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Abstract

Correlating advanced microscopy methods inclyditransmission electron
microscopy, scanning probe microscopy, and opsipaktroscopy on the same materials
and even the same specimens allows complimentagsumnements to be obtained,
revealing new details about structure-propertyti@ighips measured on a nanometer
scale. Combining measurements not only corrobothtegformation obtained from any
particular method, but also compensates for defties of any single technique. An
array of microscopy techniques including high raoh transmission electron
microscopy, scanning probe microscopy, and Ramactsgscopy were applied to
address scientific and engineering questions caimggrthe structure and properties of
domain patterns in BiFelferroelectric thin films and to examine novel }{B) thin
films suitable for Li-ion battery applications. BiFeQ;, application of these combined
techniques allowed a relationship between epitagtedin and domain width to be
established, two cases of strained films with ueigomain structures to be identified,
transformation of domain structures from all 108 ixed to all 71° based on differing
film thicknesses of 100 and 200 nm to be obseraed, to identify growth-induced
defects that control domain structure over verygloange, 100 nm or more, compared to
many studies. In Tig)B) films, a combination of advanced microscopy dirdt

principals calculations were applied with Ramancspscopy to produce a definitive

X



reference for further investigation of the crystaty, structure, composition, and
properties of TiQ(B) materials with Raman spectroscopy. Finallysttead these studies
of nanostructures and allow direct measurementeaftrenic and optical properties, the
design, development, and construction of proofasfeept prototypes of specimen rods
for in-situ transmission electron microcopy combi electrical probe, scanning

tunneling measurements, and optical excitation aekctroscopy is discussed.
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Chapter 1
Introduction and Background

In this chapter, | introduce the motivation forsthwork, and discuss the materials used
in this work, BiFeQ (referred to as BFO from here on) and J(i®), in terms of their
properties and applications. There is considerabiphasis placed on the properties of
ferroelectricity and domain walls in BFO, as theggics comprise a major component of
this work. Finally, the development of a new iniditolder, a major contribution of this

work, is discussed.

1.1 Introduction

The continuing pressure to create ever smallerrmoe complex electronic devices,
requiring ever smaller components, has driven thednto engineer materials on the
nanoscale. One potential group of materials thatvs promise for devices is thin-film
transition metal oxides[l]. This group encompasseshuge number of different
compounds with different crystals structures arapprties. As such this work focuses on
just two that have been of particular interestdsearchers. One class of such oxides is
the ferroelectric perovskites, where domains ofcHjge polarization affect the local
electronic properties[2], ferroelectric switchinguples with other properties such as
photovoltages[3], and through magnetoelectric amdltiferroic effects, with
magnetism[4], as in the compound BiRe®he domain walls themselves have different
properties than the bulk material and can be etilias functional elements[5]. In BFO,
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controlling the type, orientation, and characterdoimains and domain boundaries is
critical to designing devices using this material.

The other important group of oxide materials adskdsin this work is the many
polymorphs of titanium oxide, which have found aggtion in sensors[6-9],
photocatalysis[10-13], solar cells[14-17], and mmeently, a potential anode materials
for Li-ion batteries[18-24]. Of the polymorphs ®iO,, including rutile, brookite, and
anatase, particular interest has been focusedeoretatively recently discovered bronze
phase of TiQ (TiO2(B)). While nanostructured powders of B(B) have been described
before, Zhangt al[25]were the first to grow thin films of this ma and thereby make
it available for characterization here, allowingtalked analysis of the film’'s unique
structure and the opportunity to probe its funaigoroperties in high quality crystalline
films. A detailed understanding of the crystal staue, defects, structural interfaces, and
how this affects properties is essential to exptb@# potential of these materials in
modern technological applications.

