

1.4.1 Synthesis of HfO, Nanoparticles

The most widely used methods the synthesis oHfO, nanopatrticles are chemical solutibased
methodslin these method$afnium halide, typically hafnium tethloride (HfCl), is dissolved in
water(for hydrothermal synthesis) or alcohabi(fisolvothermal synthesisyhepH of theresulting
solution isthensubsequently increased by gradually adding a strong base, such as &OH aNd
ammonia,which leads to precipitationof hafniumhydroxide [Hf(OH})]. In a simpleprecipitation
method!%1%the Hf(OH), precipitates areollectedfrom the solutiorandcalcinated at high
temperature§ 0 0 to optainHfO, nanoparticles.n the hydrothermaP11%11andsolvothermal
methods!213the Hf(OH), suspensioiis used as a precursor solution drahsferred tomautoclave
reactor Thereactoris sealed and pun an oven at selectedemperaturdor an appropriatauration
to produce HfQ nanoparticlesHydrothermakreatmentan also bassisted byltrasonicatioror
microwave radiatiomo increase theeaction ratehenceredudng the reaction timé!®!!Although the
solutionbased methods are very simple and economntizaydo not producendividual nanoparticles
due to the strontendency of th@anoparticlegor agglomeratiomuringthe synthesis and
calcinatioridrying processAn effective solutiond deal with this problem iheaddiion of organic
surfactantgo the reaction systef’3The organic surfactants serve as cappiggntghat can both

reduce the agglomeration acontrol the shape and size of the nanoparti@les.
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Reports orthesynthesis of Hf@nanoparticles using physical methadevery limited. There are
only afew reports ornthe synthesis of Hf@nanoparticles using pulsed laser ablation of solid targets
in watef#115and aif'!® a standardechniquethat hasoftenbeenusedto synthesize various
nanoparticles!’ When the laser hithetargetsurface ahigh-temperature and higbressuremetal
plasmathelaserplume)is createdy thelasershot The asgenerated lasgrumerapidly cook down
as a result ofiltrasonic adiabatic expansion leading to the formation of metal cluStesemetal
clusters gbsequently react with treairroundingagueousolution and édrm metaloxide
naroparticlest!’ The mainadvantageof this techniquarethatthesize, crystal phase, and shaybe
the nanoparticlesan be controlled by adjustirige laselpulse energy, wavelengtand repetition
rate!!® In addition,the agglomeration problehmes beenreported to beninorin the colloidal
solutions produceby this methoddue to the repulsivsurface charges resulting from partial surface

oxidation d the nawparticlest'*

1.4.2 Synthesis of HfO, 1D Nanostructures

To date, there have beenly afew attempts to fabricate HiCLD nanostructuresvhich mostly
includethefabrication ofHfO, nanotubeg®>118122 A widely usedechnique teynthesize Hf@
nanotubes is the anodization of Hf foils in an electrochemical’@é# This methods basically used
to fabricateporousoxide layersthe morphology and thaner diameter of thporesof whichcan be
manipulatedy adjusting theslectrolyte composition arttie applied potential tobtain arrayed
nanotibes!'®12! Another approach tthe synthess of HfO, nanotubess thetemplatebased methqd
in whichthe nanotubearefabricatedby the deposition of HfQ onto a templatdollowed by
renoving the templatafterthe depostion.”>??For examplewell-arrayed HfQ nanotubedave been
madeby atomic layer depositio(ALD) of HfO; into thenanopore®f ananodicaluminum oxide
(AAO) templatefollowed bychemicallyremovingthetemplatesn abasic solutiort?? In another
attempt, HfQ superbng nanotubesHhollow nanofibersare produced bLD of HfO- thin film on
electrespunnylon nanofiberand subsequent removing tt@e polymeric nanofiber by
calcination” In these templatbasedmethodsthe thickness of the nanotubes can be precisely
controlledby modifying the ALD parameterbuttheresulting nanotubearetypically amorphous or
polycrystalline In addition toprovidingpolymerictemplates for the synthesis of Hf@anotubes
electrospinning healso been use directly fabricate HfQ nanobelt¥ and nanofiber$*In a
typical electrospinningynthesiof HfO,, a polymer solutiorof Hf is prepared anttansferred to a
glasssyringe Then a steady pressure is applied to $gginge plungeto graduallypushthe solution

outwhile a high DC voltageapove 15 kV) is applied between the tip of the neadta collector
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plate The collectedhanofibersarethencalcinatedo remove the organic ingredier@nd obtain HfQ
1D nanostructureslhe calcinationatmosphere and temperature can alsednedto modify the
microstructure andtructural defecti theasfabricated nanofiberg?

All theaforementionedynthesisnethodsarebasednwet chemistry andtheygenerallyyield
agglomerated products witthigh possibility ofcrosscontaminatiorof chemical impuritiesAs even
a minute amount of contaminationuld produce erroneous resttt magnetigroperty
measuremesithe products of these synthesis methadsnot appropriatdor magnetic propeyt
studies. More importantlyyhile single crystallinity and nearly perfect crystal quality of
semiconduéhg NWs play a vital role in their superior physical propertiese of these methodare
capable oprodudng high-quality singlecrystalline 1D nanostructureBhe mostappropriatanethod
to fabricatehigh-quality singlecrystallineNWs is the vapoliquid-solid (VLS) growth thatcould not
only provide exceptionaingle crystallinity but alsgood control orthe sizeandshapeof theNWs

with minimal risk of magnetic or chemical contaminatiéh2’

In a typical VLS growtlprocessthe surface of a sulvate is seeded witlmetalnangarticles
servingas both catalystparticularly inachemical vapour depositio@€¥D) processand nucleation
sites.!?512" The precursor of thdesiredsemiconducto(or other material of interest introduced
into thesystem inthe vaporphasehroughtheinjection ofgaseouseactants in CVE?® 31 (including
MO-CVD*®?), or evaporation and sublimatiarf a solid sourcein anon-CVD process such as thermal
evaporatiort*3134electronbeam evaporatigi® molecular beam epitaxy (MBE}® %8 or laser
ablation3¥141|n the presece of the semiconductor vappa(pseudgbinaryalloy is formedbetween
the metahanoparticlecatalyss and thesemiconductoWhenthe substrates annealedo a (growth)
temperature higher than tbatecticpoint of themetatsemiconductoalloy, the metal catalyst medt
andcreate a liquid/vapor interfacghatincorporate more semiconductor material from the vapor
phasénto the liquid alby.1°+1251271n a CVD processtheinitial decomposition of theeactars (e.g,
SiH, or SiCl, in the caseof Si NWs growth occursatthe liquid/vapor interfacand theproducts of
the chemical reactiosubsequentlgissolve iro theliquid alloy.** Eventually, thdiquid alloy
becomes supersaturateih the semiconductor material atite solid phase of the semiconductor
starts to precipitatfom the catalyst particlereatinga solidliquid interfae also known athe
growth interfaceThe growth proessproceedwith continwusfeeding of the semicaluctor material
from the vapor phasénto theliquid catalystresulting in theaxial growthof the NW204.125127A
schematidiagramof the describe®LS mechanism for the case of Si NM\V¥ illustrated inFigure
1-10.
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Figure 1-10. Schematic diagram of VLS growth of Si NWs. (a)A liquid alloy droplet of Au-Siis
initially formed above the eutectic pointof the Au-Si alloy system( 3 6 3. Contjnuous feeding
of Si into thealloy droplet eventually supersaturates the dropletresulting in precipitation of Si
and axial growth of the SiNW. (b) Binary phase diagram of the AuSi system showing tk
thermodynamics of VLS growth. Reprinted with permission from reference[104]. Copyright
(2006) by IOP Publishing, Ltd.

To date, nsuccessfuVLS growth of HIG 1D nanostructurelsas been reportedhichattests to
theseliouschallengesin synthesizing Hf@low-dimensional nanostructurd3ue to theextremely
low vapor pressure and the high melting pointé®,, VLS growth of HfQ nanostructureasing
conventional CVD ophysicalvapor deposition ethodsis not feagble. Directlaser ablatin of a
solid targeinto the gagphasethereforeappears to be the begiproacto achieve VLS growth of
this materialln the presentvork, we show tha¥LS growth of HfQ nanostructures is indeed

attainable byhe pulsed laser depositionethod.
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1.5 Pulsed Laser Deposition of HfO2 Nanostructures

1.5.1 Background and Overview of PLD Growth

Pulsed laser depositi¢RLD) started to develogs athin film deposition techniqum the 196G,
shortly after the first higlpower ruby laser bame availablé?*? Thefirst thin film deposition
experimenthat usedaserablation of materials wagported by SmitandTurner in 1965* when
they used auby laser taleposit thin filmson semiconductors, dielectrics, chalcogisand
organometiic materials During the next thirty years, howeveesearch activities ithis field
remainedargelyin ahibernation state withnly a few publicatios per yeat*> The mgor
breakthrougtwas achieveth 1987 whervVenkatesad s  gdemsoasgrated that highuality
superconductathin films with high T could be fabricated by pulsed laser ablation dfEa,Cu:Or-y
target by takingthe mainadvantage athe PLD techniquan maintairing the stoichiometry of the
target material** This achievementriggereda new round ointenseresearchhathasled to many

significant developmenta this field.14?

In a typical PLD processn intensdaser pulsés focused oto the surface o target(solid or
liquid) installed inside &acuumchamber Above a certaithresholdoowerdensity theinteraction of
the laser bearwith the targesurfaceresults in significaninaterialremoval fromthe targein the
form of aluminousplasma plime which contairsionized atomi@andmolecular spcies.This plume
thenrecondensesn apre-heatedsubstateinstalledoppositethe targetleading taheformation ofa
thin film of the materialon thesubsratel* 4’ The nature andjuality ofthe PLD-grownthin films
can bemodified bymanygrowthparameters such as materiakf growth(or substratedemperature,
nature of thesubstratenature of the ambient during growth, substtatéaser plume distancand tle
laser source parametergavelength, energy fluencpulseduration andrepetition rate}*14’For
exampleJasers withanultrashortpulse durationgicosecond and femtosecond lasers) have been
recently used fodepositionof thin films with very differentcharacteristics from those films
deposited with convential nanosecond pulsed las&fs4814%Additionally, it is possible to use
differenttypes of background gas (inert or reactiambienj duringthe growth proess that could
affect theablatedspeciesandthe surfaceeactionsand thus the chemical composition and properties
of the deposited film*® Moreover,dueto thehigh ablation rateof the targe, particularly
advantageous the case ohigh-melting-point materials and high deposition rateLD hasbecome a
populartechnique fothe depositiorof high-quality metal oxide thin film&***°Indeed thegreat
advantage of PLD ipreserving the stoichiometry of the targeterialhas made this techniqtiee

most widelyused method in fabricati DMSO thin films#?44.151.152ncluding HfQ, ferromagnetic
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thin films,%6:98.102153yhere the precise control of the magnetic dopants and oxygen vacancies is

crucial.

Theseadditional parameters provided by PhEeespeciallymportantin theVVLS growth of 1D
nanostructures by allowing the fabrication of NWs with various morphologpm@uisely controlled
compositionVariousoxide NWs have beesynthesizedecentlyusingthe PLD-basedVLS growth
method!40141.154150f parfcular interestis the VLS growth ohigh-melting-point oxides®® which are
difficult to produceby usingother physical vapor deposititechniqus. As HfO: is alsoan oxide
material witha high melting point and low vapor pressuesdPLD-basedapproactappears to be the
bestapproactto achieveVLS growth of HfO, 1D nanostructure§ o date the synthesis afuch
nanostructurebasbeenhithertounattainablend the HfQ 1D nanostructures remain elusive. The
present work demonstrates, for the first time, the synthesis ofgigiity, singlecrystalline HfQ

nanowires and other ladimensional nanostructures by the PLD method

In a typicalPLD processthevaporsolid (VS) mechanism ialwayscompeting with the VLS
growth mechanisn¥V'S growth corresponds tdirectcondensationf the solid material from the
vapor phasgn contrast to/LS growth in whichthe atomic speciesf the desired materiirst
dissolvesinto a liquid catalysfrom the vapor phasand therprecipitats outas a solid phase from
the supersaturatelifjuid phase**1°¢158|n the case of &lW growth,the VLS growth is therefore,
responsible for the axial growtf the NWs, while thecompetingV'S growthis responsible for the
concurrengrowth of the nanostructuldilm at the base of thHWs as well aghe lateral growth of
the NWs The final productareNWs, providedthatthe VLS nucleation and growth ratasehigher
than hoseof the VS mechanism so that thd_-S mechanisndominateverthe VS mechanisnthe
nucleation and growttates areproportional to the degree of supersaturation in the vapor phase
which in turn depends on timeaterialsupply fluxand for oxide NWsthe oxygen pressure @ide the
chamber®® In the case o high material flux and highoxygen pessurethe VLS growthis
suppressedndthe VS-grown film becomesthe final productFor NWs, the material supply flux and
the oxygen pressurtherefore shouldstaywithin an optimum rang°¢ 158 |f an oxide target is used
to grow oxide NWsthe unintentional oxygesupplyfrom the target can narrotihie optimum
material flux windowso that the synthesis of oxiti&Vs becomes more challengifg.For thepulse
laser depositionf HfO,, an oxide target is typically usedpoovidebetter controbverthe
stoichioméry of the final product. Therefore, the optimum material flux ramgg alreadybetoo
narrow for the VLS growth of HfONWs. Moreover, HfQ is a hardnaterialrequiring ahigh energy

laser pulsdor ablaion that couldincrease thenaterial removaandhence the material supply flux.
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Consequentlythere is always a hidtkelihood of missing thealreadynarrowoptimumflux window,
whichmakesthe VLS growth of Hf@ an extremelydifficult task In this work we will use a novel
techngue toovercome these technical challengeshe next sectigrwe describe ouexperimental
method and thdetails ofthe PLD instrumentation used in this stuidy HfO. nanostructurgrowth

1.5.2 Experimental Details of PLD Method

Figurel-11 shows thepulsedlaserdeposition system (NanoPLD, PVD Products) usederpttesent
work tosynthesizeindopedanddoped HfQ and othemnanostructuresrhe systenis comprisedof a
UV pulsedlaser sourcealignmentoptics, and a multiport deposition chambére lasesource is an
excimerKrF pulsed lasefLambda Physik COMex 205 operatingwith awavelengthof 248 nm, an
energy ofL00-600 mJper pulseandarepetitionrate of5 Hz. During the depositiorthe laser beam is
aligned angartly focusedoy theappropriatdensedocated between the laser souarel the
deposition chambeA rastering mirror is used talirect thefocusedpulsed laser beathroughafused
silicawindow atthe entranceport of thechamber onto theurface of darget Inside thedeposition
chamberthere is asix-targetplanetarycamuselto accommodatéarget pelletswith each target
holderrotatingaroundthetargetaxisatan adjustable rotation spedde target rationaccompanied
by rastering of the beam across thegetdiameter providea unformablation of theentire target
surface Thesubstratéholderis used tasecurehe substratéacing down directhabove thdargetand
perpendicular to thiaserplumeexpansiordirection. Thesubstratéolderconsiss of a windowed
platefor positioningthe substateanda thermocouple connected to the holder to measure the
deposition temperatur8ubstratesan beheatedup to9 0 0 through thermal radiation providéxy
an assemblyof infrared lampsnountedat the back of theubstraténolder. Thedistance between the
target and thesubstates adjustabldy vertically moving thesubstrate holder with a linearotion
manipulator Before starting the deposition, the chambenigcuatedby a turbomolecular pump to
achieve a base pressimever than 1x1¢ Torr. The process gas(includinginertgases such as Ar or
N or reactivegases such as,@nd H) can bantroducednto thechambethrough a variable leak

valve withafour-channel mass flow controller (MKS 247D)

26



’ 1 WA YT

g
<
4

= Chamber

[ L S T - T ]
et

Multi-Targe
Carousel

|

Figure 1-11. Photographs of the PLD systemdepicting (top) the pulsedKrF excimer laserwith
the laser gas storage cabingthe alignment, focusing andrastering optics, the high-vacuum
deposition chamber and the control rack, which includesthe electronics for controlling the
pumping and substrate heating systemsand the flow meter control switches (bottom left) the
ablation laser plume expanding fromthe target surface upvard to the substrate surfacesecured
by the substrate holder plate connected to a thermocoupland (bottom right) the multi -target

planetary carousel and substrate mount assembly inside the deposition chamber
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To investigate theffects ofsubstratéemplates othenanostructural growtim the present work
we preparehree different growth template€hemically oxidized®i substatefdenoted as OSi),
Ox-Si substrateseeded with gold nanoislandiefoted as GNI/Oi), andOx-Si substrateseeded
with Sn-alloyed gold nanoislandslenoted a SRGNI/Ox-Si). The Ox-Si growth templates are
prepared byRCA cleaning> of 10x10 mmi and 5x5mn¥ Si wafers(525¢ nthick, p-type, B-doped,
with aresistivity of 25  q ). Thalast HF treatment stdp omitted in the cleaning procedure in
orderto maintain thehemically formedxide layer on the Siurface The GNI/Ox-Si templates are
preparedy magnetrorsputteringgold orto the Ox-Si substrates fof-10 s followed by annealing in
oxygenat 6 00 minirfadube ogebFor SntGNI/Ox-Si templateswe adopt am-situ
techniquethat incorporagsSn into the GNIfrom thevapor phaséo obtainSn-alloyedgold
nanoisland¢Sn-GNI) during depositionFirst, Ox-Si substrates are seeded with GMla similar
way asdescribedor GNI/Ox-Si templatesThenthe aspreparedsNI/Ox-Si templates are mounted
on thesample holdeplate which has beepre-sputtercoated vith Sn When the holdeis heaedup
to thepre-selected temperatufgenerally abov® 0 0 , Sn)evaporates off the substrate holder and
mixes with the GNIs on the substrateotatainthe SnGNI/Ox-Si templates.

HfO, and TiQ target pellet used forthe depositionin the present workrepreparedy cold
pressing Hf@powder @Alfa Aesar, 99.9% puty) andrutile TiO, powder (Aldrich, 99.99% purity)
respectivelywith a pressure d25-30 MPa followed bysintering a®00-1150 f 0-A8 hih 2
muffle oven The Tidopedand FedopedHfO; target arepreparedsimilarly by grinding and mixing
TiO, (Aldrich, 99.99% purity and Fe pwders @Aldrich,608 0 nm parti cl gwitsi ze, 09
HfO, powder(Alfa Aesar, 99.9% purifywith theappropriatenolar percent proportiadetermined
by thedesireddopng concentratioa Finally, thedoped/undoped Hffand TiQ nanostructureare
grownon the subsates which areheldatthe growthtemperature 0550-7 7 0 andatargetto-
substratadistance o5 mm, by ablating theappropriateasprepared targets withlaserfluence of
350 mJ/pulsendrepetitionrate of5 Hz for 60-90 min.More detailsof the targeindsubstrate
preparatios can be foundn the experimental sectienf the relevant chapteralong withadditional
details about the morphological (SEM), sturel (XRD, TEM) and chemica{XPS, AES)
characterization ahe asgrownnanostructureue to thamportanceof magnetic propeyt

measurement in ghpresentvork, wespeially provide a more detailediscus#on in the next section.

28



1.6 Characterization of Magnetic Properties of Nanostructured Materials

1.6.1 Background and Overview of SQUID Magnetometry

There aremumerousexperimental techniques witlarious sensing mechanisto measurghe
magnetic fields anthagnetic propertiesf materials Some of these techniques includagnete
opticatbased methodsuch aghe magnetmptic Kerr effec{MOKE),'®° polarized neutron
reflectometry (PNR¥%!and synchrotromadiation-based methods such asa§ magnetic linear
dichroism(XMLD) and circular dichroism (XMCD}%? Among alldifferentmagnetometc methods
superconducting quantumterference device (SQUIDhagnetometerare the mosaccurate
instrumentdgor measuing the magnetic fluxand SQUID magnetometry has becatme most popular
method tacharacterize anstudythemagnetic properties of lotmomentsamplesncludingDMS

materialst®3.164

A SQUID sensopperatest cryogenic temperature aitdypically consists of auperconducting
loop interrupted by onéin anrf SQUID) or two (in adc SQUID)insulatingbarriersknown as
Josephsojunctions (Figure1-12a). Theoperational principle of a SQUID sensor can be understood
basedn two guantummechanicakffects:the Josephsoeffect andflux quantizationin a
superconductingpop 1% The current flowing through a superconducting rigpeneratea magnetic
field threading through the ringrigure1-124). This magnetidield produces a magnetilux that
cannot take oary arbitrary value andstvaluemust be an integer number of a quantity catlted
flux quantum( o, whichhas an extremelgmall valug( o¢2.068x10"° Wh).163165Any
increasing/decreasing external figldplied to the superconducting ring can modify the flowing
current leading tthe periodic change of the voltage acrossldsephen junctiors. As the period of
this oscillating voltage isqual to one quantum #tuFigurel-12b), the SQUIDcanessentially act as
aflux-to-voltage transducein which a tinychange in the flux signalriginatingfrom the sample can
produce a correspondingltagechangemeasurable bgonventional electronic$® To enhance the
sensitivityof the sensgithe magnetic fieldof the samplés detected byhe SQUIDsensotindirectly
throughaflux transformerAs shown inFigurel-12c, the magnetic field of the sample is inductively
picked upby a secongrder gradiometer connected to thput coil of the SQUID The input coil is
alsoinductively mupled into the SQUID lop, so that it delivers the pick-up field to the SQUID loop
Thebiasing current in th8QUID loop can beeitherac(rf SQUID) or dc (dc SQUID)Nearly all

commercial SQUIDs ardc SQUIDsdue totheir lower noiseandhencehighersensitivity 163164
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1.6.2 Experimental Details of SQUID Magnetometry

Themost widey usedcommercialSQUID magnetometsiaremanufactured b@uantumDesign'®®
and theyoffer excellentsensitivity with ahigh degree of automation. Inglpresentvork, a 7-Tesla
Quantum DesigikvercoolMagneticPropertyMeasurement System (MPN8} equipped with a
SQUID sensors used to characterizbe magnetic properties @fopedandundoped Hf@and other
nanostructuresThe system cabe used taneasurghemagnetic mments of the samplés a
temperature range of 240 Kwith a sensitivity of 1x18 emu.The superconductinghagnetand
SQUID need to benaintainedn cryogenicconditionusing liquid heliumwhich is provided byan
integrated puls¢ube cry@oolerdewarsystemHeliumis also used toool down the sampleibeand
to vent thetubewhen exchanging treample A samplemustbe smaller tharbx5 mnt in orderto
physicallyfit into the boreof the sample tubandit needto be appropriately positionesbthatit
stays within thehomogenougart of themagnetic fieldvhile beingvibratedduring measuremeni
photograph of the MPMS vibrating sample magnetometer (VSM)stemusedfor magnetic

characterization of the sampliesthis workis shown inFigure1-13.