Characterization of materials on the nanoscalekisyacomponent of modern materials
science and methods to study the smallest scales lbeen evolving rapidly. Electron
microscopy has been used for many decades to irteg@tomic scale. The modern
development of aberration correctors for electraoroscopes has improved resolution
limits into the sub-angstrom range[26, 27]. Scagrmrobe technology is another means
of accessing the nanoscale, first with the devetgnof scanning tunneling microscopy
(STM) followed by atomic force microscopy (AFM) ithe 1980’s. From these
beginnings, scanning probe microscopy (SPM) mashifeve become truly

multifunctional, combining surface mapping, currentapping (CAFM), biasing,



capacitance, piezoresponse force microscopy (PFMY, more in a single device.

Advanced optical techniques, such as scanning Ragpattroscopy, which itself

depends on recent developments in laser technaadyoptical filters, have also been
integrated with SPM. The development of all ofstaneew techniques is driven by the
new information that can be gathered from corrdlateeasurements obtained via
multiple techniques, preferably applied simultargpuor at least sequentially, to the
same specimens.

For this study, | apply advanced microscopy methadkiding transmission electron
microscopy, scanning probe microscopy, Raman spsripy, and develop new-situ
TEM methods in order to examine factors determimdograin structures in ferroelectric
BFO and to characterize novel thin films of thetdéagt material, TiQ([B). In BFO the
effects of film thickness, epitaxial strain, andtemded defect structures on domain
patterns and switching behavior are examined iaildetorder to elucidate factors which
control the type, density, and size of ferroeleattomain walls. Control of the type and
distribution of domain walls is a necessary preigtpl to engineering domain-based
devices. Secondly, advanced microscopy technigueesraployed to examine novel thin
films of the titanium oxide battery material TAB) in detail. Finally, in order to improve
upon these methods, and better measure and unakth&afunctional properties of such
nanoscale details, | undertook the constructioraafiew in-situ TEM specimen rod
platform to combine SPM, TEM, and optical measummBesign, construction details,

and proof of concept are included in chapter 6.



1.2  Background

1.2.1 Ferroelectrics and Multiferroics

The property of ferroelectricity is defined by thexistence of a spontaneous
polarization, which produces a dipole electric geain the material. In the context of a
crystalline material, this means the unit cell istatted from perfect crystal symmetry.
The displacement between the total positive andatieg ionic charges within the unit
cell is the polarization vector. Overall macroscopiectric field is minimized in a
manner analogous to magnetic materials; an arraydahains of counteracting
polarizations forms. The domain structures fornmiaimize the total energy, balancing
the energies associated with surfaces and domdis, wad can be affected by additional
factors such as strain or external fields[28]. \vith domain, the polarization is uniform,
with all of the unit cells in the volume sharingetBame polarization. The zone between
two adjacent domains is referred to as a domaih Wdlis situation is exactly analogous
to magnetic domains. The structure and propedfieomain walls will be discussed in
the next section.

Many of the most scientifically and industrialipportant ferroelectrics are part of the
perovskite family of materials, for which the crgissymmetry can be described by a
pseudo-cubic unit cell. Due to the symmetry of ¢thestal, the polarization vector may
point in several equivalent possible directionsirngi multiple degenerate polarization
states. From a thermodynamic viewpoint, this canvisualized in terms of the free
energy diagram as a function of polarization (see E.1). The free energy diagram
represents the ‘switching’ shown in the PZT unit,qactured in the center of Fig 1.1,

where the central oxygen octahedron is displacedgathe c-axis. The hysteresis loop



represents the functional measurement of polaozatierived by integrating the

capacitance as the applied voltage bias is chamgelis also shown in the Fig. 1.1. The
total energy of the ferroelectric crystal has npj equivalent minima, each

corresponding to a specific polarization state. éxternally applied force such as an
electric field, then, can produce a transition frome polarization state to another. The
property of ferroelectricity is tied to severalegdts, including the piezoelectric effect, the
pyroelectric effect, the electrorestrictive effecand changes in the dielectric
properties[29]. Because all of these propertiesalated to the polarization, polarization
switching affects all of them.

t
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o
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—
Free Energy

Figure 1.1 Polarization in one dimension with twabde states shown in the free energy curve (ligfe) atomic
displacement in PZT (center), and the classic remgsteresis curve (right)

Multiferroic materials are those which have moranttone order parameter, such as
ferroelectric ordering, that is coupled to a secorder parameter, such as magnetism[4].
Multiferroic materials are of technological intetieas the coupled order parameters can
be exploited for new type of, for example, memomvides[30]. The best known
multiferroic material is BFO, which has both ferextric and antiferromagnetic ordering
with a curie temperature—where ferroelectricity aggears—of ~1100K and a Neel

temperature—where antiferromagnetism becomes paratiam—of ~640K[31], both
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well above room temperature. A device utilizingstboupling has been described, where
BFO is paired with a FeCo magnetic film and switchielectrical polarization can be
used to switch the ferromagnetic bit in FeCo viapgimg through the antiferroelectric
order in BFO[32].

The most common application for ferroelectric maleris either for the piezoelectric
and converse piezoelectric effects where a displaoé is induced by voltage, or a
voltage by flexing the ceramic[29]. For the lattdrere is a great deal of interest in
utilizing these effects for energy harvesting[3IB].electronics applications, the largest
interest is in memory devices[30, 34]. For memargw device architectures such as
ferroelectric tunnel junction devices[35], memristdevices[36], devices exploiting
coupling between ferroelectric and magnetic progert{37-39], and architectures
utilizing domain-wall based microelectronics[40gpve been proposed. More recently,
ferroelectric materials have become attractiveuse in photovoltaic devices where they
have been shown to have above-bandgap output es[l343]. This behavior has been
demonstrated in several perovskite ferroelectridenms, including Pb(4rTipg)Os
under UV illumination[44], BiFe® under visible light[45], while very recently, hytr
organic-inorganic  perovskite materials such as tHayered perovskite
(benzylammoniumPbCL[46, 47] have been discovered.

A few recent developments have contributed to theaissance of interest in
ferroelectric materials. For one, the growth ofrhggality thin films has become possible
by methods such as RF sputtering, pulsed lasersdepo(PLD), and reactive molecular
beam epitaxy (MBE). Prior to this, most ferroetectaterials were only available as

cut single crystals, or poor-quality polycrystadlifilms prepared by sol-gel or similar



techniques. The new availability of high qualilggde crystal films is partially due to the
development of suitable substrates for epitaxiawgin[48]. The availability of well-
matched substrates allows for much greater cowfrarystal quality, orientation, and
strain in thin film growth. Such thin films providan ideal model system for
characterization of ferroelectric properties witkspect to defects and to boundary
conditions such as built-in fields, and misfit gtra Furthermore, the demand for ever
lower power consumption and smaller componentslectronic devices drives interest
in ferroelectric oxide thin films as an alternatite silicon based devices in some
applications, particularly permanent memories[5ln addition, there has also been
immense growth in the demand for piezoactuators gowt dielectrics for which the
ferroelectric oxides are suitable[34]. Finallyethdvent and very rapid improvement
over the past decade in scanning probe iamsitu microscopy methods have made
accurate nanoscale measurements and simultaneegsroric characterization of
ferroelectric polarization possible, driving sciéintinterest in the materials as the new
technology provides access to hitherto unavailédnigth scales. From these studies, it
has become clear that the properties of domainsvth#mselves, rather than the bulk
material, control the properties, opening the pmbti that domain walls themselves may

be useful to make nano-electronic devices|5, 49].

1.2.2 Domain walls and their properties

As discussed previously, ferroelectric domains lilkeir magnetic analogs, form long-
range twinned structures to minimize uncompensatectric charges or strain induced
by the polarization. Such a twin structure is mefé to as a domain structure, or pattern.