System \
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. Computer
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Superconducting
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Figure 1-13 Photograph ofthe Quantum Design MPMS 3SQUID Vibrating Sample

Magnetometerwith Evercooltechnology.
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For magnetic measuremenhanostructurearegrownappropriatelyon a 5x5 mnt substrate
whichis mounted ora quartz paddleising a small drop dfpecialglue Great care is exercised in
preparing andhandlingthe sampleandonly plastic tweezerare usedo avoid any possibleagnetic
crosscontamination. Due tthemuchsmaller mass of thasgrown nanostructures comparedhat
of the Si substate anthe quartz sample holdethe magnetic signal of the nanostructusarasked
by amassivadiamagnetic signallhe diamagnetic backgrourgignalis thereforesubtracted from the
acquired signal to obtain tiirie magnetic responséthe nanostructure3he asobtained magnetic
response ithennormalized bythe mass of theanostructuresAssumingthatthe nanostructures form
a densely packed film on the substrate estimateheir mass by dividing the volume of the
nanostructurefilm by theappropriatebulk densitesof HfO,, HfTiO4 and TiQ. Sigmoid basis
functions and hyperbolic functions areenemployed tacurvefit the resulting data points to the
hysteresidoopsusingHystlab version 1.0.9 softwarehich isa MATLAB-based software for

processing magnetic data based on the correction methods aflatlkd. and Paterson et&(118
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1.7 Scope of the Thesis

The discoveryf spintronic effects ithelate 1980s hakithertoled to the developments of many
novel devicesvith greatimpact on our daily lifesuch asard-disk drives read headmdmagnetic
randomaccessnemories*?°?2The maincharacteristiof thesespintronicbasedleviceshat haded

to their superb performands their capability incontrolling theelectrical current usinthe electron
spin® Spinmanipulation of electricaturrent if properlyexploitedin conventionathargebased
electronis, canalsoprovidenew opportuniesin fabricaing more compactlectronic devicewith
greaer capabiliesand performance such asnvohtility, higher data processing speeddlower
powerconsumptior?* For this reasorthe integration of spintronic devices witlainstream
semiconductebased electronics haentinued to bef great interestA key step in realizing this idea
is thedevelopnent ofnewferromagneticsemicondators with high compatibility with the
mainstreamsemiconductebased electronic industrin the quesfor thesenextgeneration advanced
materials dilute magneticemiconductors (DM§ based onll -V semiconductorsuch as
(Ga,Mn)As DMSshavebeendevelopedsincethe 1990s Despite an attainable record of 200%he
Curie temperature (J of theselll -V DMSs has never readdroom temperaturanaking them
unfavorable for redlife device applicationsThe other clas®f DMSs thatoffersgreatempromisefor
practicaldeviceapplications ar&vide-bandgapxides doped with magnetic ioksown agdilute
magnetic semiconduayg oxides (DMSOs). These materialexhibit not onlyexcellent ferromagnetic
propertiedut alsoCurietemperaturewell above roonmemperaturgup to 856930 K*4). Among
DMSOs, HfQ hasthe mostcompatibilitywith semiconductebased electroniaswing to its
extensive applicatiom CMOStechnologyasgatedielectrics of metatoxide-semiconductor field
effect transistor$® Moreover,HfO, has foundnany other applications ilectronic andopticsdue
toits technologcally important propertiessuchhsi gh di el ectri ¢ constant (8-
(~5.7 eV), high refractive index (n=2,9nd excellent thermal and cheati stability For these
reasonsthefabrication of ferromagnetic Hihanostructural materials and the investigation of their
magnetic propersareof paricular interest anthey promisdo be the essential stepwvardthe
integration of spintronicwith conventional semiconducttsased electronic#\s discussedn 1.2.2
structural defects, in particular oxygen vadaga@regenerally believed to be the origin of
ferromagnetisnin DMSQOs, including HfQ thin films and nanoparticle€ompared to thin films

HfO. nanostructures, especially Viggown 1Dnanostructuresareexpectedo exhibitenhanced
ferromagnetic properties due to their high specific surface ateeh could offer more surface
defects and oxygen vacanci&nhancederromagnetic propertiess a result of higepecificsurface

areahave alreadybeenobservedn ZrO, nanowire&® and nanocrystaf bothwith very similar
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crystalstructurs and chemistesto HfO.. Moreover VLS-grown 1D HfO nanostructurgcould
potentiallyexhibit novelcharge transport and magnetoresistgroperties because tfeir high
crysilline quality and sizelepenént quantum confinememducedeffect.In addition the exact
nature of thestructural defectsrducingferromagnetism in Hf@is still underintensedebate
Although many studies attribute the originfefromagnetisnin HfO, to oxygen vacancieshereis
no direct evidengesuch asurfacesensitivedepth profile studiggo supportthoseclaims. VLS-
grown 1D HfQ nanostructure (nanowires, hanospikgslovideanidealtestbedor such oxygen
vacancyinducedferromagnetisnstudies becauseéhe highcrystalline quality of the VLSrown 1D
nanostructuresould minimizethe effect of othestructural defectsTo date the synthsis ofsingle
crystallineHfO, 1D nanostructureis an extremelghallenging tasklue totheinherenttechnical
difficulties andhas hithertdemainedunattainableln this work, wereport the first successful grtw
of HfO, 1D nanostructuregsing PLDbasedvLS-growth with the aid oSn-alloyed gold nanisland
(SnGNI) catalysts

In the presentvork, we pursuethreemain objectivesfa) To developafundamental understanding
of how growth parameterdncluding growth temperaturgrowth templates (O%i, GNVOx-Si, and
SnGNI/Ox-Si), ard the concentration of the dopiegementscan affect thenorphologicaland
structuralpropertiesof HfO. nanostructurethroughtheinterplayof theunderlying growth
mechanisms (vap-liquid-solid versus vapesolid mechanisms (b) To developa better
understanding athe role ofoxygen vacancieis generatig roomtemperature ferromagnetism in
HfO: by investigatinghe magnetic properties of singtzystalline VLSgrown HfG, nanostructures
and(c) To enhanceheferromagnetigproperties oHfO, nanostructured filmappropriatgor
spintronic applicationby synthesis ofigh-surfaceareamorphologies (1D nanostructuresjdby

doping with magnetic and nonmagnetic ions

In the presenthapter of thishesis(Chapterl), we providea brief introduction todilute magnetic
semiconductors ardilute magneticemicondudhg oxidesas promising spintronic materials
particularly the key modeissedto explain theiferromagnetic propads. We also givareview d
the HfO, nanostucturesand the primary techniques used for their synthesis and characteri2atron.
results for undoped and doped Hi@nostructures are given in two chapterhapter2, we report
the growth oimultiple HfO2 nanostructuressing acatalystassisted pulse laser deposition method
By precis¢y controlling thelaser radiatioparametersdackground vacuum pressure, fhaw and
pressure durinthedepositionand theGNI size, andby manipulatinghe growth temperature and
growth templat€Ox-Si, GNI/OxSi, SnGNI/Ox-Si), we are abl¢o obtainHfO» nano square
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pyramids on OxSi (without any catalys@ind GNI/OxSi, nano triangular pyramids on GNI/E,
nanctetraledrons, nana@olumns, nanospikes andnowires, all on SGNI/Ox-Si. TheHfO, 1D
nanostructures produced in this stdgnacolumns, nanospikes and nanowiras found to be
singlecrystalline This is a significant result becaubeyrepresenthe firstsinglecrystallineHfO»
1D nanostructuresverreported Our results showhat Snplaysa crucialrole in the interplay beteen
VLS and VS growth mechanisipend nolD nanostructure can ledtaired without Sn The asgrown
HfO. 1D nanostructurewith high crystalline qualityprovide a idealplatformfor oxygenvacancy
induced ferromagnetisstudies Whencomparingthe magnetigropertiesof HfO, nanowies (NWs)
andsquarenaro pyramidswe observeoomtemperaturderromagnetism itfO., NWSs, andvery
weak paramagnetism HfO, square nano pyramid®ur XPSdepthprofiling studies confirnthat
theorigin of ferromagnetism in HFENWs islikely due tothe higher amounbf oxygen vacancies in

NWs compared to the square ngngamids

According totheoreticaktudiest®®1’°oxygenvacancy formabn energy is lower in Tdoped HfQ.
In order to establishdirectcarrelationbetween th@amount ofoxygen vacancies and ferromagnetic
propertieof HfO, in the firststudy, weinvestigatehe effect of dopingf Ti (a normagnetic
element)on the morphologicaktructural and magnetic properties of Hitanostructures Chapter
3. Inthefirst part ofour study on doped Hfhanostructuresvereportthe synthesis ofi-doped
Hf1xTixOz (x=0.01, 0.0, 0.25, 0.50) D nanostructuresnthe Sn-GNI/Ox-Si growthtemplatefor the
first time, byusingthe samesatalystassisted PLD metho®ur resultsshow that Tidoping d@snot
preventVLS growthand it leads td.D narostructures (nanospikefr all doping concentrations
from lightly dopedHfog9Ti0.010, (x=0.01)nanspikesto bimetallic oxideHfo 5Tio.50, (x=0.50)
nanospikesWe observean increasén roomtemperaturenagnetic saturation of Hi(hanostructures
up to 2% for thedopingconcentration of 1@t. % (x=0.10). However,at higher domg
concentration$x=0.25 and 0.6), themagnetic saturatiomaluesbecome smallegnd that for
bimetallic oxide nanostructures (x=0)5s even smaller thaundoped HF@NWs. In thesecondpart
of Chapter 3we present the results from our study on the effedopingof Fe (a magnetic element)
on HfO, nanostructuresthis study allows us to compaitee effects o& magnetic dopant (Fe iotg
those of a nonmagnetic dopant (Ti ion)tbamorphological, structural and magnetic properties of
HfO, nanostructuredJnlike Ti-doping Fedoping is found taignificantly suppress VLS growth of
HfO2 nanostructurg producing nanospikder 1 at. % Fe dopingHfoesFe)0:0. nanospikesand
distorted nancubes with stacked flake structaffer 5 at. % (HfogosF&0s02), 10 at. % (HfosoF&.1002),
and 20at. % (HfosoF&2002) Fedoping Theabruptdiminutionof VLS growthwith Fe is attributed to

the counteseffectof Feonthe VLS nucleation rat¢hatcould negate thgositive effect ofSn in
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promotingVLS growth.When doping a nonmagnetic material such as;kfith magnetic ions
obtaining a uniform distribution of magnetic ionsle host lattice ishallenging A noruniform
doping results in magnetic ion clustering that could produce extrinsic magnetic progauties
magnetic property measurememtdicate thatFe-doped HfQ nanostructuresxhibitanintrinsic
ferromagnetiadesponsdor doping concentration up to Hd. %. However,for HfO, nanostructures
doped with20 at. % Fe the magnetic respongemainly dominatedoy an extrinsic component
despite the lack ainy magnetic clustefsundin the correspondingRD result Moreover,we find
thatHfO, nanostructuredoped with fat.% and 10at. % Fe show much highéuap to two orders of
magnitudemagnetic saturation valuesaththe undoped HfnanostructuresThesehigh Ms values
areattributed to the exchange interaction betwiegromagnetic centsr(Fcenters) created by the

oxygen vacancieisiduced by the magnetic iotisroughout thdattice.

The present workeeks tgrovidenewinsights for the synthesis tdrromagneticsemiconductor
NWSs, particularly oxidéNWs. For thoseoxide nanowiregrowth processsthatrequirean oxide target
in orderto have preciseontrol over the stoichiometry of the final prodsitheuse ofan alloy
catalystcould counterbalanethe adverseeffect of oxygen irpromotingthe VSgrowthand
significantly facilitate the VLS growth of the nanowiréheferromagnetiddfO. nanostructures
introducedn this work,especiallyHfo.osF&)0s02 andHfosoF&.1002 nanostructurewith highmagnetic
saturatiorvalues can be promising materials for spintronic applications suchagsetic tunneling
junctions,spintransistorsandspinbased logic circuitsTheir highCurie temperatures provide viable
opportunities foreatlife device applicationMore importantly corsidering the CMOS compatibility
of HfO,, these nanostructureave great potential for application in integrated CMOS and spintronic
technology.These and other perspectives, along with future work, will be discussed in Chapter 4.
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Chapter 2
Synt hefNiow el LirrygltaaldoNaeo Hf r uacrtdur e s

Their Magnetic Properties

2.1 Introduction

Over the last two decades, hafnium dioxide (bif@lso commonlknown as Hafnia, l&been
subjected to numerous investigations owingddechnologically interesting properties sucHaage
dielectric constant[( ¢),wide bandgap (~5.7 eV), high refractive index (2.9), high {amkrced
damage threshold, andatlent thermal and chemical stabili}’®> These superior properties have
made HfQ an excellent advanced material candidate for a broad range of applications. For instance,
many studies have shown that Hf@Que to its large dielectric constant, can be asegate dilectric
to greatly suppress current leakage in mekadie-semicondutor field effect transistors, providing a
significant breakthrough in the miniaturization of modern devie&41”2 Other applications include
anti-reflective and protective optical coatirffs? ferroelectricfield effect transistor&:®memristors
and resistive random acceasmorieg % and gas sensof3Furthermore, it has been found that
oxygendeficient HfQ thin films and nanostructures can also sersdilute magnetic
semiconductarexhibiting ferromagnetism above room temperatbifg>2141’"Considering the high
compatibility of HfQ with CMOS technology, high temperature ferromagnetisitfO, is indeeda
significantdiscovery, whiclpromises tdurther exend the application of Hf{o the field of

spintronics2”97

Numerousstudieshavedemonstrated the novel propertiesemiconductonanowirefNWSs)
stemming frontheir nanoscal@imension, high surfacareato-volume ratig andsinglecrystalline
structureswith highly crystalline facet$?6127.140Theseunique properties havaadesemiconductor
NWs very promisingcandidategor variousapplicatiors ranging from electronic and optoelectronic
devices tapintronic and renewable energy applicatibfig-or exampledefectrich NWs of ZrO,, a
materialwith avery similarcrystal structure anghysical propertieto HfO,, have shown super
efficient performance iphotocatalytiovater splitting”® as well agemarkabledilute ferromagnetic
semiconductor propertiéslt is thereforeexpected that Hb, NWs could alsoexhibit similar novel
propertiesincluding photocatalytic and ferromagnetic propertsegperior taheir HfO, thin film
counterpartsTo date there havehowever beenvery few attemptgo synthesie HfO, one
dimensional 1D) nanostructure&.119120.12224 Some ottheseattempts are based efedrospinning to

fabricateHfO, nanobelts?® nanofibersg?* andhollow nanofibers® In other reportselectrochemical
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anodization ofmetallic Hf foil sin basic soluthng!®2°andatomic layer depositioaf HfO, into
anodicaluminum oxideenplates?? areused tosynthesizeHfO, nandubes However, allthese
methods aréased onwet chemstry that mayintroducecrosscontaminatiorof chemical impurities
and in some casesheyyield agglomerategroduck. Moreover the products of thesy/nthesis
methodsf performed withoutany subsequertieat treatment armorphous opolycrystalline While
thesingle-crystalline structure anithe high level ofcrystallinity play pivotal roles in producing
superior physical properties in semiconductor NWése of theaforementioned methodissyet to
producesinglecrystallineHfO, 1D nanostructure$-or synthesiing high-quality singlecrystalline
NWs, vaporliquid-solid (VLS) growthis well-knownto beavery advantageousiethod withgood
control onthe size and shayé the NWs!?912" To date VLS growth of singlecrystallineHfO, NWs

remainsunattainable and\aery challenging tasindeed

Chemicalvapor deposition, thermal evaporatiandpulsed laser depositidiPLD) arethree
possible synthesis methodsgmw HfQ, nanowireghroughthe VLS mechanismHowevet dueto
the extremelylow vapor pressure aritle high melting point ohafnia,synthesis oHfO, NWs by
conventionalCVD or thermal evaporation methodsnot featble. The PLD methodherefore
appeas tobe thebestapproacho produce VLSgrown HiO, NWs. Neverthelesghe PLD growth of
metal oxide NWsparticularly HfQ, could pose greatfundamentathallengesAs discussedy
Suzukiet al,**® VLS andvaporsolid (VS) growth canoccurconcurrentlyin PLD-growth systemdf
the VLS nucleation and growth rateutpace the VS nucleation and growles in the systemNWs
will becomeahefinal productsVLS and VS nucleation ratese reported tgreatlydependon the
equilibrium pressure of theomic species, which @ssocitedwith thesupplyflux of atomic species
ablatedfrom the targetandthe partial pressure of oxygen in the systénereasing thesupply
materialflux and oxygen pressure in the system would significantfypresshe VLS nucleation rate
leading tathe growth of simple films as the final produ@&ased ortheir mode| they havdater
introduced aoncept calledmaterialflux windowd thatcan provile apracticallyusefulcriterion to
predict the growth proce#s thosesystens with concurreni/LS and VS growtH>"1%8A material
flux window is defined asmmoptimumrange ofsupplymaterialflux densitywithin which the VLS
growth mechanism outrurike competing/S mechanismWhena material fluxdensityis belowthe
lower extremeof thematerial fluxwindow, neither VLS nor VS growtlould occur. On the other
hand,a flux density higher thathe uppeextremeof the windowwould lead to gredominantvVS
mechanism. The width of this optimum material fiuxdow varieswith the growthtemperatureand
the oxygen pressure in the syst@mdit beconesnarrowerwhen theemperatireand theamount of

oxygen increasd-or PLDgrowthof HfO,, a HfO, target is commonly used to proeietter control
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on the stoichiometry of the final productss pointed out bXlamchuen et al*” metaloxidetarges
couldintroduce unintentional oxygen into the systemthat the oxygen pressweuldbecomehigh
enoughto significantly suppresshe VLS nucleation rate. In other wordsy VLS growthof HfO. by
PLD, the width ofthe optimum material fluwvindow for VLS growthis inherentlynarrowdue to the
oxygengenerated by the target during laser ablatfemthermoreHfO; is a hard material requirirey
relatively high laser powdor ablaion. This high laser energyouldprovidea large material supply
flux into the systemthusincreasinghe likelihoodof missing the already narr@d optimummaterial
flux window for VLS growth. AccomplishingVLS growth of HfO, NWs by PLD has thus far been

unsuccessful and it remaias incrediblydifficult if not impossibleask.

As theris not enougltontrolto adjustthe materialsupply fux andthe amountof oxygen
originating from the targdor VLS growth of HfO, NWs, we devise a differenapproacto enhance
VLS growth against VS growth in the systenorSiderng thecrucialrole of the metalcatalyst in
controllingthe VLS growth of NWs, weemploywith the strategyof enhancinghe VLS growth
kinetics bymodifying the goldcatalyst.Earlier studieshaveshown that bimetalliccatalyss could
furtherimprovethe VLS growthof NWs.17"18% Alloying gold with another metallic component could
thereforebean effective strategip promotethe VLS growthmechanismAmongthe obviousoptions
(e.g.,Sn Ag, Mo, Hg, Pt, Cg, Tin (Sn)appeargo be a effectivemodifying componentAccording
to the Au-Sn binary phase diagra Sncan creatan eutectic composition witgold andsignificantly
lowerthegold melting point®! Furthemore,otherstudieshave reportethat whenSnis alloyed with
othermetals such asilver, copper, zinc angold, it cansubstantiallymodify the surface energy of
thesemetals'®?18 |n thiswork, single-crystalline HO, nanowiresarefabricated for the first time by
usinga catalystassistegulsed laser deposition technigtiere,Au-Sn alloysareused as theatalyst
to enhancehe axial VLS growthof NWsin competition with VS growth of H, nanocrystalsin
this chapterwefirst present atudyof thestructuralproperties otheasgrown nanostructures
followed by a discussion aherole of Snas avLS growthpromoter Based on the information
obtainedrom differentmaterials characterizationvestigatiors, we propose plausiblegrowth
mechanism forthe HfO> NWs. Lastly, we discusghe observedovelferromagnetic properties tfe

HfO, nanostructuregrownunderdifferent growth conditions.

2.2 Experimental Details

HfO. nanostructurearesynthesizd by catalystassistegulsedlaser depositionmsing aNanoPLD
system (PVD Products) withtmse pressure akx10° Torr. The systenis equipped with mexcimer

KrF laser (248 nm wavelength) operateith a laser fluence of 350 mJ/pulse at a repetition rate of 5

39



Hz to ablatea HfO, target The HIO targetis prepared byold pressingf HfO, powder @lfa Aesar,
99.9%purity) with a pressure @0 MPafollowed by sintering at 1150 °C for 48Brior tothe
deposition, precusi(100)chips(10x10 mm and 5x5 mm, 5 2 5 thicknp-type B-doped, witha
resistivity of1-5 g cm) arecleaned andhemicallyoxidizedby following the RCA method!*® To
maintainanoxygen buffer layer o&i, the last cleaning step, i.e. HF treatment, is not performed.
Chemically oxidzed Si substates are denoted a9x-Si in this work Gold nandsland (GNIs) on Si
arecreated bynagnetron sputteringf a thin layer of gold 10 nmthick) on Sifollowed bypost
annealingn oxygen at 600 °C for 1 Wfter annealingGNIs witha Gaussian siz@istributionof 4-

10 nmareproduced orthe Ox-Si surface This resuing template (denoted &NI/Ox-Si) is mounted
in the PLD chambensng a windowedsubstraténolderandis orientedpoerpendicular to thexpansion
direction of the laser pluenThe sulstrate-to-target distancés set to 25mmto allowthe substratd¢o
bein close proximityto thelaser plumelnfrared heat lamps located at the backside of the sample
holderprovide radiative heating to achieve different growth temperaffrma 550 °C to 770 °C)
After reaching theoredeterminedrowthtemperature, depositioainitiated,andit continues for 60
min in 200 mTorr ®Ar with a flow rate of 10&m. To introduceSn into the systemwesputter
coakedthe windowed substrate holder wiimprior to mounting it in thelepositionchamberThe Sn
targetused for sputter coating is cut outaddn sheef99.9%purity, Fisher Scientific)\When the
substate holder is heated by the infrared larBpss expected tevaporateand mix withthegold
nanoislandto createahe Au-Sn alby cataysts. The growth templateprepared withtheseSn-alloyed
GNI catalystsare denotedsSn-GNI/Ox-Si.

The morphologesof thenanostructurearestudiedby scanning electron microscopy (SEM)an
Zeiss Ultraplusfield-emissionscanning electron microscopéhe correspondingrystalstructure
aredetermined bylancingincidenceX-ray diffraction (GIXRD)at an incident angle of=0.4°in a
PANal yt i c alProMiRractoaiepvatie CuK U s oIuseA).ehecomposition and
crystallinity of the individal HfO, NWs areexaminedby transmission electron microscopy (TEM) in
a Zeisd.ibra 200MC transnssbn electon microscop@quipped withenergy dispersiv¥-ray
spectroscopy (EDS) at an acceleration voltage of 200~kY TEM sample@reparation, Hf@
nanostructures arersped off the substate antispersedn HPLC-gradeisopropyl alcohoby
sonicationfor 10 min, andare transferred by dregasting the resulting suspension onto a copper
TEM grid.

Using the informatio from XRD and TEM analys, we also obtaithe corresponding optimized

unit cell by performingdfirst-principle calculations based on the Density Functional ThéoRT).
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This optimized unit cell isised tdouild schemat crystal modes of HFO2 NWs.DFT calculatiors
arecarriedout by using the Vienna Adinitio Simulation Package (VASP, version 5.4) with the
Materials Exploration and Design Analysis platform (MedeA, version 2.19, Materials Design, Inc.).
In particular, theelecton-ion interactionis describedby using the projectoaugmentedvave (PAW)
method!®18’The exchangecorrelation energy is approximated by the generaligadient
approximaion (GGA) usingthe PerdewBurke-Ernzehof (PBE)functional® The cubff energy for

the convergence of the plane wave expanisisat at 400 eVThe atom positionarerelaxed until

the forces on all of the atoms were less than 0.05 eV/A, while the energy convergence of the self
consistent fields set to 1.0x1® eV.For Brillion zone samplingthe3 point witha k-point spacing

of 0.5 A-1is selectedvith a3x3x3 mesh. Thaonic geometryis optimizedby using the conjugate
gradient algdthm. A unit cell containingour Hf atoms anaeightO atons with the monoclinic
structureis used to model the HfO2 crystal structufeally, the optimizd unit cel and crystal

models of the NWs andsualized byusingthe 3D visualizatiorprogram VESTA

The chemicaktatecomposition of the HD, nanostructureis analyzedby X-ray photoelectron
spectroscopy (XPSerformedn aThermoeVG Scientific ESCALab 250 icroprobe with a
mo n o c hr o ma tray souréel(1486.6 epoton energy For depth profiling thesample
surface is sputtered anAr* ion beamwith akinetic energy of3 kV, while alow-energyelectron
flood gunoperated aa filamentcurrentof 1.75 mAis used for charge compensatidio examinethe
chemicalstate composition of individual % NWs, we employ electroiinducedAuger electron
spectroscopy (AESvith aconsiderablhhigherspatialresolution thartKPS (20 nm for AESvs3 & m
for XPS) in aThermaVG Scientific Microlab 35Microprobeequipped with a buiin field-
emissionelectronsource An electron beam ith anenergy of 10 kMs focused with an estimated
spot size of less thar® hmon theindividual nanowiresand theemittedAuger electrons are detected
by a hemisphericaénergyanalyzer For AES-depth profiling anAr* ion beam withanenergy of 3
kV is rastered over 2i 2 mn¥ areageneratig asample current density afe A/mm?.

Themagnetic property of the Hianostructures studed at different temperatures hginga
superconducting quantum interference device (SQUID) magnetometer (Quantum Design MPMS
SQUID-VSM). Themagnetic fieldused tanducemagnetic moment in the samplsspplied parallel
to the sample surfac@nly plastic tveezers andleanquartzpaddles are usedor sample preparation
and measurement &iminateany possibléerromagneticrosscontaminationThe magnetic datare
corrected bysubtractinghediamagnetic contribution froitthe baresubstrate and quartz paddléne

recorded magnetic moments of thenostructurearenormalizedoy their masswhich is calculated
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by assuming thahe nanostructuresredensely packed withitthe measuredolumewith a bulk
density 0f9.68 g/cn?.'® Theferromagnetic hysteresis laoarefitted to the dat pointsby using
sigmoid basis functiosand hyperbolic functiogin Hystlab \ersion1.0.9 softwareHystlabis a
MATLAB -based software for procéisg magnetic dathased orthe correction methods dackson

et al and Paterson et 7168
2.3 Results and Discussion

2.3.1 SEM and XRD Studies

Figure2-1al-a4shows the SEM images atypical HfO, film depositedby PLD on OxSi without
any GNI catalysin 200 mTorr of Arat different temperatureS50 °G 650 °C, 720 °C and70 °G
respectivg). At 550 °C(Figure2-1al), a nanostructred film consising of distortedsquaregpyramid
shapé crystals withrough facets isbservedAs the growthtemperaturéncreaseso 770 °C and
consequentlgaugsgreaterdiffusion of the atoms on the surfatiee nanostructured filnis found to
consist ofwell-facetedsquargpyramidshaed crystalites with anaverage grain size of 40 niRigure
2-1a4). Thegrowth of ordered crystals with similahapesndcrystal facet indicates thathere is a
preferentialgrowth crystallographi®rientationfor HfO, even without any catalyst or initial seed
layer on theDx-Si surface When the deposition gerformed orGNI/Ox-Si (Figure2-1b1-b4), the
grain size of the nanostrucas becomediscerniblylarger. This trend is more notable for those
nanostructures grown at 650 °C and 720&€reported iran earlierstudy,**°formation ofthe
coarser nanostruates on the GNbeeded substrate can be attributed to thes@idlviding more
favorablenucleation sitesThe initial nuclei appe@rg on the GN$ then start to grow throughe
vaporsolid (VS) mechanism in some preferential crystallographic directions. However, the most
notableobservation by comparirgigure2-1al-a4with Figure2-1b1-b4is thevery similar
morphology of theasformednancstructures. This similarity suggests that the prominent growth
mechanisnof HfO, on Si substates both wihtand with GNIS(Ox-Si andGNI/Ox-Si) is VS growth
with noevidenceof any VLS growthOne possible reason for theck of VLS growth could be the
chemical bonding of GNiIs to the Si surface as discussed in a previou¥%&buadyrowth of tin oxide
NWs on a hydrogeterminated Si. Té presence of thishemical bondingn effectdeactivate the
catalyst, preventing VLS growth tfie nancstructures. However, thex-Si surfacehereincludes a 6
nm thick oxygen layemwhich serves as a buffer layer preventing chemical interaction betheen

GNIs and the Ssurface Therefore, the lack of VLS growth, in this casayld insteade attributed
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to the much higher rate of nucleation and growth through the VS mechiuaisaverwhelmingly
outpaceshe VLS growth.

Figure2-1c1-c4 shows the morphology of Hi@anostructures grown at the same series of
increasing temperature (550 °C, 650 °C, 720 °C and 770 °C) &3 8xbstrates wittin-modified
GNis as the catads (SAGNI/Ox-Si). Evidently, at the lower growth temperature of 550 °C (Figure
3-1cl), considerably larger tetrahedral shaped crystals teamthedrons with 36800 nm edge
lengths) are formed, along with fine crystallites similar to those found édGMI/OxSi substrate.
The formation of these large crystals might be caused by the emergence of concomitant VLS growth
promoted in the presence of-&NIs. During the initial stages of nucleation and growth, both VLS
and VS mechanisms contribute to thewgth process, giving rise to the coarser final crystals on GNI
nucleation sites. This kind of crystal coarsening has also been observed in a previotf$ Atutihe
growth temperature increases, the morphology of the nanostructures changes significantly, from
nanotetraledrons at 550 °C to narmmlumns with a triangular cross section at 650 °C, and finally to
long tapered nanowires at 770 °C. Hftanospikes andWs grown at higher temperaturésdure
2-1c3 andFigure2-1c4) also appear to have a triangular cross section with an edge sizel&0100
nm near the base and about 20 nm near the tgpNWis grown at 770 °C are evidently longer (with
an average | ength of 2.5 em) than the nanospi kes:s
Furthermore, the lateral faces of the NWs do not appear to be smooth but contain some fine features,
which will be discussed in more detail in the TEM analysis section below. Gold nanoparticles at the
tips of the NWs (marked with circles kigure2-1c3 andFigure2-1c4) are typically found in
catalystassisted PLD growth of 1D nanostructuf&¥?4tand their presence clearly confirms the
VLS growth mechanism of these HfOD nanostructures. Results from enedigpersive Xray
spectroscopy collected in scanning TEM analysis andfaghlution TEM images (discussed below)
show no evidence of catatysonsumptiordue toincorporation of the catalyst into the crystal
structure of the NWs. The observed tapering of the NWs can be explained by the coexistence of both
VS and VLS mechanisms. While the VLS mechanism controls the longitudinal growth of the NW
the lateral growth of the NWs occurs due to the VS growth of the initial crystal planes already
emerged out of the catalyst in the VLS mechanism. Since the base of a NW is exposed to the material
vapor for a longer time, its cross section usually besdarger than the cross section near the tip.
Furthermore, nanocrystals similar to those nanostructures grown in the absence of Sn are still visible
among the 1D nanostructurésdqure2-1c2-c4). This observation further supports that the VLS

growth and VS growth occur concurrently in our system.
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The dramatic change in the morphology of t@ostructures from 3D nanocrystals to 1D
nanospikes and nanowirdsdure2-1c1-c4) suggests that the VLS mechanism is enhanced by
increasing the growttemperature on the SBNI/Ox-Si substrates. By contrast, this trend is not
observed for the nanostructures grown on GNIBDgubstratesHigure2-1b1-b4). As we intrduce
Sn into the system by thermal evaporation from the surface octta&@ed sample holder, more Sn is
therefore expected to be evaporated at a higher temperature. Since VLS growth does not occur with
GNIs without Sn at any temperature while it is enleginwhen the amount of Sn in the system is
increased, Sn appears therefore to be the crucial determinant of promoting VLS growth in our system
In section2.3.4 we will discuss the possible role of Sn in enhancing the VLS growth mechanism in

more detail.

The correspondinglancingincidence XRD (GIXRD)atterns of the nanostructures obtained
under different growth conditions are showrFigure2-2. Since the GIXRD patterns of the HfO
nanopyramids grown o@x-Si andGNI/Ox-Si templates at lower temperaturéfg(re2-1al-a3 and
Figure2-1b1-b3) aresimilar to the onesgrownat770 on t he r e s pweorlyishoe t emp | a
the GIXRD patterns of the Hianopyramids growan GNI/Ox-Siand OxSi t emp | at es at
here.The GIXRD patterns reveal that all the nanostructures predominantly exhibit the monoclinic
phase witmo signof tetragonal or cubic phase. Moreover, despite the nanometer size of the
synthesized nanostructures, they all show very sharp peaks with small peak width is
indicative of a high level of crystallinity in these nanostructures. Previous studieshuavethat the
presence of oxygen vacancies could stabilize the tetragonal or cubic phase.}? #f0he absence
of any secondary phase therefore indicates minimal oxygen deficiency in the bulk structures, or

alternatively that amumulation of the oxygen vacancies occurs maatthe surfaceegion
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Figure 2-2. Glancing incidence XRD patterns of different HfQ: nanostructures grown under the
following conditions: nano square pyramids on OxSi (bottom) and GNI/Ox-Si templates (top)

both at 770 , an dnanpoWiresqNws)ao p 77® bot nampspi kes
nanocol umns at -tétrahgdronsat5abn0d n aaAGNI/Or-8i te@plates. The
reference pattern of the monoclinic phase of Hf@powder (PDF #00-0340104) is shown as the

bottom bar graph.

Interestingly, the relative peak intensities for these nanostructures are found to be markedly
differert from those of the reference pattern (PDF-88@-0104). The intensities of the (111), (200)
and €111) peaks and the peak intensity ratios of (111) and (200) plané4 19 plane (the most

intense peak in the reference pattern) are summariZeabie2-1. Since the Xray strikes the sample
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at a fixed incidence angle GIXRD, the predominant relative interisgof the(111) and (200) peaks

in the GXRD pattern of the Hf@nanopyramid film do not corresponddolelythe relative

contributions of the predominant growth orientations of the nanopyramids. Additional material
characterizations such as HRTEM images are required to determine the préfgrewtia

orientation of these nanostructures. However, in 1D;H#dostructures granwon top of the substate
plane Figure2-1c2-c4), the stronger relative intensities of th@X1), (111) and (200) peaks
considered here suggest that these planes mainly form theseaiigmal planes or the lateral facets

in the crysal structure of the nanocolumns, nanospikes and nanoBires (200) is the strongest

peak of the Hf@nanopyramids gwn on GNI/OxSi at the same growth temperature as the NWSs, the
strong (200) peak in the XRD pattern of NWs could also be partlywtttdkio the presence of VS
grown nanopyramids grown concurrently with the NWs. This matter will be discussed in more detail

in the next section.

Table 2-1. Relative peak intensities of the (111), (200) andl(l1) planes and the respective
intensity ratios of (111) and (200) planes to111) plane for HfO, nanostructures grown under
different conditions.

Relative peak Peak intensity ratio

HfO, Nanostructures intensity (%)
(-111)] (111)] (200)| 1(112)/1(-111) |1(200)/1(-111)
Monoclinic phase (PDF Ref.
#00-0340104) 100 | 78 25 0.78 0.25
Nano square pyramids on €3 8 2 100 0.25 12.5
Nano square pyramids on GNI/&x | 26 54 | 100 2.08 3.85
Nanowires on SiGNI/Ox-Si 67 97 [ 100 1.45 1.49

A closer examination of the GIXRD patterns of these nanostructures reveals notable position shifts
from their respective peaks in the reference patieahle2-2 provides the & positions of the three
most intense peaks, i.e1(1), (111) and (200), along with their position shifts relative to their
corresponding 2d positions in the reference patt
the strongest fgures all appear rather small for NWs (less than 0.09°), those for the nanopyramids
are discernibly larger (0.40 . 2 A) . Thi s peak shift toward a | ar ge
compressive stress in the nanopyramids. The smaller voluthe wifit cel calculated for the
nanopyramids on GNI/G8i (135.82 &K) compared to those for NWs on-&MNI/Ox-Si (137.97 )

and the reference (138.28)Also confirms the larger residual compressive stress in the

47



nanopyramids. Moreover, the notably smaller possiaift found for the NWs suggests that

incorporation of Sn into the Hi&rystal structure is unlikely, and hence no solid solution phase is

formed. We will discuss this matter in more detail in the subsequent sections.

Table 2-2. Comparing shifts of the three most dominant peaks relative to those of the reference

for HfO ;2 nanostructures grownunder different conditions.

PDF Ref. | HfO2 nanosquare | HfO2 nanosquare ,
Plane | # 00034 pyramids pyramids ;}fg f} Iéa;\ﬂ%v)l(ressl
Index 01042 d on Ox-Si on GNI/Ox-Si
(°) 2d°) Shift(®)| 2 d°) Shift (°) | Pos (°) Shift (°)
(-111) 28.336 2858 0.26 28539 0.203 | 28435  0.08
(111) 31.665 3177 0112 | 31.841 0.176 | 31.730 0.065
(200) 34.358 34.495 0.137 | 34.474 0.116 | 34.410 0.052

2.3.2 TEM Studies

TEM analysis has been performed for all the nanostructures grown in the presendcaNif Sn

catalysts on O:6i substrates at different temperatures (770 °C, 720 °C, 650 °C and 550 °C).

Evidently, the NWs exhibit growth in two main growth direcowhich occur concurrently at the

same growth temperatufgigure2-3.al displays a typial low-magnification TEM image of a NW

grown at 770 °C. A selected area electron diffraction (SAED) pattern obtained for this NW is shown

in Figure2-3.a3. The classic spot pattern reveals the sioglstalline nature of the NW, and it shows

that the NW has grown perpendicular to the (010) pliese the length of the NW is along the [010]
direction. The measured lattice spacings in the correspondingdsgtution TEM imageKigure

2-3.a2) are b=5.19 A and ¢=5.08 A and they further confirm the b axis as the growth direction. It is
important to note that although the unit cell in the monoclinic system is skewed compared to the cubic
both

Therefore, the [010] crystallographic direction in the monoclinic system is still perpendicular to the

system, the angles between axes b and ¢ and between ages @ana r e equal to
(010) plane. The reciprocal lattice pattern obtained by performing fast Fourier transform (FFT) on the
high-resoluton TEM image of the nanowir€igure2-3.b1inset)is in excellent agreement with our

measured SAED pattern (Figure383). Moreover, it can be inferrém the HRTEM imageHRigure

2-3.a2) and the SAED patterkrifure2-3.a3) that the (100) plane corresponds to thestdp facet of

the nanowire perpendicular to the zone axi®Q@) while the (001) plane is parallel to the zone axis.
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The SEM images of the nanostructureg(re2-1c1-c4) suggest that the VLS growth and VS
growth are two competing growth mechanisms occurring in our system concurrently. In accord with
these SEM results, the HRTEM imadegure2-3b1) confirms the presence of a thin layerl(® nm)
on the perimeter of the NW. A closer examination of the interface between the outer layer and the
trunk of the NW in the perimeter region marked by the red squaFéglire2-3b1l reveals a perfect
crystal lattice match between the outer layers and the core body of thEijwke@-3b2 and2-3b3).

This high level of crystal lattice match suggests that the lateral growth of the NWs occurs
homoepitaxially on the surface of the NWs, likely by direct deposition of Hf@h the gas phase,

whereas the VLS growth is responsible for the ghoalbng the length of the nanowires.

Using the lattice parameters reported for the monoclinic phase in the ref&fRRDqgarofile
(PDF #060340:0104) for our DFT calculations, we obtain the optimized unit cell for thggr@sn
nanowires shown in the HRTENhage Figure2-3a2).Figure2-3c shows a perspective view of a
supercell cosisting of four unit cells. Here, the red square marked on the top face of the supercell in
the model inFigure2-3c corresponds to the white square marked in the HRTEM iméagjgune
2-3a2 andFigure2-3a2 inset. We also utilize the DFT optimized unit cell to create an atomic model
for thenanowire, a cross section of whishshown inFigure2-3d. The trutk of the NW in this model
is created by repeating five unit cells along tkeexts direction and two unit cells along thexis
direction. The perimeter of the NW is formed by adding five unit eédisg the baxis directionat
bothsides of the cross stion of the trunk and by arbitrarily removing some atoms to simulate the
surface feature of the NW. This atomic model could be useful to provide a better understanding and
visualization of the crystal planes and their growth direction in the crystallsgaof these NWs.

The epitaxial growth rason the facets of the NWagefoundnotto bethe same for all NWs
grown at 7GNDOx-Si, whichgisirise to NWs witldifferent surface morpholags.
Figure2-4alshowsalow-magnificationTEM image of aypical NW (with the main trunkjgrown
along thg010] direction the same growth direction as the NW showRigure2-3. However, an
evidentlyhigher VS growth ratbas led to some coarsgystalliteson thefacet of this NWforming a
perulelike pattern on the surfac€igure2-4a2). The HRTEM imageR{gure2-4a3) shows the perule
surface structures grown along the same [010] directidmtiwe (001) planes parallel to the zone
axis. The corresponding cressctional model of this NW is shownkingure2-4a3 inset. The atomic
model is constructed usirggx unit cells along the-bxis direction and two unit cells along thexis
direction. The perule surface structure is generated by adding five unit cells aloraxibelivection

each at both sides of the cross section of the trunk and arbitranibywireg some atoms.
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monoclinic structure of the NWslespite the rather similtattice parameters €8.28 A and b5.18

A). The atomic model iffigure2-5 illustrates the orientation of the (110) planes with respect to the
[110] direction. hesmall differencébetweerthe[110] direction and the normal vectoi the (110)
planec an be cal cul aQ5ce®+5.88¥2=5.8°s d=3. 68/ [ (

Figure 2-5. Atomic model depicting the minor orientation difference in the [110] direction from

the (110) plane in the smoothtfO > NWs with monoclinic structure.

Our TEM analysis of the nanospikes grown at 720 °C o&R8HOX-Si is shown irFigure2-6. At
this growth temperature, nanospikes are found to grow perpendicular to the (110)Fizumes (
2-6a2 andFigure2-6a3). In addition to the (110) plane perpendicular to the growth direction, our
atomic model Figure2-6a3 inset) shows that these nanospikes have the (200) plane oriented 45°
from the growth direction and the (001) plane as thestdp facet perpendicular to the zone axis
(00-1). From their SEM imagéd-{gure2-1c3), the nanospikes appear to have a triangular cross
section. The-(L11) and (111) planes should therefore correspond to the side facets of the nanospike,
which accounts for the strongl(11) peak in the GIXRD pattern of the nanospikégure2-2).
Similar to the NWs grown at 770 °C, nanospikes with pdikiéestructures otheir surface are also

observedRFigure2-6b1l). HRTEM images of the edge area (perimeter) of these nanospikes
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(Figure2-6b2 andFigure2-6b3) show that the lattice spacing of these nanoscale features at the
nanospike surface precisely matches tf the nanospike trunkigure2-6a2). This perfect lattice
match suggests that the secondary epitaxial growth on the nanospike surface arises from direct
depositionof atoms on the surface through the VS mechanism similar to that observed for the NWs
grown at 770 °C.
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As the growth temperature is decreased to 650 °C, the morphology of the nanostructures on Sn
GNI/Ox-Si changes into nanocolumns with a triangular bBgpi(e2-7al). At the same time, growth
of some nanospikes with pertlike surface structures can also be observed at this temperature
(Figure2-7b1). Similar to that observed for the smooth NWs and perulated NWs at 7F®e@:(
2-4al andFigure2-4b1), the corresponding HRTEM imagésdqure2-7a2a3 and-igure2-7b2-b5)
show two different growth directions for these nanocolumn and perulated ikanspctures
formed at 650 °C. The nanocolumns are found to grow in the [010] direEiguré2-7a2a3) while
the growth direction of the perulated nanospikes lipgraicular to the (110) planéSigure2-7b5).
According to the firsprinciple calculation$®thes ur f ace energy 92 for | ow Mi
monoclinic HFQf ol | ows t he i1ATgug a:16< amdAs tha(&ld)planesare
thermodynamically most stable, tHel{L1) face is expected to become a facet common to all these
onedimensgonal nanostructures. On the other hand, for thosedonensional nanostructures grown
in the [010] direction, the (100) face, as the least stable surface with the highest energy, forms one of
the side facets. The presence of thermodynamically less ptabks in the cexisting
nanostructures can be attributed to the nature of the PLD method. In contrast to conventional methods
of growing nanostructures such as CVD and soldtased methods, PLD is not an equilibrium
process. In other words, the kirestiof the growth is a more effective controlling factor than the
thermodynamics of the process, which facilitates the emergence of metastable planes during the
growth process.
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The HRTEM images ifrigure2-7b2,b3 confirm the similar epitaxial growth of surface features to
those observed for NWs and nanospikes grown at higher temperatures. Moreover, the nanocatalyst at
the tip of the nanospikd-{gure2-7b1), which is also observed for the NWs and nanospikes grown at
higher temperature§igure2-4b1 andrigure2-6a2), exhibits an interplanar spacing in agreement
with that of the (111) planes of FGfId nanoparticle reported in previous studigire
2-7b6) 1%41%This is clear evidence that VLS growth has indeed occurred in our system, which is

responsible for the observed catalgstisted singlerystalline growth of Hf@1D nanostructures.

As shown in our morphology studies in the previous sectienytts growth of 1D nanostructures
is accompanied by the VS growth of tetrahedteped and pyramidahaped nanocrystals at all
growth temperatures. HRTEM images of typical agglomerates oftearatedrons and
nanopyramids grown at 770 °C, 650 °C and 85@re shown ifrigure2-8. Evidently, the VS
grown nanocrystals are found to contain all the atomic planes that are also observed in the crystal
structures of the 1Danostructures. The corresponding diffraction features foi ftiel§ and (200)
planes in the GIXRD patterfrigure2-2) can therefore be attributed to both the Wiyswn 1D
nanostructures and the Mfown nanocrystals. According to the GIXRD pattern, these
nanostructureshould also contain the (111) planes. However, the (111) planes do not appear in the
HRTEM images because the electron beam direction happens not to be parallel to the zone axis of the
(111) planes. Furthermore, as indicated in our discussion about thhatogy of nanegpyramids on
Ox-Si templates and nartetrahedrons on S8NI/Ox-Si, the larger size of the natetrahedrons is
attributed to the initial nucleation and growth occurring on th&8hcatalyst. The emergence of the
same lattice planes in hoVLS-grown and V&grown nanostructures on the-&MNI/Ox-Si templates
could further support that the nucleation of néetbahedrons indeed initiates on the@NI catalyst.
These initial nuclei then start to grow through the VS mechanism creating théetramedrons.
However, at higher temperature that the VLS mechanism is dominant, the growth process leads to the

formation of both 1D nanostructures and nanocrystals together.
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Figure 2-8. HRTEM images oftypical agglomerates of nano square pyramids and nano
tri angular pyramids obtained on SARGNI/Ox-Siat (al, a2) 770 °C(b1, b2) 650 € and (c1, c2)
550 °C
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The observation that VLS growth could only occur when Sn is present in the system suggests that
Sn plays a crucial role in promoting VLS growth. To further investigate the role of Sn in the growth
process, we determine how Sn is distributed within thetstrel of the NWs by using TEMDS
elemental analysis. Elemental maps of Hf, O, Au@nd@rigure2-9al-a5) areobtained from the EDS
analysis on the NVEhown in the Scanning TEM imageRigure2-9b (the corresponding EDS
spectrum is provided iRigure Al, Appendix A. The elemental maps confirm the presence of Hf and
O along the length of the NW and of Agthe catalyst at the tip of the NW. However, no reliable

signal for Sn can be detected.

80nm 80nm

Figure 2-9. (a) STEM-EDS elemental maps for (al) Hf, (a2) O, (a3) Au, (a4) Sn, and (a5) their
overlaps of a NW grown on a SRGNI/Ox-Si substrate at 770 °C, along with (b) its STEM
Annular Dark Field (STEM -ADF) image.



The elemental profiled~{gure2-10b) for line-scan across a NWith a perulelike surface structure
(Figure2-10a) also show no detectable Sn signal. Although the -BEM analysis does not detect
any Sn signal, we cannot rule obetpresence of Sn in our structures. The amount of Sn in our
system could be so small that it is beyond the sensitivity range ofHE®analysis. A more surface
sensitive analysis technique to determine the distribution of Sn within and particuladynieath
surface region of these NW structures is therefore needed. In the next section, we will discuss our
results from the more surfasensitive techniques, i.e.;Pdy Photoelectron Spectroscopy (XPS) and

Auger Electron Spectroscopy (AES).

‘Counts &.U)

o 20 40 60 80 100
Point Number

Figure 2-10. (a) STEM Annular Dark Field (STEM -ADF) image of a NW with perulelike

surface structure grown on a SRGNI/Ox-Si substrate at 770 °Cand (b) the correspondingEDS

line scanprofile s of Hf, O, Snand Au along the yellow lineacross the NWmarked in (a).
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2.3.3 XPS and AES Studies

XPS analysis has been performed to analyze the chestitalcompositions of Hfhanostructures
and particularly to determine how oxygen vacancies and Sn are distributadtiéte
nanostructuregzigure2-11 compares the XPS survey spectra of HWs grown on SfGNI/Ox-Si

at 770 °C, Hf@ nanctetrahedrons grown on SaNI/Ox-Si at 550 °C and Hfgnano square

pyramids grown on Gi at 770 °C. While the characteristic peaks of Hf, C and Clewsds are
observed in all three samples, the Sn 3d doublet peglre2-11insets) is only detectable for the
HfO2 NWs (Figure2-11a) and not in the Hf@nanactetrahedrons @ which SARGNI catalysts are

used) nor in the Hfonano square pyramids (for which no catalysts are used). The C 1s peak at
284.5285.5 eV is attributed to adventitious carbon arising from ambient sample handling, and it can
be removed after brief Ar sgating for 60 s. In this study, the C 1s peak at 284.7 eV is used as the
reference for spectral calibration of the binding energy scale.