The characteristics of the walls between domaipede on the material, and the unit cell
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direction along which the polarization occurs. pseudocubic tetragonal systems such as
PZT, the displacement is along any <100> directiovhile in a pseudocubic
rhombahedral system such as BFO the polarizatiaurecalong the <111> body
diagonal. Even within one material, then, seveliébrent types of domain wall can
form. These are generally referred to by the atlghy form between the polarization
vectors, such as the 180° domain wall that woulinftetween the two polarization
states shown in Fig. 1.2. Each domain wall typeadsgferent associated bound charge,
stress, etc., and can display distinct properiesh as electrical conductivity[5, 40, 50].
The domain structure of BFO is covered in moreitetaection 1.2.3.

Domain walls can be charged or uncharged dependimghe direction of the
polarization vectors in the adjacent regions. Adito-tail arrangement where they point
in the same direction is uncharged, while a heddetd or a tail-to-tail arrangement will
result in a net bound charge at the boundary. g&itadomains walls do not usually
form, as they have much higher energies than ugedadomain walls, but they are
expected to have significantly different electripabperties. There is some evidence, for
example, of structure changes induced at chargedhitiowalls[51].

Several studies, theoretical and experimental, eaaenined the electrical conductivity
of ferroelectric materials in the bulk. In gener&yroelectric oxides are relatively
insulating in, but for what conduction does octhere have been several studies into the
mechanisms underpinning leakage currents. In d&otrics such as PZT and BFO, it
has been shown that interface-determined Schottkisston, or Fowler-Nordheim
tunneling at higher applied voltages[52, 53], wdre major mechanisms. It has also

been shown that these mechanisms dominate condwetien the ferroelectric is paired



with a metallic (platinum) or an oxide (SRO, LSME&lectrode. These bulk conduction
mechanisms determine the leakage currents and diedgine ferroelectric performance
overall. However, changes in conduction based banges in polarization are a
potentially useful property. In order to examihestproperty, it is necessary to examine
conduction near domain walls and other featurdsrioelectric thin films.

Recently, many studies have indicated an anomalolsige or unexpected
conductivity at domain boundaries in various feleogic materials, a behavior which
several papers have noted may allow for new deajigdications[2, 50, 54-56]. Seidet
al. showed conductivity at the domain wall in a frgskWitched domain via PFM and
CAFM[2]. Landau-Ginsberg-Devonshire calculationsggested that the bandgap
decreases near a domain wall, lowering the baiwiepnduction [50]. Additionally, the
possibility that band bending and a lowering in 8ahottky barrier near a domain wall
contributes to static domain wall conductivity, aswgests that suitable doping might be
used to control conductivity. Lanthanum doping #iBhas been examined[56], and was
shown to modulate the conductivity. The measurénstiowed that the change in
conductivity was thermally activated, and demorettaa shift in the conduction
mechanism depending on the bias voltage from Schamission, where thermally
excited electrons constitute the bulk of conductiorFowler-Nordheim tunneling, where
electrons begin to tunnel through the energy barnereasing the current. Farokhinpoor
demonstrated conductivity in 71° domain walls indBFand similarly attributed the static
conductivity of these domain walls to a decreasthanSchottky barrier height at higher
voltages, and to electron-filled trap states atdowoltages[57]. If the conductivity was in

fact due to barrier height, several authors suggetitat the conductivity could be tuned



or even that a metal-to-insulator transition maypbssible at the domain boundary with
appropriate bandgap design[55, 56].Yatgal took this approach, doping BFO with

calcium[45]. The net effect of this doping was agé& anisotropy between the

conductivity of the as-grown film and of a switchédmain area, such that a switched
domain in this film shows markedly higher conduityithan the surrounding material.

This effect was attributed to a high concentrattbrmobile oxygen vacancies generated
by calcium doping, which formed a conductive nekvainder the influence of the

electric field in the poled domains. Doping, thésm,a means of affecting the static
conductivity of domain walls.