Figure2-12 compares the corsponding XPS spectra for the Hfs4dSn 3d, and O 1s spectral
regions of the Hf@NWSs, HfO; nano square pyramids and Hftanoetetrahedrons. To identify the
spectral compositions of individual components, we fit individual peaks after appropriately removing
a Shirleytype backgroundn the Hf 4d,; region the stronger component at27 eV corresponds to
Hf*4 19619 while the weaker lowebinding-energy componestt 212.7 eV and 211.7 can be
attributed to defeetelated peak componenisth an oxidation number lower than +4. Without a

priori knowledge of the nun@s and nature of these defect components, we have categorized them

into two general groups: HiQ(2>x1>1.5)and Hfi@( 1. 50x2>1) and fit any exc
the Hf** state) with two respective peaks. Evidently, the HffWs grown on StGNI/Ox-Si at

770 exhibit the sty bfdgeswmyestinagubatahe NWseare phe mdsts ( Hf O
oxygen deficient. On the other hand, Hf@ano square pyramids grownon-8% at 77 0 and

nano tetrahedrons grown on-&NI/Ox-Si at 550 bly svéakewAfOd and d@ar n i

peaks indicating that these nanostructures are not as oxygen deficient as the NWs.
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Figure 2-11. XPS survey pectra of (a) HfO> NWs grown on SnGNI/Ox-Siat 770 °C (b) HfO»
nano square pyramids grown on OxSi at 770 °G and (c) HfO; nano-tetrahedrons grown on Sn

GNI/Ox-Si at 550 °C The inses showexpandedviews of thespectral regiors of Snand of Mn,

Fe and Co(with inherent magnetic properties)
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Figure 2-12. XPS spectra of O 1sSn 3d and Hf4ds, regions of(a) HfO ; NWs grown on Sn
GNI/Ox-Si at 770 °C,(b) HfO, nano square pyramids grownon Ox-Si at 770 °C and(c) HfO,
nano-tetrahedrons grown on Sn-GNI/Ox-Si at 550 °C.

For the Sn 3d region spectra, only the HWs show two strong bands, which can be fitted with
two sets of doublet peaks, each with a spinit spitting of 8.4 eV.The stronger lowebinding
energy doublet with Sn 3dat 486.4 eV corresponds to Sn atoms in nonstoichiometrig ®nO
SnQ) lattice (SiY; 1 §) while2the weaker doublet with Sn3cht 4883 eV can be attributed to
stoichiometricSnO. (Sn™).2% In the O 1s region, the corresponding oxygen peak component*for Hf
ions is locatedit 529.8 e\{lattice oxygen)*®:1°7:2%whijle the suboxide oxygen components for KO

and HfQ. correspond to the weaker highendingenergy peaks at 530.7 eV and 532.4 eV
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respectively For HfQ; NWs, there are two additional weaker components in the O 1s region located

at 5310eV and 531.4 eV between the two Hf suboxide peaks. These peaks can be attributed to the

oxygen bonds with Shions andSn™' respectively. In agreement with their corresponding spectra of

the Hf 4d region, HF@NWs show the strongest suboxide peaks irr t@€ls region while the HfO

nano square pyramids have the weakest suboxide O 15 peafisning that the NWs grown at

770 ar e t heficientossucturesxThegH6dnano pyr ami ds grown at 7

appear to have a very small amounorygen vacancy defects.

Using the peak areas in these XPS spectralaappropriateelative sensitivity factors for
selected transitions, we estimate the relatvapositionof the defectrelated features (Hf@, HfOxo,
and their sum) itheHf 4d and O 1s regions and the ratio of Sn concentration to Hf concentration for
all three nanostructures Trable2-3. This quantitative analysis also confirms that Hf@Ws are the
most oxygerdeficient structures with suboxide peaksounting fooverhalf of the total Hf 4d
intensities and total Hfelated O 1s features. The next most oxydeficient nanostructures are HfO
nanot et r ahedrons grown at 550 with the suboxide
deficient nanostructures, Hi@ano square pyramids exhibit ~25% of defetated features. The
largerrelativeamount of defects in the NWs comparedhi® othe nanostructures can be attributed to
the higherspecificsurfaceareain 1D nanostructures, while the largetativeamount of defects in
the naneaetrahedrons than the square nano pyramids is likely due to the lower growth temperature of
the nanetetraledrons, which could lead to madefective structures. Furthermore, the ratio of
relative atomic concentration of Sn to that of Hf appears considerably hig@ri(0the HFQ NWs
sample than those in the other Hi@nostructured films (nano pyramidgamanatetrahedrons). For
the HfQ, nanatetrahedrons grown at 550 °C on-GhI/Ox-Si, the presence of only a minute amount
of Sn (relative to Hf) is consistent with the lower growth temperature of 550 °C, which appears
insufficient to cause evaporationa@riough Sn in our system. This compasition analysis therefore
strongly supports our hypothesis that Sn is indeed a citicaponentn promoting the VLS growth

in this system.
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Table 2-3. Area percentages of defeetelated features (HfQ.1, HfOx. and their sum) in Hf 4d

and O 1s regions and the ratio of atomic % of Sn to that of Hf foHfO. NWsgr own at 770
HfOonano square pyrami ds .gqanotwent ragd h e/d7rOo ns agqrdo vHrf Oa t
calculate the percentage of a defeetlated feature, the peak area of that individual component

is divided by the total peak area of HfQ+ HfOx1+HfO 4.

Percentage of defectelated features (%)
Hf 4d O 1s

HfO x1+
Hfoxz HfOx_‘]_ HfOx2

Sample Sn/Hf

HfO x1+

HfOx]_ HfOx2 HfO )
X

HfO:NWs gr own

on SRGNI/Ox-Si 28.1 23.3 514 30.4 21.2 517 0.3

HfO2 nano square pyramig

grown at 7SO0 16.7 7.5 24.2 16.9 9.5 265 0

HfO2 nanotetrahedrons
grown ats550 on 19.3 16.1 355 19.9 17.4 37.3 0.003
GNI/Ox-Si

To determine the distribution of oxygen vacancies and Sn within the structure of the NWs, we
perform a deptprofiling XPS study by Aisputtering the Hf@NWs for increasing amounts of time
(Figure2-13). Remarkablythe lowbinding energy components &t27 eV and 21.7 eV in theHf
4ds regionrepresentinghe oxygen vacancy defects appear to dwindle witieasingsputtering
time andtheytotally disappear after 120 s of sputterifiggire2-13c). Their correspondingdfOy:
and HfQ, features irthe O 1sregionat530.7eV and 532.4 eV, respectivelifigure2-13a), also
follow the samalecreaig trend with increasing sputtering time. This observation indicates that the
oxygen vacanciearemostly accumulating on theurface of the nanostructures rather than being
incorporated deep into the bulk. This result is also in accord with our earlier XRD finding that the
absence of any secondary phase other than monoclinicigii@licative of thesmallamount of
oxygendefidency in thenanostructures and/or accumulation of oxygen vacancies in the surface
region. In contrast, the intensity of Sn 3d spectreigure2-13b) appears to show notably less
reduction, by only28% even afterl020s of sputteringThe corresponding Srelated O 1s
components [Sngand SNnQ( 1 Oy <2 ) ] i n FRighre2-1%8) albsshow &egyilitterchafge

compared to the Hf suboxide features (Kfénd HfQ.) with increasing sputtering time.
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Figure 2-13. Depth-profiling XPS spectra of (a) O 1s, (b) Sn 3d ah(c) Hf 4ds;2 regions for HfO»

NWs obtained for increasing amounts ofArgon sputtering time.
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Figure2-14 summarizes the changes in the peak areas of the Hf suboxide components
(HfOx1+HfOyo) relative to the total Hf components (HFOHTO+HfOx2) and of the relative peak
area of Sn relative to Hfith increasing sputtering time. Evidently, the relative intensity of defect
related features (Klioxided Hftotal) decreases sharply to near zero with sputteringfdd 20 s,
indicating that the defects are mainly located in the surface region. ©th#drénhand, the atomic
concentration of Sn relative to Hf does not shaw significant change in the neanrface region and
throughout the sputtering. This depth profiling results suggest that Sn is incorporated into the
structure of the HF@NWSs, likelyin the form of a solid solution phase or a secondary.$h@se
insidethe structure. However, this hypothesis appears not to be supported by ouFigRIBZ-2)
andTEM results Figure2-3al-b3, Figure2-4al-b4, Figure2-9 andFigure2-10). The sputtering rate
of HfO; has been reported to be about half of that 0£,3¥.e., 3.3 nm/min of Si@for sputtering
by a 3.5 keVAr* beam?®®We can therefore estimate thla¢ top20-30 nm of the Hf@surfaceregion
is removed after 17 mutes (1020 s) of sputtering. Yet even at this sputtering depth, a strong Sn peak
can be seen in the XPS spectrifiggre2-13). If sucha deegSn-containing region &a solid
solution or a separate Spffhase)wvere tohave formed during the NW growth process, it should be
observable in XRD and/or TEM. A more likely explanation is that.Sa@ostly concentrated on the
coexisting VSgrown HfG, nanocrystallite film instead of the NWs. In other words, this film with a
layer d SnG; on top appears to be the primary source of the detected Sn 3d signal. As the NWs
would patrtially shield the underlying Hf@lm on the substrate, the Ar beam may not reach the film
due to absorption or scattering by the NWs, which results in tBe @nthe film surface not being

sputtered away as effectively.
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Figure 2-14. Comparison of thechange inrelative amounts ofHf suboxide features to the total
contribution of Hf (Hf sumoxidedHf total) @and of Sn to Hf (Sneta/Hf o)) With increasing sputtering
time. The Hf suroxides/ Hf totar ratio is calculated by dividing the sum of peak areas for the suboxide
features (HfOu+HfO o) in the Hf 4d region by the total area of all the Hf 4d features.
Snowal/Hf ora ratio is calculated by dividing the total area of Sn 3d by that of Hf 4d after
appropriate consideration of their relative sensitivity factors.

Another discernible featuia Figure2-13b is the emergence of the metallic Sg;:3ukak at 484.2
eV with increasing sputtering time. The observelissate is due to iemduced reduction ofxade
species caused by sputterfity?®>Similarly, the small low-binding energy featuria the Hf 4ds/,
regionappearing afte#20 sof sputteringcould be attributed tsputteringinducedHf® state While
depthprofiling XPS has shown that most of the Sn is deposited likely in the form of@rEDQ
(10y<2) on t h egrownfimi taedistribotibn of Sm withik tBe structure of individual

NWs (grown concurrently on top of the MBown film) remains unknown. Laboratebased
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commercial XPS instruments would not be suitable to obtainpkisfg information due to its

relatively large Xray beam spot (2 mm) and low spatial resolution- e m at best ) . For
chemical analysis of individual NWs, Auger electron spectroscopy (AES), with a spatial resolution of

~20 nm, is therefore more appriate. In this technique, it is possible to focus the electron beam

generated by a fieldmission electron source (with a typical beam spot of less than 5 nm) onto

individual nanowires and to detect the electimatuced Auger electron emission.

Figure2-15a compares the Hf MNN, Sn MNN and O KLL Auger electron emission signals
obtained from five different points on the base and center part of selected NWs marked in the
corresponding SEM image of Hi®IWs grown at 770 °C on SBNI/Ox-Si (Figure2-15b). The
Auger electron spectra of the entire Shitvhged areas of the HIQIW film and d the HfG; nano
square pyramid film grown at 770 °C on-Skare also shown as referencegy(re2-15q).

Evidently, Sn is founan all the sampling locations (FP5) of the surface of the individual H$O

NWs. The observed Sn MNN spectra for the NWigire2-15a) are similar to the reference spectra

for the SnO or Sngpowder samplebut not with the Sn powder reference sample (FigetBt3

inset). This observation suggests that Sn is sitting oNe in the form of Sng@or SNnQ( 1 Oy <2) ,
which is consistent with the XPS resulgure2-12 andFigure2-13). Furthermore, the Auger

electron spectra obtained from different points on the surface of the Nysg2-15a, P1-P5) are

similar to one another in terms of both kinetic energy position and peak shape, which suggests that
the composition of the NWs is relatively uniform acrossNié sample
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Figure 2-15. Auger electron spectra of Hf MNN, Sn MNN and O KLL regions from (top to

bottom) HfO,n a n o

squar e

pyramid f iSi,HiONMWeswmgr @twn7 Ad

on SnGNI/Ox-Si collected over the entire areaf the SEM imageshown in (b) and at five

different points (P1-P5) on selected NWs marked by yellow circles in (b). Inset in (b) shows the

Sn MNN Auger electron spectra of Sn@ SnO and Sn powder samples used as references.
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To determine whether tin oxide is on the scefaf the NWs as a separate phase or incorporated
into their structures, we collect degtihofiling AES spectra at two different NW locatioidgure
2-16). As markedn the corresponding SEM imageigure2-15b), locations P1 andZare selected
as P1 and Pcorrespondo the basendmiddle of the NV, respectively Evidently, while the
intensity of the Hf MNN feature appears unchanged with inangasputtering time, the Sn MNN
feature is found to greatly decrease in intensity with sputtering and is almost completely removed
after 480 s of sputtering, which further confirms that tin oxide is located mainly on the surface of the
NW. Considering theeported sputtering rate of Hf@h the literature®? we estimate that the top-10
15 nm part of the surface region of the NW contains,@m@d/or SnQ( 1 €2y. However, the SnO
and/orSnQ( 1 Oy<2) appear not to form a continuous fil

evidence of such film is found in our TEM studies.

Along with the XRD and TEM studies presente®ection2.3.1and2.3.2 these XPS and AES
data provide strong support that Sn is the key factpramoting VLS growth in the HFONW
system. However, Sn does not appear to mix with.tdi@ing the growth process and it instead
settles on the surface of the Hf@Ws in the form of Sn@and/or SnQ( 1 Oy <2) . Knowi ng hc
contributingon/inthe struture of HIQ: NWs, we will discuss the role of Sn as a VLS growth
promoter in more detail and propose a plausible model for the growth mechanism, 6f\W$O

71



(@)

HfO, Nano Sn MNN O KLL Hf MNN
square  x05 x/O\S/\ :Oy\
pyramids /\/\
HfO, NW Os """'//\’\‘— /J\ M
= N
9608 |||||'|'||'|'|'|'II",|’-I/‘I/I\I\I
(b) 400 420 440 490 510 158016001620
HfO, Nano Sn MNN O KLL Hf MNN
square  x0.5 X/(E/\ M
pyramids A/\
HfO, NW 05— \__ /\'\/\ //\
240 s e /J\
480 s - /\/\ ,//\
9605 I'I'I'I'I'I'II'I'I'I'IIT’A
400 420 440 490 510 1580 1600 1620

Kinetic Energy (eV)

Figure 2-16. Depth-profiling Auger electron spectra of Hf MNN, Sn MNN and O KLL regions
from (a) P1 and (b) P of the HfO, NWs shown inFigure 2-15b. The corresponding Auger

electron spectra of a HfQ nano square pyramid film are shown as reference.
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2.3.4 Growth Mechanism of HfO, NWs

Structural and compositional investigations of the Hi@nostructures in the previous sections have

shown that Sn is the main determining factor in facilitating the VLS growth of N¥@s in our

material system. In this section, we provide a twofold rationale for the crucial role that Sn plays in
promoting tle VLS NW growth. First, we focus on the effect of Sn in boosting the VLS nucleation

rate. According to the nucleation and growth model introduced by Suzuki®éttlaé ratio of the

VLS nucleation rate, i.e. the nucleation rate at the LS interfac, (jo the VS nucleation rate/§) is

exponentially proportional to the surface energies of the material spetidgsat L S i dpaneér f ace
VS i nt esrweighte@ bytliiedegree of supersaturatipngpe ) and growt h temper a

2
s Mﬁ Eq. 2-1

jVS 4 xle

For VLS growth to occurkq. 2-1 must satisfy the condition that the VLS nucleation rate be greater
than the VS nucleation rate, i.exgfjvs>1. At a constant degree of supersaturation irsyiséem

(pe), which is controlled by the dthetgeatdariathe f | ux ¢
term ( Zog o? 5 the higher is theyjs/jvs ratio. In other words, a greater difference in the surface
energies of the material species at the LS and VS interfaces would give riaegey differencan

the VLS nucleation rate relative tioe VS nucleation rate so that the VLS growth mechanislav
becomethe dominangrowth mechanismFurthermore, when Ss alloyed withothermetals such as

Cu, Ag and Zn, the surface energy of thsultingliquid alloy is found to bdower than the pure
metals®2183The degree of this reduction in the surface energy depends on the atomic fraction of Sn
in the alloy composition. Specificallthe SnrAu alloys haveexhibitedsignificantly lower surface
energesthan pure liquid gold®18When Sris dissolved in gold nanoislands, itauld therefore
substantiallyreducethe surface energy of the gold cataly(sts). According toEq. 2-1, the lower

suiface energy of the catalyst §) would lead toa largemumeratoir é’)'é‘ o? 3 in the exponent, which,

in turn, increases the VLS nucleation rate dheS nucleation ratdt is therefore reasonable to
hypothesize that Sn is promoting VLS growth in our system by reducing the surface energy at the

interface between the gold catalyst and HNOVs, leading ta higher VLS nucleation rate.

The second part of our rationale is based on the classical tHetiffusion in liquids It is well
knownthat bimetallic catalysts usedtime VLS growth of 1D nanostructur@re moreefficient due to
the improvement in their diffusivity.” According to the StokeEinstein equation, the diffusion

coefficient in liquid D) is given by?%®
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Eq. 2-2

whereki s t he Boltzmann constant, T i s theRmsbsol ut e
the solute radius. This equation shows that the diffusivity of a liquid is inversely proportional to its

viscosity. In theVLS growth of NWs, the limiting step is the diffusion of the adsorbed atomic species

from the surface of the liquid catalyst to the interface between the catalyst and the solid where the

VLS growth occurs. Any factor that decreases the viscosity ofghillcatalyst can therefore also

cause an increase in the VLS growth rate.

In the binary phase diagram of An systemKigure2-17),'' there is an eutectic composition at
29 atomic % of Sn. As more $ndissolved in the goldich alloy, the composition of the alloy moves
toward the eutectic compdisin resulting in a substantial drop in the melting point of the alloy. The
V i S c ong)ioftthe liqGidlof a metal with a closed pack structure and atomic weight (A) at its
melting point Tmp) can be described by an empirical equation as folf§lvs:

5.70 AT, .
Sma ( Porzsc)vil3

Eq. 2-3

whereVa is the atomic volume of the liquid at the melting point. When Sn is dissolved in liquid gold,
the viscosity of gold is therefore reduced due to the lowering of its melting point. Consequently, the
diffusion rate of the atomic species across the liquidlgsttwould increase, leading to a boost in the
VLS growth rate of NWs. It is therefore reasonable to hypothesize that Sn promotes the VLS growth
of HfO2 NWs through these two parallel effects. Not only does Sn enhance the VLS nucleation rate
by decreasinghe surface energy at the LS interface, but it also increases the VLS growth rate by
enhancing the diffusion of atomic species from the surface of the catalyst to the LS interface.
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Figure 2-17. Au-Snbinary phase diagram. Reprinted with permission from referencel81].
Copyright (2007) by Springer Nature.

A plausible growth mechanism of HF®WSs can be described as follows. (I) As the temperature of
the substrat holder is ramped up to a selected growth temperature, Sn is being evaporated off the
substrate holder. (II) Sn then infuses into the GNIs on the substrate and lowers their melting point as a
result of an eutectic compositibormation (Ill) At the inteface between the SBNIs and the
substrate, a liquid phase of the-8a alloys with lower viscosity and enhanced diffusivity emerges.
Meanwhile, Hf species are introduced into the system upon laser ablation off the target and they
diffuse into the liquid atalyst. (IV) When the catalyst is supersaturated by the Hf speciesNW©
start to grow out of the catalyst. Concurrently, BHfl@posited on the bare areas of the substrate
where there is no catalyst begin form pyramidal and tetrahedral shaped raystals following the
VS growth mechanism. The VLS growth mechanism of the NWs is dominant due to the enhanced
nucleation rate and growth rate at the LS interface. (V) Epitaxial growth of the surface-(jgejule
nanofeatures on the facets of the Vip$wn HfO, NWs occurs due to the continued parallel VS

growth in the system. (VI) After the deposition is complete, any excess Sn in the system oxidizes to
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SnQandlorSn@Q( 1 Oy <2) and sett !l esNWsandVSy®wnsnanocfystaise
Figure2-18illustrates a pictorial summary of different Hf@anostructures grown under different
growth conditions. The proposed mechanism is consistent with the formation of these HfO

nanostructures.
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2.3.5 Magnetic Properties of Single-Crystalline HfO> NWs

It has been more than a decade since unexpected ferromagnetism has been observed in oxygen
deficientHfO, thin films °¢°® Considering that the application of Hf@s ahighe di el ect ri ¢ ma
is well established in CMOS technology, the observation of ferromagnetism igH@important
discoverythat could extend its application to the field of spintronics. In this section, we report for the
first time the mgnetic properties of PLIgrown singlecrystalline HfQ NWSs, and compare them

with those of HfQ nanostructured film (Hf@nano square pyramids). Due to the significantly higher
mass of the substrate and the quartz paddle than that of the&f@structurg, any weak magnetic
signal could be masked by the enormous diamagnetic signal of the substrate. The diamagnetic
contribution is therefore removed from the measured signal. In order to extract the magnetization
parameters quantitatively, we perform cufitéing on the HfQ NW data by using a combination of
hyperbolic and sigmoid functions based on the correction methddgkdon et al. and Paterson et

al .167:1%8with the Hystlab v1.0.9 software. For the Hf@anostratured film, we use a Langevin

function to fit the paramagnetic contribution to the data (after the diamagnetic background signal
from the substrate and quartz paddle has also been appropriately subtracted from the measured

signal).

Figure2-19 shows the magnetizatiof HHO,NWs gr own a t-GNI/Si &nd ofHf@n S n
nanostructurel i | m (nano squar e pyr &imsfdnstipns gf theappliedat 770
magnetic field at three different temperatures. As the corresponding XPS survey $pigote2{11
a and b) show no detectable signals from magnetic ions (Co, Fe, and Mn), the measured magnetic
moment therefore corresponds to those of the iH#Dostructures and not to any magnetic
contamination. Evidently, the HKONWs (Figure2-19a) exhibit ferromagnetic hysteresis at all three
sampling temperatures, from 2 K to 70 K to room temperature, while thendf@ pyramids show a
significantly weaker magneti@sponse to the applidield with no hysteresisHigure2-19). The
magnetic saturatiorMs), magnetic remanenc®|() and coercivity c) of the nanostructures obtained
from the respective magnetization curves are summariZeahie2-4. The saturated magnetization
(Ms) of HfO. NWs is ound to be about an order of magnitude higher than that of HfO
nanostructured film. Moreover, all magnetization parameters of the NMY#&/A¢, Hc) exhibit higher
values at lower measurement temperatures exceptsfavith the same valuger 300 K and 7K.

To provide a plausible explanation of these observations, we consider the possible origirt of room
temperature ferromagnetism in undoped semiconductors and insulators. Notwithstanding some

conflicting reports in the literaturg® oxygen vacancies are believed to be the primary underlying
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source of unexpected roetemperature ferromagnetismundoped metal oxides such as Zebd

HfO, (d° ferromagnetism§6496.98.152.174.17according to the model that has been recently proposed

for ZrO, nanostructure®’%4singly charged and doubly charged oxygen vacancies serve as charge
reservoirs in the structure by donating one or two electrons to the surrountfimnZy thus reducing

them to Z#*(4dY) or Zr** (4cP) ions. The unpaired electrons in the 4d orbital&rdbns can have a
ferromagnetic exchange interaction with each other or/and with the single edecttbesingly

charged oxygen vacancies creating bound magnetic polarons (BMPs). If the number of the oxygen
vacancies is large enough, these BMPs conttergo ferromagnetic exchange with one another, thus
generating a longange ferromagnetic interaction throughout the material. The presence of oxygen
vacancies in the structure also creates an impurity band near the bottom of the conduction band.
When theferromagnetic exchange interaction occurs between the unpaired electrons in the d orbitals
and the electrons on the oxygen vacancies to create the BMPs, the impurity band hybridizes with the
conduction band, which gives rise to spimand spirdown bandsplitting. This band splitting
phenomenon is similar to the band splitting that develops at the fermi level of typical ferromagnets
like iron and can account for the higgmperature ferromagnetism of dop#ete dilute magnetic

semiconductor materials.
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Table 2-4. Magnetic saturation (Ms), magneticremanence(M;,) and coercivity (H¢) of the HfO,

NWs, and magnetic saturation ofHfO» nano square pyramids.

HfO, NWs HfO» nano square pyramids
T t K
emperature () | M €mu/g) M: €MUS)  py og) |, (emuigy1o®
300 1.2 0.8 28.6 1.9
70 1.2 1.9 111.8 3.0
2 2.5 2 159.8 2.9

The same mechanism that drives ferromagnetism in @a@ostructures could also apply to the
HfO. nanostructuredigure 2-20. gives a schematic representation of the proposed magnetization
mechanism in HF@NWs and HfQ nano square pyramids. The Hfdnd O 1s XPS spectriiure
2-12a) confrm the presence of oxygen vacancies in the structure of N¥s. According to our
peak area calculation$dble2-3), defectrelated features associated with oxyganancies account
for ~50% of the total peak area in the Hfgt O 1s XPS spectrum of HI®IWSs, while the
contribution of these defectlated components in the Hl ér O 1s XPS spectrum of Hi@ano
square pyramids is about half of the NWs (~25%). Thabar of oxygen vacancies in HFQWs
could be sufficient to create overlapping BMPs due to the exchange interaction of charged oxygen
vacancies with Hf(5d%) and HF*(5cP) ions. This interaction leads to band splitting in the hybridized
conductionimpurity band and, consequently, rodgemperature ferromagnetism in the HOVs.

When the measurement is carried out at a lower temperature, it is expechdd MaandH. of the

NWs all increase due to the lower thermal energy (vibration) of the atonmthast, for the Hf@

nano square pyramids (nanostructured film), the concentration of the defects is found to be quite
small. If the amount of defects in the structures is less than the percolation threshold, they are
insufficient to generate overlapping BMPsand the resulting BMPs behave like isolated magnetic
ions giving rise to paramagnetic bet@awather than ferromagnetism. Furthermore, the degree of
band hybridization between the dordmrived impurity band and the unoccupied states in d orbitals
depends on the concentration of the def&dtgith an insdficient amount of defects in the structure,
an effective band hybridization cannot be realized, and thus band splitting andrhjgdrature

ferromagnetism do not occur.
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Figure 2-20. Representation of theBound Magnetic Polaron (BMP)band ferromagnetism

hybrid model and the respective band structures for (a) HfoNWs and (b) HfO. nano square
pyramid film. The number of oxygen vacancies in the NWs is sufficient to generate overlapping
BMPs leading to spin land splitting, in contrast to the limited number of vacancies in the Hf@
nano square pyramids, in which isolated BMPs with no spin band splitting leading to
paramagnetic behaviorfound similarly in isolated ions.

One noteworthy observation is that desgkhibiting comparable values of coercivit), the
magnetic saturation of our HEQIWSs is one to three orders of magnitude lower than those of ZrO
nanostructure®54HfO; colloidal nanorods? and HfQ thin films %8152174The ZrQ nanostructures
with large magnetic moments are crystalized fully or partially in the tetragonal. gteseonoclinic
phase is the stable phasfdboth ZrQ and HfQ at roomtemperatureHowever some studies have
found thatalargeamount of oxygen vacancieanstabilizethetetragonal phase amom
temperaturg®190192.210Considering only monoclinic phase and no tetragonal phase is found in our
X-ray diffraction studies of #0, NWs (Figure2-2), the observed lower magnetic saturation of HfO
NWs could be due to the presence of an inherently smaller amount of oxygen vacancies obtained in
our HfO, NWs. Nonetheless hielargeamountof defects is not alwayassociateavith thetetragonal
phaseFor HfO, colloidal nanorod€®and thin film$&152174with monoclinic phasestructuraldefects
(oxygen vacancies, cation vacancies and the defects at theufilstrate interfaceyre alsgroposed
to be the source of magnetization. However, unlike the present work, no study to determine the exact
nature of these defects (e.g. by XPS) svjited by theeauthorsForthe HfQ; colloidal nanorods’™
their higher surfaeareacould be the source of their high@nountof oxygenvacancy while for the

HfO, films’4fabricated by magnetron sputterjmigposition in an oxygedeficientatmosphergising
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ametdlic targetcouldbe the reasofor generation of morexygen vacancie©©n the other handor

the HfG thin films grownby PLD from a metal oxide targét a similar oxygen pressure to that of

our growth system, the defects at titrd -substrate interface could be the reason for their higher
magnetic saturation since different substrates such,@s &hd yttriastabilized zirconia (YSZ) are
mainly used in those studiésZThe lower total amount of oxygen vacancies in our Hi@/s is

also consistent with our observation that most of these vacancies are accumulated in the surface
region. The ferromagnetic exchange interaction betwe&nh(kif2,3)and oxygen vacancies in HfO
NWs is therefore likely limited to the surface regioattlimits thenumber of oxygen vacancies. This
surfacelimited ferromagnetic coupling results in a smaller total magnetic moment compared to the

defectrich structures reported in the literature.

In summary, magnetic analysis of singlystalline HfQ NWs reveals that these nanostructures
exhibit roomtemperature ferromagnetism with higher magnetic saturation than thenbifi® square
pyramid film, which shows predominantly paramagnetic behavior. According to the impurity band
hybridization and BMPs modehe ferromagnetic property of the Hf@Ws can be attributed to
oxygen vacancies accumulated on the surface of the nanowires. This is consistent with our XPS
results that also confirm that HI®IWs are indeed more oxygeleficient than Hf@nano square
pyramids.

2.4 Conclusion

In the present work, we report the growth of singtgstalline HfQ nanowires for the first time by
usingthealloy-catalyst assisted pulsed laser deposition technique. Thecallalysts provided by
SnGNIs are found to be remarkably effective in controlling both the morphology and crystal
structure of the final nanostructures. The glandéimmdence XRD studghows that HF@NWs grown

on SRGNI/Ox-Si templates (i.e., oxidized Si substrates with Sn alloyed gold nanoisland catalysts)
and VSgrown nanocrystals grown on templates of&Xi.e., oxidized Si substrates with no

catalyst) and GNI/O6i (i.e., oxidizedSi substrates seeded with gold nanoisland catalysts) all exhibit
the monoclinic phase. However, the Hi@nocrystals on G$i mainly consist of the highurface
energy (200) planes, while the Hf@anocrystals on GNI/G$i and HfQ nanowires on SI6NI/Ox-

Si tend to form lowsurfaceenergy planes of (111) antil(11) in addition to the (200) and (110)
planes. The presence of these ksginffaceenergy (200) and (110) planes is attributed to the provision

of nonequilibrium growth conditions inherent in thePtechnique.
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Most importantly, Sn is found to be present in the form eA8ralloy catalysts on the GRi
substrate and Sn is demonstrated to be the critical component in the growth of 1D nanostructures of
HfO.. The HRTEM images of these NWs and theiresponding crystal models show that some
NWs have grown along the [010] direction with the (100) planes as their top facet, while others have
grown along the [110] direction with the (001) plane as their top facet anidith®) (plane as their
side facetSince the growth of NWs is accompanied by the growth ok IHEDocrystals on the G&i
surface along with the epitaxial growth of secondary pdikeefeatures on the surface of the NWs,
the VLS growth mechanism appears to be occurring concurrenththeitiS nucleation and growth
mechanism, and the final morphology is the result of competition between these two mechanisms.
Moreover,our glancingincidenceXRD, XPS and AESesuls show thaexcessSnis oxidized to
SnGand/orSnQ( 1 0y <2) on t h egrownfimfaaddhe VLi&frown NWs. Hevihg
realized the crucial role of Sn in promoting the VLS growth mechanism, we propose a dual role for
Sn in this growth systenkirst, Au-Sn alloys have a higher VLS nucleation ratelljkdue to a
reduced activation energy for VLS nucleation resulting from a lower surface energy at the LS
interface. Second, Sn could enhance the kinetics of the VLS growth by increasing the diffusivity of
the catalysandconsequently fostering the difios of atomic species from the surface of the catalyst
to the LS interface.

These insights gained from the present study could pave the way for growing other novel metal
oxide NWs. For example, due to the provision of better control on the stoichiométeymbducts,
researchers commonly use metal oxide targets for the VLS growth of different types of metal oxide
NWs by PLD. The amount of oxygen produced by laser ablation of these targets significantly
suppresses VLS growth by increasing the VS nucleait2 %% 158 Application of an alloy catalyst
could thereforeffer a remedy to counterbalance the undesirable effect of oxygen and a new approach

in the synthesis of novel metal oxide NWs thatdanot been possible before.

Finally, the magnetic properties of HFf@Ws are characterized and compared with those of a HfO
nanostructured film of square pyramid shaped nanocrystals. Magnetization measureiffergratt d
temperatures reveals that Hf8Ws show roortemperature ferromagnetism with a coercivity
comparable to other reported undoped metal oxide nanostruttr&€€In contrast, the Hf®
nanostructured film sample exhibits just a subtle paramagnetic behavior. Since the XPS study shows
no trace of magnetic contamination and confirms the presence of oxygen vacancies in tRé/sfO
the oberved roomtemperature ferromagnetism of Hf@Ws is attributed to the presence of these

defects. It is found that the magnetic moment of these Ni@s is weaker than that of defeth
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undoped Zr@nanostructure® % HfO, colloidal nanoparticlé$® and HfG thin films®152174reported

in the literatureThis notable difference in the observed magnetic moments is due to the smaller
amount of oxygen vacancies in HfQWs that are predominantly present in the surface region of the
NWs when compared to the aforementioned nanostructures (with defects repiditeshally in the

bulk). Further investigations with more precise control on the oxygen vacancies could provide
enhancement in the magnetization of these Hf@'s. Indeed, the synthesis of Hf@Ws for the

first time and the observation of roeemperatee ferromagnetism on HENWSs promise the

application of these novel HfManostructures in the field of spintronics. More importantly,

considering the high dielectric coefficient of Hf@he combination of dielectric property and room
temperature ferronggetic response in these Hf@Ws present a viable opportunity for integration of
complementary metaixide semiconductor (CMOS) technology with spintronic technotoghp’174

By exploiting the advantages of the PLD technique in preserving the stoichiometry of the targets, we
can syntksize even more exotic NWs doped with various elements to advance not just their magnetic

properties, but indeed other properties such as catalytic andlieigletric electronic properties.
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Chapter 3

Novéidoped adadpd&EeMafndstrucStuuvesur al

MagnePRriocperti es

3.1 Introduction

Electronspinhasoften been overlookeid conventional chargbasel electronis before he
discoveryof the giantmagnetoresistand&MR) effectin 1988 by Albert Fert anBeterGrinberg*?
who were later awarded the Nobel Prize in physics in 28ffough Motf wasthe firstto discover
spindependenglectric conduction in ferromagnetic metals in 1,986 importance atis discovery
hasnot beenfully recognizedbeforethe introduction of GMRThe GMR effect shovg that the
mobility of theelectrons ad, thereforethe resistivityin aferromagndat metal ould be effectively
controlledby manipulatingthe spin oftheelectrons througthe orientation othe magnetization in
theferromagnetic meta? The discovery othe GMR effect, along withthe subsequet development
of theclosely relategphenomenaf tunneling magnetesistance (TMRandmagneticdunnel
junctions MTJs), brokenew groundn scienceand technologyand created a new field knovoday
asspinbased electrongcorspintronics® Over thelast thirty years, intensesearch in tis field has
led totheinvention of manynovelmetallic spintroniadevicessuch as hard disc read heattsl
magneticandomaccess memories (MRAMRpatrevolutionize thamicroelectronicand data storage

industry320.22

Exploiting the spin ofheelectron tacontrolthe electrical currertanprovide an extra degree of
freedomin conventionathargebasedsemiconductodevices The integrationof spintronics into
semiconductebased electrticscould therefore provide a excellenbpportunityto produce novel
deviceswith norvolatility, higher data processing spetmyer electric poweconsumptiorandmore
compact designompared to @nventionalsemiconductor devices in matneam microelectronics.
Invention of a materighathas both semicondudhg and ferromagnetic propertiesuldbean
importantmilestonen realizing the integration apintronics and semiconductor electronigsr
example, ae of the biggest advantages of such material would be the easier injection of spin
polarized electronbetween a ferromagnetic semiconductor and a nonmagnetic semiconductor
compared to &rromagnetic metal arainonmagneticsemiconductodue to theabsencef a
Sctottky barrier! Theintroduction ofdilute magnetisemiconductoréDMS) was asignificant
breakthrough in theearcHor ferromagneticcemiconduct@®:?® DMSs are aecentclass ofadvanced
materiaf thatis producedy dilute dopingof anonmagnetic semiconductor with magnetic itms

incorporatespinfunctionalityin thehost materialhile presering its semiconductor propertiés.
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Among allDMS materialslll -V dilute magneticemiconductors such dn-doped GaAs
(Ga.xMnyAs) haveattractedhemost attention due to their promisifegromagnetic and electron
transferproperties®!*However thelow Curie temperature of these DM& <200 K8 is amajor
drawbackfor practical device applications the searcltior DMSswith a higherCurie temperature
andbettercompatibility withthe complementarynetal oxidesemiconducto(CMOS) technologythe
first repors onthe magneticproperties of Mrdoped ZnGn 1999 and Cedoped TiQ in 2000
havetriggereda new rounaf researchin this field. Thesestudieshavemainly focusdonthe
magnetic metal oxideemiconductorgenerallycategorizedsdilute magneticsemiconduéng
oxides (DMS@®).26 DMSO systems haveeveralimportant advantages ovBMS systemssuch as
much higheCurie temperatures (e.gup to 856930 K for Crdoped indium oxide thin filf) and
enhancedlexibility in controling their propertes using oxygen nestoichiometry However,
achieving enhomogeneoug doped material without any magnetic idnstering throughout the host
latticein DMSOshasalways beem greatchallenge whichappeargo be closelyelatedto the

material growth conditionand could potentially be resolved with an appropriate techrifque

HfO. is ametal oxidewith Hf** ions with a closed Isell [Xe]4f'* configurationandno unpaired
electron.Diamagnetmis, thereforegxpectedor HfO,. In 2004 theobservation of unexpected
ferromagnetism with a Curie temperature above 500 K in undopegthifCfilms® drew renewed
interestto this field. Before this discoverythere vasno consensus thescientific communityon the
origin of themagnetic moment iDPMSOs.?'* However the ferromagnetidbehavior ofundopedHfO;
hassignificantly strengthenethe position of those/ho believe thabxygenvacanciesind defectare
themain souces of magnetism in DMSQ3$Voreover,HfO, is atechnologicallyimportantmaterial
with superiorelectricaland opticaproperties such aslargedielectric constanteg 25), wide
bandgap (~5.7 eVandhigh refractive index (2.9f " Dueto its largedielectric constant, HfQs
themostpromisingmaterialused agate dielectric imetaloxide-semiconductor fieleffect
transistors (MOSFETS)The successfufabrication offerromagnetiddfO,, which isalreadyan
excdlentCMOS compatible materialsthereforea significantstepforwardin realizing the idea of

integraing spin-basecelectronics into theemiconductebasel electronics and CMOS technolodly.

The origin of ferromagnetisim DM SOsremainscontroversial and it hasontinued to ba subject
of intense debat®&.In nonoxide DMSs such as Mrdoped GaAsGa.xMn,As), the Rudermain
Kitteli Kasuyd Yosida (RKKY) interaction between the magnetic dopants and theaitinelectrons
in the host latticés believed to be responsible for tihéerromagnéc property®-2122*However

sincedilute magnetienetal oxides are widbandgap semicondws orinsulatorswith few itinerant
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electrons, the RKKY interactionmechanisntannotexplain theferromagretism in DMSOmaterials®?
To date manyattempts have been madeatountor theorigin of ferromagnetism in DMSOs.
While structural defectaregenerallybelieved tgplay a crucial rolén the ferromagnetisrim these
materials?®45%%%not enoughstudies have been carried out to determine the exact nature of these
defects?®%° Althoughsome studiebaveattributel the observed magnetic moment to cation
vacancie$>1%thereis more solid evidence thatipportoxygen vacancieas the mainsource of
ferromagnetisnin both undoped andoped metabxides®? 649798101103 Based on the rolef aefects
(including oxygen vacancigs generatig ferromagnetisnin metal oxidesgnodelsinvolving bound
magnetic polaronBMPs)’ andcharge transfer nobanisnt® have beemproposedo explainthe
ferromagnetic behavior of DBIOs None ofthese models coulthoweverprovide acompleteand
accurateicture In particular, while he BMP modelcansuccessfullyexplainthelong-range
ferromagnetiorderingin DMSOs, itcannotexplan the highCurie temperaturd€T.) of these
materials On the other handiespiteproviding area®nabk account othe high Curie temperaturef
DMSOs, thecharge transfer mechanigsanonly beapplied tooxides doped with multivalent
transiton metal ionsA significant breakthrougthin this matterwasmade by thenodelintroducedby
Coey et alin 2005°8 This modelcombiresthe Heisenbergpproachin which ferromagnetism
occursdue to theexchangenteractionof individual magnetic moments (he@&MPs), with theband
ferromagnetismapproachin which magnetizatioroccursdue to the sponteousspinsplitting of the
bandsThis model camxplainnot onlythelong-range ferromagnetiorderingin DMSOsusingthe
concept obverlappingBMPs but alsathe highCurie temperatur®f these materialsased orspin
splitting ofimpurity bandshybridizedwith the dstate band®> A modified version of this mdel has
beenused taexplainferromagnetism iZrO, nanostructuréd andnanocrystal$* and alsdn our
previous work t@xplaintheferromagnetic behavior alinglecrystallineHfO, nanowiresmade for
the first time(Chapter 2)Accordingto thismodel, the total number of BMRsroughouthe crystal
latticeandthe degree dbandhybridizationareclosely linked to the number of oxygen vacanc
defects?3%8DMSOs witha largeamount of vacancies are therefesgected t@xhibit ferromagnetic

behavior with highmagneic saturationvalues andhigh T..

Onre strategy tancrease theamountof oxygenvacanciesn DMSOs isto fabricateDMSO
nanostructures with higurfaceareato-volume rati (i.e. specific surface areagor example,
undopedZrO; nanostructureand TiO. nanostructureexhibitenhancederromagnet propertieswith
very high values of magnetic sarationand T: due totheir largesurfaceareato-volumeratios®354In
our previous worKChapter 2)we alsoshow that HfQ nanowires exhibit ferromagnetiehaviordue

to the oxygen vacancies accumulatedfieir surface regiopwhile HfO, nanostructurefiims (HfO-
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nanopyramids) with lowespecificsurfaceareasdo notshow ay ferromagnetidehavior Another
effective strategy i engineetheformation ofoxygen vacancielsy incorporating dopant materials
into thecrystallattices of metal oxidesBoth nonmagnetic and magnetic dopants can serve this
purposeTheoretical studies show that doping of Hi@th suchnonmagnetidonsasTi, Si, La and
Al could reduce the formation energy of oxygen vacanéte€’Moreover,even in the case of metal
oxide thin films dopedvith magnetic ionsgopantdriven oxygen vacancies in the host latéce

believedto be the main source oftrinsic ferromagnetisnin these material:102.103.214

In this study, we adoptthe approactof combiningbothof the aforementioneideas tcachieve
enhanced ferromagnetismhitiO.. Considering théavorableeffect ofdopingHfO, with suchionsas
Ti, Si, Laand Alin reducingthe formation energy of oxygen vacanci®s,®andgiventhe high
solubility of Ti in Hf,2*®we investigatein the first part of the present stydlye effect of Ti doping on
themorphological structural,and magnetic properties bifO, 1D nanostructuressrown by catalyst
assiseéd PLD techniquehe ranostructureseportedherefor thefirst timeincludeTi-doped HfQ
(Hf1xTixO2) 1D nanostructurewith variousTi atomic concentraticg(x=0.01,0.10, 0.25, 0.8). We
recognizethatat50 at % Ti (HfosTio502) the nanostructureareindeedbinary oxide alloys and not
doped nanostructurgdowever,to simplify the nanenclaturen this workwe referthem as
nanostructures doped wili® at % Ti. The morphologsof theTi-doped HO, nanostructureare
found tochangediscerniblywith Ti doping with shorter 1D nanostructurgsth increasingamount of
Ti. We also showhatthe magnetipropertiesof Hf1xTixO2 (0 . 0 1 60 rarfostructureare
enhancedvith Ti atomicconcentationupto 10at. % (x=0.10), with the magneticsaturatiorreaching
almosttwice that ofthe undoped Hf@nanowires FurtherTi dopingappears to caushe magnetic
propertiedo weakenIn the second gt of this study, we investigate tieorphological structural,
and magnetic propertied novel Fe-dopedHfO, nanostructurefHf.«FeO2; x=0.01, 0.05,0.10 and
0.20) fabricated by catalysissisted PLD technique. Our results shioatthe Fe dopant
concentratiorhasa significanteffect onthemorphology of theHf,«FeO. hanostructuregproducing
nanocubes with staeklcrystal flakecompaite architecturestructureinstead of 1Dhanostructures
when the Fe dagmtconcentratiorexceedd at % (x=0.01). Our magnetigpropery analygsshow a
remarkabléncrease in thenagretic saturation witlincreasing-e dopantconcentrationwith two
orders of magnitudiarger than theindoped Hf@ NWs for thex=0.10 dopant cacentratiorandno
trace of any Fe clusterirgy secondary phase segregaffaithin the sensitivity range of Xay
diffraction). To explain the observed magnetic behaviaheMHf .., TixO. and Hfi..FeO-
nanostructuresve propose aodifiedhybrid model based atefectinducedBMPsand defecband

splitting. With their highmagnetic saturation and above room temperature), along with their

88



inherently high dielectric constanhesenovel Tidoped and FelopedHfO; nanostructurepromise
new applicationg integratedspintronicsand CMOSbased electronics

3.2 Experimental Details

Theundopedpristine)HfO,, Ti-doped and FelopedHfO,, and TiQ 1D nanostructureareall grown
by caalystassistegulsed lasedepositionin a NanoPLD system (PVD Productgith a base
pressure of 1x10Torr. The system is equipped with excimerKrF laser 48 nm wavelength)
operated with a laser fluence of 350 mJ/pulse at a repetition rate aiomablatethe HfO,, Ti-doped
HfO,and Fedoped HfQ andTiO, targets The HfO, target is prepared yold pressingf HfO,
powder(Alfa Aesar,99.9% purity)with a pressure 30 MPafollowed by sintering at 1150 for 48
h, and theTiO; targetis prepared bgold pressingf rutile TiO, powder (Aldich, 99.99% purity)
with a pressure of 25 MPa followed by sinterin@@® for 12 h.To prepareTi-doped HfQ target,
HfO. powder (Alfa Aesar, 99.9% purityd thoroughlyground and mixed witiiO, powder (Aldrich,
99.99% purity)with the Hf:Ti proportiors of 0.99:0.01, 0.6:0.10, 0.75:0.25and 0.8:0.50 to obtain
the Hf 1.xTixO2 (x=0.01, 0.D, 0.25 and 0.8) targetsTheresultingpowder mixture arecold pressed
at30 MPaand sinteedat 1150 .TheffaopedH8) tangesare also prepardd a similar
way by grinding and mixing Hf@powder (Alfa Aesar, 99.9% purity) with Fenomwder @ldrich,
60-80 nm paticle size O 9 9 %. Thewesuitinggoyvdermixtures with the Hf:Fe proportions of
0.99:0.01, 0.8:0.05, 090:0.10 and 080:0.20 arecold pressedt3 0 MPa and sintered at
48 hto makethe Hf1.xF&O2 (x=0.01, 005, 0.10 and 020) targets TiO, 1D nanostructures are grown
onoxidized Si(100) substrates (€5i) coatedwith gold nanoislands (GNIs), denoted here as
GNI/Ox-Si, while the other nanostructures are grownaSi coatedwith Snalloyed GNIs, denoted
here asSn-GNI/Ox-Si. To preparghe Ox-Si substrategprecutSi(100) chips (10x10 mfrand 5x5
mn?, 5 2 5 thicknptype, Bdoped, with the resistivity of-3 q , Stegert WafeGmbH) are
chemicaly oxidized byfollowing the RCA cleaningprocedure'*® The HF treatmenttep in the RCA
cleaning proceduris not performedn orderto obtaina buffer oxygen layer on the Sirface GNIs
are obtained by depositinglginfimofgold ( 1 0 n m tOkSi lay knagnedron sputtering
followed byannealingn oxygen at 600 °C for 1 fhe resultingSNIs exhibita Gaussian size
distribution of 410 nm To obtain theSn-GNI/Ox-Si templatesye sputtercoatthe substrate holder
with Sn ©9.9% purity, Fisher Scientific) prior tnountng inside the deposition emberWhen the
substrate holder is brought up to the preselected growth tempe&iieeaporates and mixes with
GNIs on OxSi to create St NI alloy catalyss. For the growth procesthe substates arenounted

in the PLD chamber perpendicular to thieection ofthelaser plume usingwindowed substrate
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holder Thesubstrateo-target distance is kept at &&m, where the substrate is in close proximity to

thetop region of théaser plumeThe growth tenperature can be controlled from room temperature to

9 0 0 by usinginfraredheating lamp#ocatedat the backsidef the substate holddao enable

radiative heatingTiO, 1D nanostructures agrownon GNI/Ox-Si templatest 750 for 90 minin

200mTorr of Ar with aflow of 10 sccmwhile pristineand Tidoped and~e-doped HfQ 1D

nanostructures are grown 8mGNI/Ox-Si t emp| at es aundefhésamér f or 60 mi

pressure and flow conditions.