Several theoretical studies have examined possiidehanisms for domain wall
conductivity, finding several physical mechanisms €onduction. Morozovskat al.
have shown that in many ferroelectrics, even urggthdomain walls have the potential
to be conductive, largely due to band bending &xbélectric effects[50]. Eliseeat al.
have examined domain/surface junctions in ferraetescand shown that rotostrictive and
flexoelectric effects may cause a local decreagberbandgap and profoundly alter the
local electronic properties, even when the domsinat charged [55].In BFO, Catalah
al. examined the appearance of a rotation of the oxygtahedral in the unit cells near
the domain wall that may give rise to domain walhductivity [58]. While many authors
look at BFO due to flexoelectric effects at 71° &09° domain boundaries, Guyonmeét
al. demonstrated similar conductivity in 180° domainalley in PZT[54], and
demonstrated that the conductivity was temperatapendent, highly asymmetric with a
diode-like character, and stable over a long periédr charged domain walls in uniaxial

LiNbOg, Eliseevet al. calculated that the wall conductivity may also elegp upon an
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accumulation of carriers at the domain wall duefl¢aoelectric effects. A tail to tall
arrangement of the polarization vector of two a€jgcareas will produce an excess of
holes, and similarly a head to head orientation gpribduce an excess of electrons. As
holes are much less mobile, head to head chargedidowvalls are expected to show
much higher conductivities than the tail to tafeaagement [59]. From all of this work, it
appears that static domain wall conductivity iduehced by a number of factors, and
many different structure-property relationships eteging on subtle changes in the
domain structure of ferroelectric materials rentaibe discovered.

Static conductivity is not the only current trangpprocess associated with domain
boundaries in ferroelectrics. Recently, large desnin conductivity, far above what
would be expected from a switching current, havenbassociated with domain wall
motion. Maksymovyclet al. demonstrated a very large increase in the condtyctipon
reaching the coercive voltage and the occurrenderodelectric switching, over orders
of magnitude of difference in PZT[60]. The bulknficonduction was considered to be
due to Fowler-Nordheim tunneling and the currentswsown to depend on the
polarization. Further work indicated similar higlonductivity during domain wall
motion in BFO, and attributed the change to eleatly induced distortion of the domain
wall that, due to weak pinning, resulted in slowrdan wall motion over a wide voltage
window, and therefore a dependence of the condtyctwm the degree of distortion[61].
It has been suggested that all topological defedtgh in these materials means domain
walls and domain wall intersections, could dispdapmalous electronic phenomena. For
sufficiently small, circular nano-domains with highcurved domain walls, metallic

levels of conductivity during switching were foundth the conductivity scaling with the
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size of the domain[62]. The high conductivity wasibuted to tilted, charged domain
walls formed during the switching process. Thesargéd domain walls should attract
free carriers, forming high-conductivity pathwapsaugh the film. The effect was only
noted on nano-scale domains with circular margiagger domains did not show the
metallic conduction. It should be noted that thisreno confirmation that the smaller,
more curved domain walls were actually more tilteding switching as there was no
way to image the domain wall through the film thieks.

Application of ferroelectric materials depends sgly on the domain wall
configuration and, perhaps, even on the propedfea single domain wall in a thin
film[5]. In order to engineer domains on this scadew things are necessary. The first
is high-quality thin films that form regular arrag$ domains, as has been achieved in
some thin film growth techniques discussed pre\nothe second is a means to observe
both the overall domain configuration, as well he hanoscale details of the domain
walls. Imaging in both top-down and cross-sect®required to accurately determine the
mechanisms involved in switching, in order to betaia of such factors as charged
domain wall formation. Finally, a method to dilgamanipulate an individual domain
wall, for instance applying a bias, is needed. Reehniques, however, allow direct
characterization of these structures. Bulk eledtré@sting, even of nano-scale devices,
average the dynamic effects of several boundadgstiher and therefore contains no
information on the nanoscale dynamics associatéu fefroelectric switching. In order
to directly access this behavior, a means of tattymic-scale measurement is required,

such measurements as form the core of this work.
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1.2.3 BiFeOs3