Themorphology of thenanostructureis examinedy field-emissionscanning electron microscopy
(SEM)in aZeiss Ultraplus microscope anlgy helium ion microscopy (HIM) imZeiss ORIONPlus
microscope Thecorresponding crystal structgref the asgrown nanostructures are determitsd
usingglancingincidenceX-ray diffraction (GIXRD)atanincidence angle of 9.4° over the
selectedd r amge PANal ytical MR Deqgiiipedeir t h Pa oCuw i K@ r @t r
(1.54 A).For magnetic propeytmeasurementshe nanostructures grown aghe5x5 mnf substates
are mountedon cleanquartz paddle€Extreme care is taken to eliminate any magnetic contamination
from external sourcdsy using only plastic tweezers and sample handling.tM#asurements are
performedat different temperaturds a superconducting quantum interference device (SQUID)
magnetometer (Quantum Design MPMS SQWIBM). Themagnetic data is corrected by
subtracting the diamagnetic contributimom the bare substrate and quartz pajdhdthe magretic
momentsf the nanostructuckfiims so obtainedrenormalized bytheir mases To estimatethe
mass of theanostructuré film, we assumehatthefilm is densely packed within the measuring
volume with thebulk densties of 9.68g/cm?® for undopedHfO,,*8° Hf1.«Fe0, (x=0.01, 0.05, 0.0 and
0.20), andHf14TixO, (x=0.01, 010, 025); 7.28g/cn? for Hfo s Tio 002,26 and4.23g/cny for TiO,18°
nanostructure films. Finally, the resulting data points diited tothe ferromagneticurvesusing
sigmoid basis functions and hyperbolic functiondHystlab version 1.0.9 software@hichis a
MATLAB -basedsoftware for pocessing magnetic data basedtmcorrection methods of Jackson

et al. and Paterson et'&f:1¢8
3.3 Results and Discussion

3.3.1 SEM and XRD Studies

Figure3-1 showsthe SEM images of Fdoped Hf.TixO, nanostructures with different dopant
concentratioa (x=0.01, 0.D, 0.25 and 0.8) and ofTiO, nanobelts and undoped Hf@anowires
provided as refence TiO, nanobelts ar®LD-grownon GNI/OxSiin 200 mTorrof Ar at 750
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for 90 minwhile theHfO2 nanowires and HTixO. nanostructures are grovam SrGNI/Ox-Si at

7 7 0 Evidently, theTiO2 nanobelts sproducel aretypically 4070 nm wide, 120 nm thick and
several hundreds aianometerfong (Figure3-1a2).With a pointy tip and sawtooth facets along the
growth directionthe TiO2 nanobelts grown herae found to haveery similarmorphologyto those
reportedn anearlierstudy**! The periodic sawtooth sidewalls in these nanobelts indicate a periodic
faceting along the growth directipwhich is also observed in other VEg@own NWs?172180n the

other hand, the HFfENWs PLD-grownon SRGNI/Ox-Si t emp | at es aRiguré 70 for
3-1bl) ae more than 2m long andheyappear tde tapered witlatriangular cross sectiarf side
length100-150 nm near the base and 20 nm near thé-ifufe3-1b2). TheTi-dopedHf1TixO:

(x=0.01, 0.0, 0.25 and 0.8 nanostructures are growmderthe same condition dee HfO, NWs.

The nanostructures with 50 at. % Ti (x80) correspond technically a binaryoxidealloy
(HfomTio02), but in the interest afimplernonmenclature we refer to theam 50 at. % Fdoped
nanostructures in éhpresenwork. Evidently, as theoncentratiorof Ti dopantincreases, the
morphology of the nanostructures changes from longraedwinedundopedHfO, NWs (Figure
3-1b1,b2) to 21.5em long nanospikewith 1 at% and 10at. % Ti doping Eigure3-1cl,c2 and
Figure3-1d1,d2), andto several hundred nm long nanospikéth 25 at. % and 50at % Ti doping
(Figure3-1el,e2 andrigure3-1f1, f2). While the Hf.ooTi0.0102 (1 at. % Ti-doped) and HfooTio.1d02
(10at.% Ti-doped) nanospikes appear to have triangular cross sesitoifar tothose found fothe
pristineHfO, NWs, the H§ 7sTio.2502 (25 at. % Ti-doped) and HfsoTio.5¢002 (50 at. % Ti-doped)
nanospikes are shorter witlexagonalcross sectios) with asidelength of100-150 nm near the base
and~40 nm near the tip. Furthermore, the backscattered electron inkagee -1 insets) depict the
gold nanoislandatthe ipsof the nanostructusgconfirmingthatVLS growth is the dominant

growth mechanism of these nanostructures. However, the tapering of the nanostructures suggests that
VS growthcouldstill occur in the systenwhich could be responsible ftre concurret lateral

growth of the nanostructures aneé thpparentapering of the NWs and the nanospik&s#in
addition,notablenanocrystal€an beobservedamong the base of the NWs and nanospikeéch

further suppo”aconcurrent/S growth mode in this system.
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The correspondinglancingincidence XRD (GIXRD) patterns of the undogef©>, NWs and
Hf1x TixO. nanospikesx=0.01, 0.D, 0.25 and 0.8) areshownin Figure3-3. Thediffraction peaks
of HfO, NWs and Hf.,TixO. nanospikesvith Ti dopantcontent up to 2at. % are inexcellentaccord
with the monoclinidHfO, reference pattern (PD#00-034-0104) Nonethelessn the XRD pattern of
the Hfo.75Ti0.2602 hanospikesminor contribution~15%)from the orthorhombic HfTiQ phase
(PDF#00-040-0794) is also observedn the other handhe XRD pattern of theHfo sTio.502
nanospikeshowpredominant orthorhombic HfTilxontributionwith very little contribution from
the HfO> monoclinic phaseThe GIXRD pattern of th&iO, hanobelts ghownin Figure A2,
AppendixA) is also obtainedwhich confirmgheasgrown TiO2 nanobelts predomimdy havea
rutile crystal structureMoreover, thaliffraction peaks ofhesenanostructureall showsharppeaks
with smallwidths, indicating their high level ofcrystallinity despite their nanometer sizeis
important tonotethat no trace afetragonal or cubic phase is observed in the XRD pattdrthese
nanostructures. Considering tlotygen vacanciesoolld stabilize hetetragonal and cubic phasea
HfO,,1%9192the absence of these phasaggestshatthe amountof vacanciesn thesenanostructures
is not highor/andthatthese oxygervacanciearemostly accumulateth the surfaceegions of the
nanostructuregnterestingly, theelative intensiesof the(200) peak in HfQ NWs and Hf,TixO:
nanospikes (x=0.01, 010.25)andthe (020) peak in HfsTio.50. nanospikes ardiscernibly
different from those of their corresponding reference pa{@®nF#00-0340104 and PDE00-040
0794) As the SEM imagesHigure3-1b1-f2) show that these nanostructugeew out of the subsite
plane in anearverticalfashion the stronger relative intenigs of the (200)and (020)peakssuggest
that the (200) planes #HfO>. NWs and HixTixO2 nanospikes (x=0.01, 1010.25) andhe (020)
planesin Hfo s Tio.502 nanospikes couldorrespond t@ne of the crossectional otateralfacet
planes of these nanostructuresrther analysis such as HRTEudiess requiredhereto providea

more accrateassessmernf the predominant growth direction of these nanostructures.
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Figure 3-3. Glancing incidenceXRD patterns of HfO, NWs and Hf..4TixO2 nanospikes (x=0.01,
0.10, 0.25 and 0.50pbtained at an incident angle 00.4°. All nanostructures are grown onSn-
GNI/Ox-Si templates at 770C in 200 mTorr of Ar for 60 min. The HfO > monoclinic (PDF #00

034-0104) and HfTiO4 orthorhombic (PDF #00-040-0794) referenceprofile s are shownasthe
top and bottom bar graphs, respectively.

A closerexamination of the GIXR[patternsof thesenanostructuresevealsminor position shif
of thediffraction peaks in Fdoped nanostructurgBlf:.xTixO. nanospikes; x=0.01, 1010.25)
relative to their respective peaks in undopd@®, NWs. Table3-1 provides the2d positiors of the
two prominent(111) and (200) peaks ifi-doped HiTixO. nangikesand theirpositionshifts
relativeto theirrespedcive peaks irtheundoped HD, NWs. A 0.02 to 0.09 shiftis observed when

the structures are doped with idicaing the substitution ofargerHf** ions withsmallerTi** in the
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lattice. This is consistent with themallerunit cellvolumecalculated fothe dopednanostructures
(from 138.2 A3 for 1 at. % Ti dopingto 135.7 A3 for 25 at. % Ti doping)compared to tht ofthe
undoped HF@NWs (1386 A%), and with the probable formation sifibstitutionakolid solution of Ti

in HfO, lattice.

Table 3-1. Comparison ofthe position shifts ofthe two prominent (111) and (200) peks in Ti-

dopedHf14TixO2 nanospikesrelative to their respective peaks in the undoped HF@ONWs.

HfO Hf 0.99T10.0102 Hf0.90T101002 Hf0.75T10.2502
Plane 2 Nanopikes Nanopikes Nanopikes
Nanowires
Index 2d  (
2d ( Shift (°) 2d ( Shift (°) 2 d°) Shift (°)
111 3171 3173 0.02 3180 0.09 3175 0.4
(200) 34.37 3438 0.01 3444 0.07 34.4 0.07

Figure3-4 showsthe SEM images of Fdoped Hi.xFeO, nanostructurewith different dopant
content (x9.01, 0.05, 0.10 and 0.20). Ale nanostructures are grown on chemically oxidized Si
substrates (O%i) seeded wittsn-alloyedgold nanoislads SnGNI/Ox-Si t emp | atires) at
200 mTorr of Ar.PLD of 1 at.% Fedoped HfQ target(Hfo.od&.0102) on SRGNI/Ox-Si templates
producs narospikessimilar to Hb.eeTi0.0102 nanospikesKigure3-1c1, c2), typically ~20 nm wide
near the tip, 10450 nm wide near the base aridem long(Figure3-4al, a2). The corresponding
backscatteredlectronimage of a Hf od~&.010, nanospike shown iRigure3-4al insetconfirmsthe
presence of the gold nanocatalyst at the tip of the nanospike and that the-aatadystl/LS growth
is also the dominant growthechanism fothese nanepikes.Moreove, acloser examination of
thesesidewall surfaces of theanospikegFigure3-4a2 inse) reveals thathey also havéacets with
periodicoscillatoryfeatures similar tthose found offi-doped Hf«TixO, nanospikesindicating the
oscillatory nature of their growth praeInterestingly the morpholoigsof the Fedoped HfQ
(Hf1.xFeO2) nanostructureshangedramaticallyto distorted nanocubes withtypical 306500 nm
edgelengthanda stacked crystal flake composite architectase¢hedopantconcentratior{x) is
increasd to 5 at. %, 10at.% and 2(at. % (Figure3-4b1-d2). Thecrystal flakegthatare stacked
irregularly on top of one anotherfiarm the distortednanocubes appear to havéroadsize
distributionof 20-100nm. For simplicity, wereferto 5 at. %, 10at.% and 20at. % Fe-dopedHfO,
nana@ubesNCs) hereafter ablC5, NC10 and NC2Qespectivelylt is important to note thdor the

Fedopantconcentratiorexceeding ht. %, no 1D nanostructure is producadhich indicateghat the
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VLS growth is significantlysuppressedly theincreaseatoncentratiorof Fe.As discussedhi our
previous workwhen Sn is alloyed witlBNIs, the surface energy tie resultant SGNIs at the
liquid-solid interface §.s) is reducedSince the VLShucleation rate {js) isinversely proportional to
e X ps), the VLSnucleationrate is enhancg which results irthe VLS growthoutpacing the
competing VSrowth As Fehasa higher surface energy thamany othemetals such a&u, Sn,Ni
and CuFeis expected to increase the surface energy apoying with other metalswhich is
alreadyshownfor Ni-Feand CuFe alloys*'*?'®Increasinghe Fedopantconcentrabn could
thereforeincrease the surface energy of the Gatlhe liquidsolid interfaceand consequenthgad to
thereduction of VLS nucleation ratds a resultthe VLSgrowthof 1D nanostructures such as
nanospikegFigure3-4al, a2)s significantlysuppressd andVS-growndistortednanocube (Figure
3-4b1-d2) are produced
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diffraction peaks with smafleak widthsndicating their high crystalline qualityMore importantly,
no diffraction peaksattributableto Femetal or Fe oxideareobserved for any of thée-doped HfQ
nanostructures. The absence of Beyelatedsecondary phassiggestthatdopant segregation
resulting inmagnetic clustering is ndéikely in our nanostructurg®r/and thatheamount ofthe

magnetic clusténg in the host latticeis lower thanthetypical detection limibf our XRD system)
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Figure 3-5. Glancing incidence XRD patterns of HfQ NWs and Hf...Fe.O, nanostructures
(x=0.01, 005, 0.10and 020) obtained at an incident angle of 0.4°. All nanostructures are grown

on SnGNI/Ox-Si templates at 70°C in 200 mTorr of Ar for 60 min. The HfO, monoclinic
(PDF #00-034-0104) referencepattern is represented aghe bottom bar graph.
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A closer examination of the XRD pattemevealsthat thepositiors of thediffraction peaks irthe
h i g hredative @ those of thd uadoped HfO
NWs, with increasing-e do@ntconcentrationThe peak positions athe prominent(111) and (200)

Fe-doped nanostructureppear tshiftt o a

peals in the Fedoped nanostructures atieir peakshifts relative totheir respective peaks in
undoped Hf@NWSs aresummarizedn Table3-2. Whenthe HfO- lattice is doped with Fe, the larger
Hf** ions withanionic radiusof 0.84 &?2can besubstitutel with thesmaler F&** andbr F&* ions
with ionic radii of 0.49 A and0.64A, respectively?? The peakshifts of the FelopedHf1xF&O.
nanostructuretoward higher @ v | thareéorejndicatesubstitutional incorporation of Fe into the
HfO, lattice.Moreover thereduction ofcalculatedunit cellvolumes with doping from 1385 A® of
undoped HfQNWsto 138.17 &, 137.64 R, 136.45 &, and137.00A3 of Hfo.ed & 0102 nanospikes,

Hf o.08~€.0602 NC5, Hf o.00F&.1002 NC10andHfo.sd-&.2d02 NC20, respectively, also confirms the
substitutional incorporation of Fe into thest latticelt is importantto note that thenit cell volume

of Hfo.sdFe.200. NC20(137.00 &) is slightly larger tharthat of Hfo o0k 1002 NC10(136.45 &) and
thdr peak positiorshifts arefound to besmaller tharHfo.od~&. 1002 NC10 (Table3-2). The slight
expansion of the lattic@ Hfo soFe 2002 NC20 relative tdHfo od-&n.1d02 NC10 suggestsome Fe ions
arelikely interstitially incorporaté into the lattice which could lead téhe potentiaformation of
magnetic clusters in the latticalthough theamount of such clusteringpuldbe too small to be
detected by XRDthey ould significantly influence the magnetic behaviortioé nanostructureand
giveriseto the extrinsic magnetiproperties This matter will be discussed in more detail in the next

section.

Table 3-2. Comparison ofthe position shifts of theprominent (111) and (200) peaks ifre-doped

Hf 1.<FexO2 nanostructuresrelative to their respective peaks in the undoped HfONWs

Nanospikes NC5 NC10 NC20
Plane HfO» (1at. % Fe) (5at. % Fe) (10at. % Fe) (20at. % Fe)
Index Nanowires
2d (| 54 S(Q')ﬂ 2 d S(T')ﬁ Pos (%) S(Q')“ Pos () S(Q;ft
@11 31.71 31.73 0.02 | 31.79 0.08 | 31.81 0.10 | 31.77 0.06
(200) 34.37 3440 0.03 | 3443 0.06 | 34.46 0.09 | 34.44 0.07
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3.3.2 Magnetic Properties

In theprevious chapter, weportthe remarkableoomtemperature ferromagnetisiound for PLD
grown HfQ, NWswhile the nanostructured HiGlms show very wek paramagnetic behavior.
Althoughthe high crystal quality of our singlaystalline HfQ NWs enables uto performa detailed
study on the exact nature of defects in our HYlW's andto obtaindirect evidencéor oxygen
vacang-induced ferromagnetisin these nanostructurgse totaimagneticsaturatiorof these

nanostructures needs to be impmbve

An effective strategy to create ferromagnetisnoomproveferromagnetic properties in
semiconducting or insulating oxides is dilute doping of these materials with trasmagi@hions,
which creates a novel classadvancednaterialsgenerally known aBilute magnetic
Semiconducting Oxides (DMS®j#°Indeed, his dopingmethod has been widelisedparticularly
to make ferromagnetic ZnO and Li@espite the major challengeproducing enhomogeneous
distribution of magnetic ions within the host lattféé> Although e origin of ferromagnetisin
DMSOsiis still amatter of controversythe general belfds thatthe magnetic properties of DMSOs
with intrinsic magnetic propertieto not originatadirectly from the magneticdopantshut originates
from the structural defects artthe oxygen vacancidikely induced by the magnetaopansin the
lattice 52:68.102.103.217he hypothesighat the defects and oxygeacanciesre the primarcontributor
to the ferromagnetism ithhese materials is supportieg the observation of ferromagnetism in
undopednmetal oxides such a$fO; films,%6:%8.152|n,0; film 152 TiO;, films,*%2224and ZrO;
nanostructure®*®* Since theoretical calculations have shahatthe formation energy of oxygen
vacancies in different polymorphs of Hf@an be modified by the nemagnetic dopants such &g
Si, Laand Al*%%1°doping HfQ nanostructuresvith Ti dopansis also expected taffect their
ferromagnetic propertietn this section, we first discuss the effect of doping of Ti as a nonmagnetic
ion on the magnetic behavior of Hf@anostructure®llowed by that of a magnetic i®uch as Fe
Magnetization curves of the samples are obtained after the diamagnetic contribution of the substrate
and the quartz paddle is removed from the sigrtat resultingdatais then fitted witha combination
of hyperbolic and sigmoid functions badsen the correction methods &dckson et al. and Paterson et

al.t6"1%8ysing the Hystlab v1.0.9 software.

Figure3-6 showsthe magnetization oHf1xTixO. (x=0.01, 0.D, 0.25) nanospikeandTiO,
nanobeltsas a function ofheapplied magnetic field measured @& 2nd room temperature. The
magnetization curve of bl Tio 502 nanospikes at room temperature is also meashuogdt is not

shown here due tits very similar hysteresis loop to that ofoHTio 250, nanospikesThe low

101



temperature (2 K) magnetizatioh Hfo s5Ti0.5002 nanospikess not shownbecause otheir similar
magnetigoropertyto that ofHfo75Tio 2502 nanospikesEvidently, all nanostructures exhibit a
ferromagnetic hysteresis lotypth at2 K androom temperature. However, the magnetic saturation of
the TiO, nanobelts measured at 7000 @600 K(3.9x10° emu/g andat 2 K(2.1x10? emu/g)are
respectively2-3 times and 4% timeshigher than th corresponding valued the Hf 1 TixO>
nanospikes1(.4- 2.3x10° emu/g at 300 K and 4.2.8x10° emul/g at 2 K). Moreover, the magnetic
saturation 1) andthe magnetic remanenc#/f) (Figure3-6a-c insets) of all nanostructures show a
higher value when the measurement is performed at a lower temperature. The temperature
dependence of thds andM; suggest that the magnetization bebawf these nanostructures may not
be purely ferromagnetic and a weak superparamagnetic component could also contribute to the total
magnetizatiorf?®
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Figure 3-6. MagnetizationM as a function ofapplied magnetic field faw data points) and their
corresponding fitted hysteresis loops (solid lines) of (a) bi§sTi0.010> nanospikes (b)

Hf 0.00T10.1002 nanospikes (¢) Hfo.7sTi0.2602 nanospikes and (d) TiO, nanobeltsmeasured at 2 K
and 300 K.

Figure3-7a comparethe magnetizatiorcurves of the Hf 1.4 TixO2 (x=0.01, 0.0, 0.25) nanospikes
and HfQ nanowires measured at room temperature.riihgnetization curvef the HfG: NWs has
beenreportedn our previous worKChapter 2)Evidently, all nanostructures reacmagnetization
saturation at about 7000 @adthe Ms value appears tdependon thecorncentrationof Ti dopans.
Characteristienagnetzation parameterdds, M, and coercivity €c) of the Hf 1., TixO, (x=0.01, 0.D,
0.25, 0.B) nanospikes, Hf@NWs and TiQ nanobelts are summarizedTiable3-3. At 300 K, he
Msvalue ofthe HfO, NWs (1.2x1@ emu/g) is found to increastightly when doped with &t.% Ti
in Hfo.99Ti0.0102 nanospike$1.4x10° emu/g) andneaty doubles with 1Gt.% Ti doping inthe
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Hfo.00Ti0.1002 nanospike$2.3x1¢ emu/g) The increasing trend s, however, does not continue
and it drops t®.9-1x10° emu/g when the nanostructures are doped witht 26 and 50at. % of Ti
in Hfo.75Ti0.2502 nanospikesnd Hb s Tio0.50. nanospikesrespectivelyFor TiO, nanobelts (x=1)its
M; reaches the highest saturation value of 3.€tfiu/g among all the nanasttures The
described trendf Msin Hf14TixO2( 0 Ox O1) n a n oiscteasingti tapanteoscentratiorat
room temperaturis illustratedin Figure3-7b. The Ms of the nanostructurest 2K alsoexhibita
similar trendincreasingrom 2.5x102 emu/gin pristine HfQ NWs t04.8x102 emu/gin HfogoTio1002
nanospikesollowed by adecrease tox8.0° emu/gin Hfo 75Ti02502 nanospikesSimilary, TiO»
nanobeltexhbit the highest Mat 2 K(21.1x103 emu/g.

(b)
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Figure 3-7. (a) Magnetizationas a function ofapplied magnetic field (M-H curves) of Hf 14TixO>
nanospikes (x=0.01, 04, 0.25) and HfQ NWs (x=0). (b) The variation of the magnetic
saturation (M) at 300 Kin the Hf 1.xTixO2 nanostructures along with TiO, nanobeltswith the Ti

dopant concentration( 0 Ox O1) .
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Table 3-3. Magnetic saturation (Ms), magnetic remanenceNl,) and coercivity (H¢) of the
Hf1.xTixO2 nanospikes, HfQ NWs and TiO, nanobeltsobtained at 2 K and 300 K

Measurement
Sample Temperature Ms (emf’g) M¢ (em:J/g) H. (Oe)
x10 x10
K)
300 1.2 0.8 29
HfO2 NWs?
2 2.5 2.0 160
Hfo.00Ti0.0102 300 1.4 3.2 312
Nanospikes 2 4.2 7.3 362
Hfo.0oTio 100 300 2.3 3.2 431
Nanospikes 2 4.8 7 547
Hfo.7Ti0 2205 300 0.9 2.6 417
Nanospikes 2 3.0 5.2 663
Hfo.50Ti0.5002
Nanospikes 300 1.0 3.3 219
300 3.9 17.5 702
TiO2, Nanobelts
2 21.1 25.0 597

aThe magnetic characteristics of Hf@Ws are reported from our previous wdfkhe magnetic
measurement dfifo s Tio 0. Nanospikesat 2 K is not performed due to their similar
properties taHfo7sTio250, Nanospikes

It is generally believed that oxygen vacancies are the original sdurcenestemperature
ferromagnetism imilute magneticemiconducting and/or insulating metal oxi&&8.Using the
BMP-hybridized impurity band structure modele have explained the origin of roetemperature
magnetization itHfO, NWs observedn our previous worKChapter 2)In the BMPmodel, the
oxygen vacancies act as a charge reservoir, transferring one or two of their electrons to the
surrounding Hf*(5c°) ions and redung them to H**(5d") ions. The zer@pin Hf* ionsbecome
non-zero spin H* ionsandsene as Fcenters (ferromgnetiecenters). The magnetic exchange
coupling of these f€enters with one another and with theaénng electrons on the oxygen
vacancies leads to the formation of BMPs. When the amount of oxygen vacancies is sufficient, the
concentration of the BMPsigpasses the polaron percolation threshoiglating longrange
ferromagnetic order throughout the material due to the substantial oaeramthe BMPs.
Although the BMP model can explain the lerapge ferromagnetic ordering in Hf@anostructures,

it cannot explain their high Curie temperatukehybridized tand structure model therefore
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employed to explain the higBurie temperature afilute magnetienetal oxides, including Zr£and
HfO,.8%3%8|n this model, the oxygen vacancies create an impurity band close to the bottom of the
conduction band-or ahigh enoughamountof oxygen vacancies, the impurity band hybridizes with
the unoccupied Hf 5d stata&/henanelectron is transferred from the oxygen vacancies to the
unoccupied Hf 5d states at the Fermi level to create BMPhythlizedimpurity band undergoes a
spirtup and spirdown band splittingwhichleads to high Curie temperature ferromagnetism in HfO

nanostructures.

In the case oTi-doped HfQ nanospikes (HiTixO. nanospikes) and Tihanobelts, theoretical
calculations show that the formation eneafypxygen vacancin TiO: is lower than Hf@.22¢ More
oxygen vacariesare therefore expectéd formin the TiG nanobeltswhich results irthe formation
of more BMPs. The larger number of BMPs in Titanobeltsouldexplain their highest magnetic
saturation among all the nanostructwstsgliedin the presentvork. Similarly, according to
theoretical cleulations!®®1%the formation energgf oxygen vacancin HfO. nanostructures is
reduced when doped with Ti ionsh& amount of oxygen vacancies cothidreforeincrease with Ti
doping,which creates more overlapping BMPs antdisequentifigher magnetic saturation values in
Ti-doped HfQ nanospikesThis explanation is consistent with our observation ohigberMs value
found forthe Hf 99Ti0.010, nanospikes (&t.% Ti doping) and HfwTio.100, (10 at. % Ti doping)than
that forthe HfO, NWs. However,to provide a possible explanatitor thelower Ms valuesfor the
Hfo.75Ti0.2502 (25 at. % Ti doping) and HfsTio50: (50 at. % Ti doping) nanospikesve need to
consider the effeiste parametersnthe oxygen vacancjormation energy in the lattic& herequired
energyfor oxygen vacancy formation depends on many parameters such as bandgap gphergy (E
atomic coordination, the strengtbf metatoxygen bonds relative to the bond strength in pure
elements, bond lengi#® and everbondangles’?”’ The XRD patterns of theLD-grown
nanostructuregHigure3-3) show thathe Hf14TixO; (x=0.01, 0.D) nanospikes crystalize in the
monoclinic phase (space group P21/a) similaheédHfO, NWs, while the Hf s Tio.502 nanospikes
(50at.% Ti doping) consist mainly of orthorhombic HfTiPhase (space group: Pnab) dmel
Hfo.75Ti0.2502 nanospikes (24t. % Ti doping) consist of ~15% orthorhombic HfLiGhase. The
oxygen atoms in monoclinic HfGre located in foufold or threefold coordinated sité4228229
(Figure3-8a), while in orthorhombic HfTiQ, they are located itihnreefold sites with different bond
angles Figure3-8b). Though he oxygen vacancy formation energy in orthorhombic HiTigsnot
beenreported in the literaturd is expected tde higher than the oxygen vacancy formation energy

in monoclinic HfQ due tothedifferent configuration of surrounding cation$i€lobservetbwer Ms
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valuesin HfosTios0, and Hf 7sTio.250, nanospikes coulthereforebe attributedto their different
crystal structurethat increase the oxygen vacancy formation éasng these nanostructures.

It is noteworthy that, despite thepmovement in the magnetic saturatiortted HfO, NWs with Ti
doping,Msis still one to three orders of magnitude smatan those of undoped Hi@hin filmsand
nanoparticle®r ZrQ, nanostructures reported in the literatt#®°8152.17417m our previous workwe
attributethe smaller magnetic saturation in Hfi@WSs to thepresence obxygen vacancieis the
surface region (and not throughout the buldichlimits thelong-range ferromagnetic ordering only
to the surface region. This hypothesisupportedy our deptkprofiling XPS studieshatconfirm
thelocation ofoxygen vacancies mainly in tinearsurface regiotwf the HfQ, NWs. In contrast, the
other nanostructures reported in the literaameld additionally have oxygen vacancidistributed
insidethe bulk of thé respectivenanostructureghusproducingBMPs that percolate throughout the
entire material. Oneollaboratingobservatiorfor this hypothesids the tetragonal phase found in the
ZrO, nanostructures with high magnetic saturafftitThe tetragonal phase is believed to become
stabilized at room temperature due to the presence of structural defects, including oxygen
vacancies?¥192| jke HfO, NWs, the lowmagnetic saturation dhe Hf1.«TixO2 nanaspikes in tle
presenstudy also suggests that the oxygen vacancies are mainly lacat¢derefore generate
ferromagnetic orderinmn the surface region. Doping Hf@anostructures with Tgespiteincreasng
the amount of oxygen vacancies in the surfaggon,appears inadequatie create sufficient oxygen

vacancies inside the bulk of nanostructures necessaiyainhigh magnetic saturation values.

107



(a) _ (b) .
Fourfold site Threefold site

Figure 3-8. Unit cells of (a) monoclinic Ti-doped HfO, nanospikes (HixTixO2; x=0.01, 0.D) and
(b) orthorhombic Hf 0.5 Tio.5002 hanospikes depicting both three-fold and four-fold coordinated
oxygen sitesn (a) and onlythree-fold coordinated oxygen sitesn (b).

Figure3-9 showstheroomtemperature magnettioncurves (the MH curves) of Hf od-&.010-
nanospikes, HfosFey 0502 NC5, Hfo.0F&.100. NC10 and Hb.soFe.2002 NC20. Evidently, the
Hf1.xFeO; nanosructures with x=0.01, 0.05 and 0.(Figure3-9a-c) exhibit weltdefined
ferromagnetic hysteres at room temperature while d4fFe 200, NC20 (Figure3-9d) shows a
superparamagnet@haracteristicThe magnetization parametékss, M,, andH.) as well asvl,//M; of
these Fedoped nanostructures are summarizetiahle3-4. Interestingly, he minimally Fedoped
Hfo o &.0102 nanospikes are found to exhibit the lowest magnetic saturati®nl (8. emu/g) which
is even lower thathat found fotheundoped Hf@ nanowires (1.2x1®emul/g), indicating that
doping of the Hf@nanostructure up todt. % is not promoting any additional ferromagnetic
orderingbut insteadnay activate more antiferromagnetic interactions in the lattitmvever, with
thedopant concentratiomcreased to at. %, Hfo eofe.0s0> NC5 exhibitsa magnetic saturatioas
large a€).05 emu/g, i.e., more than one order of magnitude larger than tHatsdfe 0:0-
nanospikes. Thklsin Fe-doped HfQ nanostruturesbecomes even higheith Fe doping, reaching
0.5 emu/g for Hf oF & 100, NC10 (two orders of magnitude larger thére 1 at. % Fedoped
nanospikes) and 2.64 emu/g forkfFe) 20, NC20(three orders of magnitude larger tliha1 at %

Fe-doped nanospikes).
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Figure 3-9. Room-temperature magnetization curves (MH curves) of (a) Hb.odF€5.0102
nanospikes (b) Hﬁ_gd:eo_OE,Oz NC5 (C) Hfo_goFQ),mOz NC10and (d) Hfo_a)Feo,zoOZ NC20.
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Table 3-4. Magnetic saturation (Ms), magnetic remanenceNl;), coercivity (Hc) and magnetic
remanence to magnetic saturation ratioN:/Ms) of Hfo od-€n.0102 nanospikes Hfo.od~€0.0502 NC5,
Hf 0.00F€0.1002 NC10 and Hfo.sFen.2002 NC20 measured at 300 K and 2 K

Measurement
Sample Temperature ~ Ms(emu/g) M, (emu/g)  Hc(Oe) M, /M.
(K)

Hfo.0d€.010, 300 8.6x10" » Ex10t 461 029

Nanospikes

Hfo.os-&.002 300 0.05 0.02 403 0.33

NC5 2 0.08 0.03 1000 0.37

Hfo.oF&.1002 300 0.49 0.07 346 0.15

NC10 2 0.53 0.10 590 0.20
0.06

Hfo soF&.2002 300 2.64 0.17 278

NC20 2 2.63 0.22 384 0.08

*As no improvemenin roomtemperaturenagnetic propertieare found forl at. %Fe dopingwhen
compared to pristine NWs without any dopitftelow temperaturenagnetic propeigs of
Hfo.od~&.0102 Nanospikesrenot of particularinterestfor the present purpose

We have also obtained theagnetization curve®r the Hf 1.xF&O. nanostructures (x=0.05, @,1
0.20) at 2 K.Figure3-10a-c compares the measunegnéization curvef the nanostructures at 2
K with theonesat room temperature. Ths andH. values a@ K for the 5 at. %, 10at.% and 20at.

% Fedoped nanostructures follow the salhetrend observed at room temperature with respect to
thedopant contentwith the highesMs for Hfo ssF&). 200, NC20(2.63 emu/yandthe highesH. for
HfOg.odF&.0502 NC5 (1000 Oe). Furthermore, tiés is found to increasslightly to 0.08 emu/g0.53
emu/qg) at 2 K fron®.05 emu/g0.49 emu/g) at 300 Kor Hfo o080, NC5 (Hf . soF 1002 NC10)

and remains almost unchanged 6. oFe.2002 NC20over the entire temperature range from 2 K
(2.63 emu/g}o 300 K(2.64 emu/g)which suggest no magnetiqgohase changeverthis temperaure
range In addition,the coercivity Hc¢) and theatio of themagnetic remanence to magnetic saturation
(M+/Ms) are found talecrease with increasing Fe @mpconcentratior{Figure3-10d). This indicates
that the hysteresis losgtart tofishrinkd, andthe magnetic behavior of the fepped HfQ
nanostructures shifts from ferromagnetic to superparamagnetic with increasiogdse

concentration
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Figure 3-10. Magnetization (M-H curves) (a) Hfo.os-€5.0602 NC5, (b) Hfo.o0F€p.1002 NC10and (c)
Hf o soFe0. 002 NC20 obtained at 2 K and room temperature (d) Coercivity (Hc) and the ratio of
magnetic remanence to magnetic saturation /M) for the Fe-doped HfO, nanostructuresas
functions of the Fe dopantconcentration.

A closer look at the higfield portion of themagnetization curvesf the nanostructures reveals
thatwhile Hfp os-&.0502> NC5 (Figure3-11a) and Hb.oF& 100, NC10(Figure3-11b) have already
reached saturation, the ddfFey 200, NC20 (Figure3-11c) is still far from saturatiorat 10 kOe
resembling a typical paramagnetic behavior. Since magnetic clustering in DMSO matamial
sometimes create a superparamagnetic contribution to their magnetizatios%idregdrominence
of the superparamagnetic compohim the magnetization profile of kbFe 00, NC20 could
indicate thatts magnetic behavior is extrinsic, i.e., it originates from magnetic clusters. Although the
XRD pattern Figure3-5) of Hfp ssFey 20, NC20doesnot show any evidence of a secondary phase or
Fe clusters in the sample, the magnetic inhomogelesitding to extrinsic magnetization behavior

could occurat atomicscale below the detection limit of XRBor form an amorphous phase vath
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any XRD peak.On the other hand, thresence of weltlefined ferromagnetic hystesssn

Hfo o8& .0502 NC5 and Hb oF & 100, NC10 atboth room temperature and 2 Rigure3-10a and
Figure3-10b) confirms that their ferromagnetic behavior is likely intringith origin from the doped
host lattice rather than the clustered magnetic ions. Amongfihese t rFe-doged ragostructuse
Hfo.oFe& 1002, NC10appeas to show the most promising magnetic properties with a relatively large
magnetic saturation at room temperature (0.5 emu/g), which is more than two orders of magnitude
larger than those of undoped Hf@Ws (1.2x1E emu/g) andliO2 nanobelts (3.9x1®emu/g), and
yetwith a reasonable hysteresis characterattiooth2 K and300 K. In addition, we havalso

obtained the Arrot plots for bifoFey.100. NC10(Figure3-11d), in orderto qualitatively estimate the
Curie temperature ¢y of a ferromagnet®® Near the phse transition temperature, the magnetization

of a ferromagnet (M) igenerallysmall andM?is relatedtdH/ M f r om Landauds expr e

energyby the following*®-£%2%

M2=(1/b) (H/M)-(a/b) [(T-T)/Td] Eq. 3-1

where M is thanagnetization, H is the applied magnetic field, T is the temperatudea and b are
arbitrary constants. According to this equation,Ah®t plot of M? vs. H/M atthe Curie temperature
Tc should be linear with an intercept at zero. As can be seerFigume3-11d, the linear pastof the
M2 vs. H/M plots for Hf od=&.1600> NC10within the temperature range fronk2o 70 K to300 Kall
havenonzerointerceps confirming that the Curie temperature of these nanostructures is still far
from reach.Decisivelywell above the room temperatutbeeir high Curie temperatunmakes these

nanostructures a promising candidate for practical spintronic applications.
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Figure 3-11. High field portions of the magnetization curvesof (a) Hfo.od€0.0602 NC5, (b)
Hf 0.0Fen.1002 NC10, and (c) Hfo.sFen. 002 NC20 collectedat 2 K and 300 K. (d) Arrot plots for
Hf 0.90F€0.1002 NC10at 2 K, 70K and 300 K.

To explain the mechanism behind the magnetic behavitedif,.<FeO, nanostructures, we
employ the sameombinedBMP and band hybridization model that we used earliethifi-doped
HfO. nanostructures-or the Fe-doped nanostructuredspweverwe consider F& asmagnetic ions,
which require some modificatisto this model. When Hf aresubstituted witlFe** ions,we could
envisage two possible scenarios that the host latbigkel maintaincharge neutrality. In the first
scenario, when Pésubstitutes Hf in the lattice, a hole is created in the oxygen orBitalo reduce
thetotal energy of the system, electrons tend to hop between the overlapping 4tiilatsrons
from the neighboring F&3d orbitals hop into the erypstate of the oxygen orbital and the other
electron in the oxygen orbital wouldansferinto the unoccupied states of the neighborint Be

orbitals(Figure3-12a). Since the 3d orbitals are hdilill, the electrons hopping from the oxygen
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orbital to theavailable empty8d orbitals have to have antiparallel spins with respect to the electrons
occupying the full statéls it is lessenergetically fasrable for the system the electronundergoes a
spinflip whenhopping between the neighboring orbitals, tihtal energy of the system would be
lower if the two F&" ions around the bridging oxygen have antiparallel spin alignréire

3-12a) 24 This type of oxygemediated interaction between®F®ns is called superexchange
interaction, which is antiferromagnetic aihdioes ot create any additional magnetization in the
latticeand couldeven reduce the totalagnetic saturatiormhe second possible way to ensure charge
neutrality is to create oxygen vacancies with a trapped elestfonriear the F¥ sites in the

lattice2** The KrogerVink notation for this type of defect reaction can be written as

O%o + Hf*wr + FeY Felj+ VA + 1/20, whereO%o, Hf*y, F e BndV%, respectivelydenoteneutral
oxygen siteneutral Hf siteFeion substitutingHf with an-1 effective chargeandsingly chargd

oxygen vacancy witan+1 effective chargeSince the F& 3P orbitals are hatfull, the trapped
electron in the oxygen vacancy would interact with the electrons in the 3d orbitals
antiferromagnetically, inducing a ferromagnetic interaction between #éfes. The oxygen

vacancy in this mechanism is called ademagnetic center (Eenter) and the resulting direct
ferromagnetic coupling is known ascEnter exchange (FCE) interaction that leads to formation of
magnetic polarong={gure3-12b).2**In this mechanism, the substitutionafFenscouldcreate

enough oxygen vacanesiso that the number of the BMPs exctbé polaron percolation threshold
and a longrange ferromagnetic ordering can therefore be generated throughout the doped lattice.
From the band structure viewpoint, similar to the native oxygen vacancies otittes thbse oxygen
vacancies created lblge substitutional F& ions can also form an impurity band close to the bottom
of the conduction band. €hmesultant impurity band hybridizes with the empty states of the ¥e 3d
orbitals if thee is a sufficienhunber of oxygen vacancies in the host lattice. When BMPs are formed
in the lattice, electrons are transferred from the impurity band to the 3d orbital empty states at the
Fermi leve] which leads to sphup and spirdown splitting of the impurity bandrigure3-12c). The
impurity band splitting occurring here can explain the high Curie temperature ofthdsped HfQ

nanostructures similar the undoped Hf@nanostructure.
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Figure 3-12. Schematic illustrations of (a) antiferromagnetic superexchange interaction between
two neighboring Fe** ions substituting Hf** in the lattice, (b) oxygen vacancyinduced Fcenter
exchange interaction and (c) impurity band and 3d band hybridization leading to spirup spin-

down band splitting.
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In the Hb .o &.010- nanospikes that showdiscernibly loweMs value (8.6x1 emu/g)thanthat
of the undped HfQ NWs (1.2x16 emu/g), the antiferromagnetic superexchange interadfigare
3-12a) appears toccurbetween thée dopantsConsequentlysimilar to the undoped HENWS,
the magnetizationomes primarilyfrom those native oxygen vacancieghe (near)surface region.
These surfac®xygenvacancies create enough polarons to generaterforge ferromagnetic
ordering in the surface regipand also induce band hybridizatjavhichleads tcspin splitting in the
impurity band Figure3-13a). However, the overall number of the BMPs is not large enough to
produce dargeMs value. On the other hand, indd§e.0s0. NC5 and Hb «Fe.100, NC10, FCE
appears to be the predominant interaction, creating mddiyionalBMPsin the crystal lattie of the
nanostructuresThe larger number ahe overlapping BMPs produsetronger ferromagnetic
ordering throughout thiatticeand a higher degree ofigband splitting of thémpurity bandderived
from oxygen vacacies(Figure3-13b). Consequently, thiels valuesfor Hfg od~&.050. NC5and
Hfo.od=&n.1002 NC10aresignificantly higher, byone order and two orders of magnitude (0.05 emu/g
and 0.5 emu/g), respectively. ForlFe 00, NC20, which exhibis a hybrid ferromagnetic and
superparamagnetic behavidigure3-10c), theconcentration othe Fe dopastappears to be dugh
that the Fe ions are not distributed homogeneously throughout the nanosttaatiirg to the
formation ofmagnetic clusterd§gure3-13c). Although there may still be BMPs that cresiteall
coercivity Hc) andM,/Ms, the contribution from the magnetic clusters appears to be dominant. These
magnetic clusters behave like isolated superparamagnetic clusters and produck a(largesponse
to the magnetic fieldwith no hysteresidMoreover the observed ferromagnetomponent
contributing to the magnetic behavior ofolfF& 002 NC20 may also originate from the
ferromagnetic clusters that are created in the lattite@aretoo small to be deteableby XRD and
EDS.
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Figure 3-13. Schematic representation of the proposed magnetization mechanisgin (a)

Hf o odFe0.0:02 Nanospikes with native oxygen vacaneinduced polarons leading to longrange
magnetic ordering and impurity band spin splitting, (b) Hfo.esF€0.0§02> NC5 and Hfp oFep 1002
NC10with Fe** F-center exchange mechanism leading to lorgnge magnetic ordering ad
impurity band spin splitting , and (c) Hfo.soFen 2002 NC20 with magnetic clusters leading to

predominant superparamagnetic behavior.
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In summary, our study on the magnetic properties @fofied nanostructures (HTixO;; 0 Ox O1)
shows that doping Hfhanostructures with Ti can improve their magnetic properties. The magnetic
saturation of the undoped Hf®Ws is doubled with 1@t.% Ti doping reaching 2.3x¥®emu/g.
According to the proposed models for the ferromagnetic ordering in doped and undop&d DMS
materials pxygen vacangdefectsarethe maincontributorto ferromagnetism in these
materials’6-636468The lower oxygen vacancy formation energy for Ti compared f&6°Hf224which
leads to the formation of more oxygen vacaimuced BMPs in the latticés suggested to be
responsibldor such increase iNls. Interestingly, the observed increaseMg of the Ti-doped
nanostrutures is found to stop at 2& % and 50at. % Ti, with smallerM; valuesfoundfor
Hfo.75Ti0.2602 and Hb s Tio. 502 hanospikes. Thisbservations attributed to the formation of
orthorhombic HfTiQ phase irHfo 75Ti0.2502 and Hf s Tio.s02 nanospikes. TheIfTiO4 may havea
larger oxygen vacancy formation energy due to having a different oxygen coordination number and
bond angles that caionsequenthaffect the number of resulg BMPs. Forthe Fe- doped HfQ
nanostructures (HiFeOz; 0.0L O x @) 1aR% Fe doping (in HfsF & 0102 nanospikes) is found to
producenoenhancement in theagnetization in the host lattice since the antiferromagnetic
superexchange interaction between substitutional Fe ions would i&itheontributor At the other
extreme, Hf oF e 200, NC20 (20 at. % Fe doping)s found to be magnetically inhomogeneous,
exhibiting a hybrid superparamagneficromagnetic magnetization curve with a dominant
superparamagnetic characteristic. The magnetization behavior of these nanostructures is attributed to
the nanoscale magnetic clusters that behave siynitasuperpamagnetic nanoparticles. However,
for those nanostructures doped witht3%6 Fe (Hb.od&.050. NC5) and 10at. % Fe (Hb.oF 1002
NC10), their magnetipropertiesappear to be intrinsic and originate from the doped lattice rather
than the magnetic ion¥he magnetic saturation of these nanostructures is improved by one to two
orders of magnituded 0.05 emu/g and 0.5 emu/g) compared to the undoped dfi@structures
(1.2x10% emu/g).The ferromagnetic center exchange E@echanism activated ke
substitutional F&-induced oxygen vacancies is proposed to be the mechanism behind such strong

ferromagnetic coupling throughout the host lattice.

These results provide further insightto the role of oxygen vacancies in the activation of
ferromagnéc mechanisms in undoped and doped [M8Baterials. More importantly, our
Hfo.00F&.1002, NC10is a promising DM® candidate since tlse distorted nanocubeghibit a
relatively large magnetic saturation (0.5 emu/g) over a wide range of temperature€uiiih a
temperature well above room temperature. The magnetic saturation of these nanostructures at room

temperature is comparable with defech ZrO, nanostructures such as zn@anobricks
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(0.6 emu/dy* and5-nm Z1O, nanodusters* (0.46 emu/g) and it is much higher than most of the
magnetic metal oxides materials, includinmgdopedcolloidal HfO, nanorods@.02 emu/y*™
undoped Zr@thin films (0.18 emu/g}®* Mn-doped ZrQ thin films (0.02 emu/g}* Mn-doped ZnO
thin films (0.05 emu/y*** undoped ZnO nanoparticles (0.003 emdé§f; u-doped ZnO nanowire
arrays (0.2 emu/gff2 undoped Ti@nanoribbons (0.2 emu/g3: Fe + N codoped Tionanorods
(0.06 emu/g¥?® Cr-doped TiQ nanorods (0.07 emu/§) V-doped TiQ nanotubes (0.008 emu/£fF,
and (Fe,Co,Mnjloped mesoporousJBs.,, (0.03 emu/gf*’ Since HfQ is an advancednaterial
compatiblewith andwidely used in CMOSased technologies, ourH8eped HfQ nanostructured
film with such a high magnetic resporm®misesnewopportunity fa integrated CMOS and

spintronic applications.

3.4 Conclusion

Ti-dopedHf1TixO, (x=0.01, 0.1, 0.25, 0.8) 1D nanostructureandFe-doped Hf.«FeO. (x=0.01,
0.05, 0.10, 0.20nanostructuresonsisting of nanospikes adistortednanocubesvith stackeccrystal
flakes have beemsynthesizedor the first time by usinghe catalystassisted PLD methoah GNI/Ox-
Si and SAGNI/Ox-Si templatesThe morphological structural,and magnetic propertied Ti-doped
Hf1xTixO2 and Fedoped Hf«FeO; are studied irdetailandcompared with those of undopEidO-
NWs andTiO; nanobeltgrownundersimilar growth conditiors. SEM and HIM images shothat Ti
dopingdoesnotinhibit the VLS growth mechanisgrproducing HfTixO, nanospikes even witie
Ti concentratioras high as 5@t. % (Hfos0Ti0.5¢02 nanospikes)Nonetheless, VLS growthas been
found todecreasavith increasing Tdopant concentratioim the nanostructures, yieldinghorter
narospikes withan oscillatorysidewall surface charactemheorigin of this oscillatory characteis
attributed taheformation of high surface energy plaresng the growth directioft/?°The

GIXRD patterns otheseTi-doped HixTixO2 nanostructureandtheir peakpositionshifts confirm
the substitutional incorporation of Ti into thst lattice On the other handFe is fand to
significantly suppresshe VLS growth, producindg-e-dopednanospikes for &t.% Fe doping
(Hfo.99F& 0102 nhanospikesyvhile Fe-doped HfQ distorted nancubes with stacked flake structafer
5 at. %, 10at. % and 2(0at. % Fe dopingHfogsFe 0502 NC5, Hf g goF 1002 NC10, Hf g soF 2002
NC20). Thedramaticdecreasef VLS growth withFe dopings attributed to theffect of Fe in
reducingthe VLS nucleation rate at tiiguid-solid interface byncreasinghe surface energy of the
catalyst which inhibitsthe effect of Sn in promotingLS growth.Similar to HfixTixO>
nanostructureshe GIXRD patters of theHf1..FeO, nanostructurealso show theontraction of the

host latticeindicating the substitutio of Hf** with Fe ionsin the hostlattice with no evidencef
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secondary magnetic phagethin the sensitivity of XRI). The expansion of the boFey200. NC20
lattice relative to the HboF&n1002. NC10, neverth&ess, suggessome interstitiaincorporation of Fe
ionsinto the host latticat higherdopant concentrati@which ould lead totheformation of
magnetic clusters in the lattice.