The perovskite compound BiFgOis one of the most important of the strongly
correlated oxide materials, in which the electramnshe material cannot be treated as
having independent motion, that is the total et@ttvave function cannot be constructed
as the product of the wave functions of the indmaidelectrons. This phenomenon gives
rise to many unusual properties, such as ferraatégt BFO is also the best known
single-phase room-temperature multiferroic matedamonstrating both ferroelectricity
and antiferromagnetic characteristics with a ctemaperature of ~1100K[31] and a Neel
temperature of ~640K[31]), well above room tempamat This makes it suitable for
electronic devices that operate at ambient temyesst In addition, the spontaneous
ferroelectric polarization is quite strong, ~100/gr&, making BFO a potential lead free
replacement for the piezoelectric lead-zirconatmate(PZT). Interest in the material has

grown further in recent years due to its poterfbaluse in multiferroic devices [30, 63],

Figurel.2 Polarization in BFO. A. shows the [111] polatian vector which requires two unit cells «
to rotation of the oxygen octahedra B. shows tlwe pmssible domain types on orthoscandate substrate
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domain wall engineering for electronic devices46], optical devices[43, 64], and even
as a ferroelectric photovoltaic material[43, 45). all of these cases, the particular
functionality of interest lies in the ability to molate the associated property, such as
magnetic polarization, by ferroelectric switchin@eing able to use an electric field to
modulate magnetism, and other properties, greatlgrges the potential utility of this
material for novel electronic devices.

BFO has a rhombahedral (R3C) structure that carcdresidered a pseudocubic
perovskite unit cell, wittu=p=8=90° and a lattice parameter of 3.964A. Polarratn
BiFeO; occurs by displacement of the Fe cation and thgex octahedra along the
<111> directions where the oxygen octahedra are alsamteouwotated by ~13.8°[65].
Here, the O suffix indicates orthorhombic indicesi\d P refers to the pseudocubic
indices. Fig. 1.2 shows an atomic model of a BF® agll with an exaggerated depiction
of the atomic displacements associated with tharaltion. Both the Fe ion and the Bi
ions are displaced from their ideal positions. sThiecomes useful in determining
polarization by TEM later. Fig. 1.2B shows a scham of all of the possible
polarization orientations, taking into account tstrictions on polarization from the

epitaxial relationship with the substrate.
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Figure 1.3 Domain structures in BFO projected §d18)] axis for 71° and a [100] axis for 109° and®18
domains. An illustration of the vector change agsted with switching for each domain wall type is
given on the right, while the representation ofdbenains is given on the left. The2schematics of th

domains are as they appear in TEM
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The ferroelectric distortion, along the body diagloof the unit cell results in four
ferroelastic polarization variants. The four vate&aoan be oriented either up or down, for
a total of eight unique polarization directions.eTihtersection between any two of these
produces three different domain wall types, whigdh @haracterized by the angle through
which the polarization vector is rotated using tleenain type terminology in Fig. 1.2,
we have 71° with (rl+||r4+.i) domains , 109°withL{||[r4+) domains, or 180° (r1+||r1-),
shown in Fig. 1.3. The 71° and 109° domains inipaldr have slight strain at the
domain boundary due to the mismatch in the digtorof the unit cell associated with
polarization. As there are different domain walbeg, and different domain wall types
have different properties, such as conductivityngldhe domain wall, the preferred
orientation of domains in a thin film directly afts its technologically useful properties.
The domain wall types as viewed in cross-sectiofM or PFM are depicted in Fig
1.3.

Any of these domain wall types may form twin stwress, which are influenced by
boundary conditions such as intrinsic or applieeldS8, or epitaxial strain. Twinned
(striped) domain structures form spontaneously toimze the total energy associated
with the polarization, including the domain walleegy and strain energy[66].The type
and orientation of the domain walls depends orotientation of the crystal and the film
quality[67], the film thickness[68, 69], defects[y@nd many other variables. They are
atomic-scale in dimension with a width on the oradra single unit cell in the
crystal[71]. Ferroelectric domain walls are getigraonsidered to be of Ising type,
where the transition from one polarization to tlextnis very sharp. In BFO, however, it

has been shown that domain walls can have somehBiodNeel characteristics, with
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either a slow change in magnitude, or a rotatiothefpolarization, respectively, due to

flexoelectric effects[72].