In our previous workChapter 2)undoped Hf@NWs have beerflound toexhibitroom-
temperature ferromagnetic behavjalespiteheir low magnetic saturation due to theesence of
oxygen vacancyefects limitedo the (near)surface region. In the present work, Hi@nostructures
are doped with Ti and Fe to enhance their magnetic propedtieee the oxygen vacandefectsare
believed to be responsible for the magnetic properties of @ Materialg®636458ndtheir formation
energy in Tidoped HfQ have been reptad to be lowet®®170226Tj-dopingis therefore expected to
improve the saturated magnetization of kHfanostructuresntdeed,Ti doping up to 1@t.% has
been found t@oublethe magntc saturatiorin Hfo o Tio.1d02 hanospikesvhencompared to the
undoped Hf@NWs. However, doping the Hianostructures with a higheoncentratiorof Ti (25
at.% and 50at. % in Hfo 75Ti0.2502 and Hb 5 Tio.s02 hanospikesrespectively providesno
improvementin their magnetic saturatio éble3-3). The increase iMs of Ti-doped HfQ
nanospikes up to 1. % doping is associated with the largeimber of oxygetvacancy induced
BMPs in thelattice,while thelower magnetic saturation @b at.% and 5at. % Ti-doped HfQ
nanostructureis attributed to the presenceldfTiO4 phaseasconfirmedby the XRD analysiswWe
hypothesize that theossible higher oxygen vacancy formation energy in the Hippi@se due to the
different configuration ofurrounding catinsin this phase, such as different coordination number
and bond anglespuld contribute toheir lower magnetic saturation. In geslethe enhancement of
the magnetic saturation in-@ioped HfQ nanostructures is not profound, indicatthgtthere is a
small number oBMPs contributing to the magnetization of the samlitely due to their presence

beinglimited to the surface regn.

On the other hand, our investigation ondéped HfQ nanostructures shathat Fe doping has a
more significant impact on the magnetic properties of Hif@hostructures. However, having a
homogenous distribution of Fe dopant in the lattice becomédlgriag when the dopant content
exceeds a certazoncentrationAlthoughGIXRD analysis shogno evidence of secondary phase
formation, Hb soFe.2d0> NC20appeas to have an extrinsic magnetic behavior originating from nano
scale magnetic clustenst cetectable byXRD. In contrast, ht. % doping (Hb.odFe 010>
nanospikes), &t.% doping (Hb.osF&n.0502 NC5) and 10% doping (HkoFe.100. NC10) appear to

produce intrinsic ferromagnetic metal oxides with vagfined hysteres from 2 K to 300 K.
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Hfo.0dF&.0102 nanospikes with &t. % Fe doping do not show any improvement in magnetic

saturation due to the antiferromagnetic coupling of substitatiFé* ions through superexchange
interaction in the lattice. On the other hand dfe 050, NC5 and Hb oF & 100> NC10 exhibit a

significant enhancement in magnetic saturation values reaching up to two orders of magnitude larger
thanthe undoped HD. nhanostructures. We propose oxygetancy induced-Eenter exchange
interactiori**as the predominant mechanism responsible for such large magnetic saturation values in
these nanostructureBhese high magnetic saturation values quadifyss—ey.050. NC5 and

Hfo.oFen.1002. NC10 introduced in this worlasviable candidates for spintranapplications such as

spin transistor$® and spirbased logic circuit$®® Moreover, the high Curie temperatusecould

facilitate the opeation of these devices well above room temperature. In addition, the compatibility of
HfO, with CMOS technology provides an excellent opportunity for the application of these

nanostructures in integrated CMOS and spintronic technology.

121



Chapter 4

Concl udi nngk sReaamad Fut ure Work

4.1 Summary of the Results and Contributions

Dilute magnetic semiconducting oxides (DMSOs) are believed to be the most promising materials for
integrated spintronics and semicondudiased electronic applications due to their superior
ferromagnetic properties and high Curie temperatures well above room temperature. Among all
DMSOs, HfQ is known to be the most CM@8chnologycompatible oxide materidland is

therefore considered to be a very promising candidate for realizing the integration of CMOS and
spintronic technologies. Despite several reports on fabrication and magnetic characterization of HfO
thin films 9698102152153 he nature of their structural defects in effecting ferromagnetism is still not

fully understood. Nanostructured materials with high specific surface areas have been reported to
have enhanced ferromagnetic properfig¥.Inspired by the great potential of nanostructured

material with high crystal quality for fundamental studies on these defects and their role in enhancing
ferromagnetism, our objective in the present work is to fabricate doped/undopeecsystadine

HfO- low-dimensional nanostructures and to investighe role of oxygen vacancy defects in

facilitating -ferromagnetism. Using catalyassisted PLD, we develop a wide range of fascinating

HfO- low-dimensional nanomaterials for the first time. These include doped/undoped&if®

square pyramids, nanaangular pyramids, and naitetrahedrons; undoped Hf@anowires,

nanospikes, and narwwlumns;Ti-doped HfQ nanospikes, Fdoped HfQ nanospikes, and Faoped

HfO. distorted nanocubes with stacked flake structures. Indeed, the 1DHHIQT IO, (x=0.01,

0.10, 0.25, 0.9) and Hb.od&.0102 nanostructures grown in this work are the first singiestalline
doped/undoped HfOLD nanostructures, particularly nanowires, ever reported.

In the first study of this work, we investigate the effect of growthptmature and growth
templates on the morphological and structural properties of Ri@ostructures grown by a catalyst
assisted PLD method. We grd#¥O- nanostructures on G8i (chemically oxidized Si), GNI/O®i
(chemically oxidized Si seeded with goldnoislands) and SBNI/Ox-Si (chemically oxidized Si
seededwithSal | oyed gol d nanoislands) growth templ ate
720 and 770 ), while precisely controlling ot
processig gas (Ar) flow and pressure and the gold nanoisland (GNI) size. The SEM skigigs (
2-1) reveal that only nano square pyramids (orSDxand a mixture of nano square pyramids and

triangular pyramids (on GNI/G%i) grow in the absence of Sn at all selected temperatures,
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suggesting that the VS growth is the predominant growth mechanismic@oitions. On the other

hand, in the presence of Sn (i.e., or@WI/Ox-Si), 1D HfG, nanostructures including nawolumns

(with triangular base), nanospi kes and nanowir es
indicating the crucial role of Sn promoting VLS growth. Since Sn is introduced into the system by
evaporation from the Scoated substrate holder, the growth of§8wn nanetetrahedrons on Sn

GNI/OX-S i at 550 is attributed to the |hgh tempera
enough to introduce a sufficient amount of Sn into the system. Another important observation here is

the simultaneous growth of nanocrystals on the substrate and among the 1D nanostructures, which is
indicative of concurrent VS growth competing witie VLS growth in this system. The GIXRD

analysis Figure2-2) confirms a Hf@ monoclinic phase for all \\§rown nanostructures on €5{

and GNI/OxSi and VLSgrown 1Dnanostructures on SBNI/Ox-Si, with no indication of any

Sn/SnQ@ secondary phase or Sn being incorporated into the Mffize. In addition, the absence of

any tetragonal or cubic phases in the GIXRD patterns suggreateamount of oxygen vacancies in

the bulk of these nanostructures, because large amount of oxygen vacancies have been shown to

stabilize tetragonal and cubic phases in x#®!°?

More detailed studies on the structural properties of the nanostructures are performed by TEM.
HRTEM images and simulated atomic models reveal that somgN3 and nanospikes have
grown dong the [010] direction with the (100) plane as their top facet while others have grown along
the normal vector of (110) plane with (001) plane as their top facet and 14§ plane as their side
facet. It is important to note that, due to the monccipfiase of the nanostructures, the (110) normal
vector and the [110] direction are not exactly parallel and are separated b¥iguréZ-5). More
importantly, theTEM images show peruléke surface features that appear to be formed because of a
secondary epitaxial growth occurring on the surface of the NWs. These epitaxially grown surface
features further support that VS growth is competing with the VLS growttisisystem and the final
morphology indeed results from the interplay between these two growth mechanisms. To further
investigate the role of Sn in promoting the VLS growth, XPS and AES analysis are performed,
confirming the presence of Sn in all 1D nanestures with the excess Sn oxidized to Sa@d/or
sng( 10y, 2) on t hagrownidim ana the VLEfowntNkVs. HaviBg realized the
pivotal role of Sn in encouraging the VLS growth, we propose a dual role for Sn in this process. First,
since tle VLS nucleation rate is exponentially related to the surface energy at LS interface by an
Arrheniustype equatioff®and AuSn liquid alloy has lower surface energy than pure liquid
gold !8418535n can enhance the VLS nucleation rate by alloying gott (SRGNIs) and therefore

decreasing the surface energy at the growth interface (LS interface). Secondly, Sn can assist with the
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kinetics of the VLS growth by increasing the diffusivity of the catalyst and hence promoting the
diffusion of the materialpecies from the surface of the catalyst to the growth interface. For these
reasons, in the presence of Sn, the VLS growth outruns the VS growth resulting in the growth of 1D

nanostructures.

Singlecrystalline 1D HfQ nanostructures obtained in the preseotk provide a great opportunity
to study oxygen vacandpduced ferromagnetism due to the high crystal quality and minimal effects
arising from other structural defects. For this purpose, we compare the magnetic properties of HfO
NWs with those of the mstructured film of Hf@nano square pyramids. The magnetization
measurement reveals that Hfi@Ws exhibit roomtemperature ferromagnetism with a coercivity
comparable to other reported undoped metal oxides nanostruétifrdyhile HfO, nano square
pyramids only exhibit a weak paramagnetic behavior. Since XPS analysis shows stronger defect
related features for HfENWs compared to the Hfano square pyramids without any trace of
magnetic contamination, the ferromagnetic behavior of.Hif@s is attributed to their higher amount
of oxygen vacancies. To understand these results, we employ a modifiebd&dPerromagnetism
model that has beepreviously used for explaining ferromagnetism in defett ZrO,
nanostructure®:%*Based on this model, lorgnge ferromagnetic ordering in HFAWs is caused
by the ferromagnetiexchange interaction of bound magnetic polarons (BMPs) formed due to
interaction between charged oxygen vacancies and reduced Hf idtisi{H). Their high Curie
temperature, however, is due to the spin splitting of the oxygeancydriven impurity bad
resulting from its hybridization with the Hf 5d band. On the other hand, the weak paramagnetic
behavior of the Hf@nano square pyramids is attributed to their small amount of oxygen vacancies,
which generate isolated BMPs behaving like isolated magioeticwith paramagnetic interactions.
Another important observation is the low magnetic saturatioh gMhe asgrown HfQ, NWs
(1.2x103), despite their room temperature ferromagnetism. Our gapfiling XPS studies reveal
that the oxygen vacancies anainly accumulated in the surface region of HMWSs and only a
small amount of vacancies may exist in the bulk of the material. The amount of Sumitex
oxygen vacancies could be high enough to produce overlapping BMPs within the surfacebtggion
the total amount of oxygen vacancies within the entire material is apparently not high enough to

produce large magnetic saturation.

By taking advantage of the lower oxygen vacancy formation energydopéd HfQ
nanostructure¥®"°we also investigate the morphological, structural and magnetic properties of Ti
doped Hf,TixO. (x=0.01, 0.0, 0.25, 0.9) 1D nanostructures reported for the first time in this work.
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Hf1TixO> 1D nanostructures are grown on-ShI/Ox-Si templates using a similar catahgstsisted

PLD method used for undoped Hf@anostructures in the previous study. We also obtain IBD
nanostructures (nanobelts) on GNI/Skas the control sample so that we have a better understanding
of the Tidoping effect on the observed properties. The SEM and HIM im&gpre€3-1 andFigure

3-2) show Ti doping has a minor effect on the VLS growth of the nanostructures, producing 1D
nanostructures for all doping concentraiganging from 1 at. % (klfsTi0.010, nanospikes) up to 50

at. % (Hb.=Tio02, bimetallic oxide nanospikes). Nonetheless, these 1D nanostructures appear to
become shorter with increasing Ti content, changing 2¢éhbe mong for intertwined undoped

HfO2 NWs to several hundred nm long forolTio 5002 bimetallic oxide nanospikes, which suggests

a lower VLS growth rate in nanostructures with higher Ti content. In addition, a closer examination
of the sidewall surface with HIM reveals a sawtooth fagetin the surface along the growth

direction, which becomes more obvious for nanostructures with higher Ti concentrations
(Hfo.7sTi0.2802 and Hb s Tio.5002). This kind of sawtooth faceting is also observed for pure 7iO
nanobelts and is attributed to the oscillatory growth process of the 1D nanostructures that could occur
due to the formation of high surface energy planes during grdW®iThe GIXRD patterns of the
asgrown nanostructuregigure3-3) show only a monoclinic Hfgphase foHf14TixO. (x=0.01,

0.10) nanospikes, with ~15% additional orthorhacHfTiO4 phase for Hf7sTi0.260> nanospikes and
mainly orthorhombic HfTi@phase for HfsTios002 bimetallic oxide nanospikes. More importantly,

the GIXRD pattern exhibit an upward position shift for thenoclinic HfQ phase relative to the
reference peak position confirming the substitution of largé&tiblfis in the lattice with smaller i

ions.

We further demonstrate that theseddped HfQ nanostructures all exhibit roetemperature
ferromagnetism with increased magnetic saturation up to twice $oé Widoped HF@QNWs for
Hfo.90Ti0.0102 Nanospikes. The increased magnetic saturation valuesteattributed to the higher
amount of oxygen vacancies indoped HfQ nanostructures due to their lower oxygen vacancy
formation energy as previously confirmed by theoretical calculati8d€The magnetic saturation of
Hfo.75Ti0.2502 and Hb.sTio.502 nanospiks, however, drops to the same order of magnitude as that of
undoped HFGNWs. In addition to the monoclinidfO, phase, an orthorhombkfTiO . phase is
found in Hb 7sTi0.2602 and Hb s Ti0.502 nanospikes, which leads us to hypothesize that their lower
magnetic saturation is likely due to lower amount of oxygen vacancies caused by higher oxygen

vacancy formation energy in the orthorhomHid@iO. phase.

125



In the last phase of this work, we syntlzesand study the properties of-éfeped HfQ
nanostructures so that we can compare the effect of Fe doping, as a ferromagnetic dopant, on the
properties of Hf@nanostructures with the effect of doping a nonmagnetic dopant liké 1LFe.O-
(x=0.01,0.05 0.10, 0.20) nanostructures are grown on-GNI/Ox-Si using catalysassisted PLD
with growth conditions similar to those used for undoped arabped HfQ nanostructures. Unlike
Ti doping, Fe doping is found to significantly restrict the VLS growthdpeing Hb gd-e.0102
nanospikes for 1 at. % Fe doping, and distorted nanocubes with stacked crystal flakes for Fe doping
of 5 at. % (Hfo.odF&.0802 NC5), 10 at. % (Hfo.sFe&.1002. NC10) and 20 at. YHfos0Fe 2002 NC20)
(Figure3-4). The disruption in the VLS growth observed here is attributed to the unfavorable effect of
Fe in reducing the VLS growth nucleation rate by increasingutface energy at the interface
between the catalyst and the emerging solid. This negative effect on the VLS growth counterbalances
the positive effect of Sn in promoting VLS growth so that the VS growth becomes the dominant
mechanism producing distortedmocubes as the final products (and not 1D nanostructures). The
GIXRD analysis of these nanostructureg(ire3-5) shows only a monoclinic Hfphase with an
upward sition shift indicating the substitution of largertibns with smaller F&/Fe"2ions in the
lattice. More importantly, no trace of any secondary phase of Fe or iron oxides is found in the XRD
pattern suggesting that no magnetic ion clustering ocoubgihost lattice (within the sensitivity
range of XRD analysis).

Finally, the magnetic characterization ofé@f@ed nanostructures demonstrates intrinsic
ferromagnetism with high Curie temperature (well above room temperature) for Fe doping up to 10
at.%. It is found that the nanostructures doped with 1 at. % Fedt.0:0. nanospikes) do not
show a larger magnetic saturation that is of almost the same order as that of undege@slfOn
the other hand, nanostructures doped with 5 at. 9fesen.0s0, NC5) and 10 at. % Fe
(Hfo.oFe 1002 NC10) exhibit significantly larger Mvalues, up to 2 orders of magnitude larger than
Hfo.od~&.0102 nanospikes. The small Mf Hfo od 0102 nanospikes is attributed to the dominant
antiferromagnetic interaction of Fe ions in the lattice, which does not generate any extra magnetic
moment, while the high magnetic saturations afdffey 00, NC5 andHfo oF&y100. NC10appear to
be the resulbf ferromagnetic center exchange (FCE) mechanism activated by additional oxygen
vacancies induced by the magnetic ions in the host lattice. The other important observation here is the
extrinsic magnetic property of nanostructures with 20 at. % Fe cornemiftdfo soFen 200, NC20),
which exhibit a hybrid ferromagnetsuperparamagnetic behavior dominated by the contribution

from the superparamagnetic component. The superparamagnetic characteiftiera .00, NC20
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suggests an atomgrale magnetic lmmogeneity in the lattice (despite not being detected by the
XRD analysis).

In general, the present work offers valuable insights into the synthesis of semiconductor NWs,
especially complex oxide NWs. For example, in those cases that precise conthibmetry
requires the use of an oxide target for PLD, the application of an alloy catalyst{kNISrtan
facilitate fabrication of oxide NWs by minimizing the unfavorable effect of oxygen in enhancing the
VS growth. In addition, the near singteystalline nature of nanostructures obtained in this wask ha
allowed us to significantly improve our understanding of oxygen vaedriogn ferromagnetism
mechanisms in DMSO materials. Moreover, bif@anostructures with high Curie temperature
introducedn the present work could be promising DMSOs for spintronic applications such as
magnetic tunneling junctions (MTJ¥)spintransistorg® andspin-based logic circuit$® In
particular, theHfo oFe 1002 NC10nanostructures exhibit a relatively high magnetic saturation
(0.5 emu/g at room temperature whidt comparable witldefectrich ZrO, nanostructures such as
ZrOz nanobricks (0.6 emu/8)and5-nm ZrQ, nanodusters(0.46 emu/d and it is much higher than
mostof the magnetic metal oxides materials, includingloped colloidal Hf@nanorods (0.02
emu/g)}"undoped Zr@thin films (0.18 emu/g}°* Mn-doped ZrQ thin films (0.02 emu/g¥* Mn-
doped ZnO thin film€0.05 emu/g}** undoped ZnO nanoparticles (0.003 emdtgu-doped ZiI©
nanowire arrays (0.2 emu/§f,undoped Ti@nanoribbons (0.2 emu/g}}Fe + N codoped Ti©
nanorods (0.06 emu/d¥; Cr-doped TiQ nanorods (0.07 emu/§) V-doped TiQ nanotubes
(0.008 emu/g¥¢ and(Fe,Co,Mn)doped mesoporousds., (0.03 emu/gf*’ Their high magnetic
saturation, along with Curie temperature well above room temperature, promitie isgaihtronic
device applications. Moreniportantly, considering the high compatibility of Hf@ith CMOS
technology, the spintronic application of the nanostructures synthesized in the present wesak offer
viable opportunity for realizing the idea of integration between semiconelh@sed eldconics and

spintronics to fabricate higberformance devices.
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4.2 Future Work

The present work demonstrates the crucial role of oxygen vacancies in inducing ferromagnetism in
HfO2 nanostructures. One strategy to further improve the magnetic propertiesHitCh

nanostructures is to introduce more oxygen vacancies into their structure. This could be done by using
a metallic Hf target instead of an oxide target for the laser ablation. This would allow the amount of
oxygen vacancies in the final structuredéoprecisely controlled by manipulating thet®Ar ratio

in the processing gas mixture to provide different ambient environments during deposition. Using a
metallic target for the PLD synthesis could also facilitate growingHfnanostructures due tioe
elimination of the excess oxygen from the target.

Our present results show that the observed defects are mainly accumulated on the surface of the
nanostructures. Some earlier stutfig€on the magnetic properties of Hf@in films have
proposed thaadditional defects, including oxygen vacancies, could also accumulate at the interface
between the deposited film and the substrate. The substrates used in those studies (sapphire and yttria
stabilized zirconium or YSZ) are different from the SgDrfaceused in the present work. As they
have reported higher magnetic saturation on these substrates, an interesting future study could be
investigating the magnetic properties of the Héihgle-crystalline 1D nanostructures grown on other
substratefcluding sapphire and YSZ substrates. Such a study can significantly improve our
understanding of defetduced ferromagnetism in DMSOs and could be used as another strategy to

enhance the magnetic saturation of HiD nanostructures.

Another importansubject that requires more investigation is the homogenous doping of the host
lattice, particularly for magnetic dopants. Generally, magnetic homogeneity of DMSOs is a
controversial issue in this field, raising some questions about the intrinsic natfoee of
ferromagnetism observed in DMSOs-#@ped HfQ nanostructures produced in this work
apparently exhibit intrinsic ferromagnetism up to 10 at. % Fe doping with GIXRD patterns showing
no evidence of magnetic ion clustering in the lattice. Other helpfblgs that can shed some more
light on the intrinsic nature of the ferromagnetism in doped;H#dostructures are depth profiling
by secondary ion mass spectroscopy (SIMS) and by XPS. These advanced surface analysis techniques
are particularly surface sgitive that they could detect any minor magnetic clustering near the surface
of the nanostructures that may be beyond the detection limit of XRD. Testing samples for anisotropic
magnetization, where the magnetization of the samples under parallel acal estternal fields are
compared, could also help recognize these intrinsic properties. The anisotropy of magnetic saturation

can rule out any extrinsic magnetic source such as segregated ferromagnetic impurities below the
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XRD sensitivity rangé&® Another way to minimize the possibility of extrinsic famagnetism is to
use antiferromagnetic metal ions such as Mn and Cr for doping thdafiCe. While substitution of
these antiferromagnetic ions in the lattice can create diefdated ferromagnetism, their clustering

within the lattice, even if it oag's, does not generate any additional extrinsic ferromagnetism.

The high Curie temperature of the doped/undoped H&Dostructures found in this work make
these HfQ nanostructures very promising DMSOs for the fabrication of practical spintronic devices
that could operate above room temperatdfeos-e.050, NC5 andHfo sy 1002 NC10
nanostructures with relatively high magnetic saturation are of particular interest for this purpose.
Therefore, another important future project could be maginatspat characterization
(magnetoresistance and Hall effect measurements) of these materials fbaMiTSpin transistét
applications. Furthermore, as Hf@ a widebandgap oxide, it could accommodate a large number of
defect states within its bandgap leading to sugfiécient light absorption in the visible range of the
solar spectrum. If defeectch HfO, nanostructures could be achieved by using laser ablation of a
metal target, exploring the application of such sainmtures for photocatalytic water splitting and
hydrogen production systems could be a very intriguing study.

Finally, the advantage of PLD synthesis in precisely controlling the composition of the final
products opens up a great opportunity to fabeicenostructures of other complex oxide systems
with interesting properties. Of p-BesOg)andul ar i nter
iimenite (FeTiQ) . Al t-Fe®@\andhieTIl® are both antiferromagnetic insulators, their solid
solutions wih intermediate compositions interestingly exhibit strong ferrimagnetism with
semiconducting property. The unique advantage of this system is the capability of switching between
p-type and rtype semiconducting properties by simply adjusting the concentrat -Fex®s in U
FeTi0s.249241An exciting future project could be the synthesis of defectc h nanos-t ruct ur e s
FeOs-FeTiG; solid solutions with novel magnetic and optipabperties for spintronics and

photocatalytic applications.
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Figure Al. The corresponding EDS spectrum of the NWs Shown in Figur29b.
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Figure A2. The GIXRD pattern of TiO» nanobelt grown by catalystassisted PLD.
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