1.2.4 TiOz(B), the bronze phase of titanium oxide
Titanium dioxide (TiQ) exhibits a number of structurally distinct phastse best

known of which are rutile, brookite and anatase.e Thronze phase of titanium
dioxide, TiG(B), a monoclinic polymorph first described in 1988] has recently

attracted much interest due to its unusual laystedtture and its potential application in
Li-ion batteries,[18-24]photocatalysts,[10-13] cheah sensing,[6-9] and dye-sensitized
solar cells.[14-17] The crystal structure of thisusual compound is pictured in the
crystal model in Fig. 1.4. Of particular interasé large open ‘channels’ in the structure.
The are sufficiently large as to be able to easilgommodate Liions, particularly those

in the a-b plane, allowing for high capacities,hnat theoretical capacity of 355 mAh/g,
and an experimentally tested capacity of 120 mAdi/gapid charge/discharge rates of

80°C in Li-ion battery applications.[25]

Figure 1.4 Crystal model of T¥B) projected along the three principal axes. Tpero‘channels’ in the crystal
structure allow for intercalation of Li ions, magiiO,(B) an effective battery anode material
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There are many reports in the literature on syisheof nanopowders and
nanostructures by hydrothermal methods,[18, 24, aGlJeous solutions,[73, 75] and
calcination of amorphous films.[76] In all of tleesases the material produced has been
impure and often poorly crystalline, containingamsiderable fraction of anatase as well
as water from synthesis, which is thought to playoke in stabilizing the Tig{B)
phase.[74, 77] A few recent reports of F{B) films produced by chemical
hydrolysis[76] and by electrophoresis of nanopow{déat] have yielded micron-thick
nanostructured films, but of poor crystalline gtyali

Here, epitaxial thin flms composed of a nearlyegphase Tig(B) were grown on
Ca:TiOy(B) templates themselves grown on SrJiBuffered Si. In order to fully
characterize this material, we use a mixture of SHMM, polarization-dependent
Raman, and theoretical calculation of the Ramarctgpm. The combination of
characterization techniques allows a definitive Rarfingerprint for the material to be
obtained. Details are included in Chapter 6. Typ®e of characterization is applicable to
many different systems, and underscores the needtdgporate optical techniques along
with electron and scanning probe microscopies. W& a combination of TEM, SPM,
and Raman spectroscopy to examine the nanostruatuhés important material in thin

film form, with the intent to maka-situ experiments possible in this materials system.
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Chapter 2

Experimental Methods

In this section, the many characterization and $ampeparation techniques used to
complete this work are reviewed. It has been m#hef this work to push the boundaries
of technique and attempt to extend existing metrasde/ell as to develop new methods
and the apparatus required to carry them out. Vdni®us experimental methods and the

background and history of their development arelwdised.

2.1 Transmission Electron Microscopy

Transmission electron microscopy is (TEM), perhtps best method to access truly
atomic-scale details within a material. With thedaom improvements in software control
and the advent of aberration correctors to compenga spherical aberrations in
magnetic lenses, sub-angstrom resolutions havenieeqmossible[26, 27]. Such high
resolution imaging is required to view atomic-lewdtails such as domain walls and
defects in crystals. In particular, atomic scaésotution allows mapping of the
polarization distribution in ferroelectrics.

Details of TEM imaging methods that are most dlyeapplicable here are covered in
depth by C. T. Nelson[71], and will be repeatedehanly briefly. There are two major
TEM imaging modes employed here. The first usparallel electron beam, where the
incident electrons are all parallel to each othEnis is conventional TEM mode, and can

give phase contrast with the objective apertureorasd, or diffraction contrast (bright
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field (BF), and dark field(DF) with the use of tlabjective aperture to select the
transmitted, or a diffracted beam. In conventiohnBM mode, it is possible both to
image, and to generate electron diffraction pasterm the second mode, a convergent
beam is used, where the beam is focused to a @bthe specimen, and the beam is then
raster scanned. This mode is referred to as sogriransmission electron microscopy
(STEM). Scattered electrons are collected eithea bing-shaped detector, high-angle
annular dark field (HAADF), or a central detectoflecting the transmitted electrons for
bright field imaging. STEM mode has the benefiaafimpler contrast mechanism, and
is sensitive to atomic number, known as z-contrastheavy ions are more efficient at
scattering electrons. Also, the majority of abioracorrected microscopes are corrected
only in STEM mode, so the majority of the atomisalaition images in this work were
collected using STEM. STEM imaging, however, stgfieom scan noise, contamination
problems, and greater constraints on the sampl#ygua
Another useful aspect of TEM is its analytic capador spectroscopy giving

information on the identity of atoms and their @tidn states, through energy dispersive
x-ray analysis (EDS), electron energy loss spectiog (EELS), and electron diffraction.
The spectroscopy methods come from several difféyges of interactions between the
electron beam and the sample. For EELS, someeoélértrons in the TEM beam are
inelastically scattered during their interactiorthwihe sample. Inelastic scattering results
in a characteristic loss of energy, which is assgted with a particular element in the case
that a core electron was displaced, or a plasma@onence for very low energy
losses[78]. These electrons can be sorted by emmsigg a magnetic prism[78], resulting

in a spectrum of ‘edges’ which yield information the elemental composition and, for
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example, the oxidation state of a metallic elemeAnother type of scattering event will
result in electrons being pushed out of their cemergy levels in the sample, and the
subsequent optical emission as that vacancy edfill This releases an X-ray, which is
characteristic of the element. The energy of theayX can be measured, and this
produces the EDS signal[78]. EDS allows the distion of elements in the specimen to
be mapped.

The major techniques employed in this work werdratition contrast imaging (dark
field and bright field) which give excellent cordgtaof ferroelectric domains, phase
contrast imaging for higher resolution imaging, #®ADF STEM for atomic resolution
imaging. Examples of diffraction contrast imagin§ domains at low and atomic

resolutions and of imaging domains in HAADF and 8FEM is shown in Fig. 2.1.

Dark field image HAADF STEM BF STEM

-

Figure 2.1 Examples of TEM imaging. Diffractionntast shows domains very clearly, but at poorlatem while z-
contrast shows no domain wall contrast, and BF SBEMvs weak domain contrast

2.2  In-situ Transmission Electron Microscopy

Since the invention of electron microscopy, thews tbeen interest in not only
observing static structures, but also observingsjalsyin action. All of the ways of
exerting external stimuli on a sample in the micope are collectively known as-situ

methods. In the transmission electron microscqgegnomenon on the scale of
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angstroms can be probed, and over many years, difeyent experimental apparatus
have been designed to allow external stimulus sisckemperature, electrical bias, and
mechanical force to be applied. Thésesitu apparatus allow the response of materials
to such stimuli to be observed. Despite a great déaeffort, with review articles
detailing experiments in heating, cooling, mechahndeformation, environmental control
such as supporting gas and liquid atmospheres, naagnetic contrast via Lorenz
microscopy dating back to the 1970’s[79], much remao be done. For electronic
materials, applying a voltage bias and measurimgentiis the experiment of interest, and
there has been considerable activity in applyiras lio ferroelectric materials. Firstly,
because of the potential for devices based onrigepties of domain walls and domain
switching, and secondly, at least in part, becalm®ain polarization provides clear
contrast in TEM.

The earliest studies employing in situ TEM biasiogstudy of ferroelectric switching
began in the 1980s on &Mo0O,)ssingle crystals, carried out by Yamameitbal][80].
These early studies were soon followed by the wairlSnoecket al. who examined
ferroelectric and ferroelastic domain wall motionBaTiOs single crystals in plan (top-
down) view[81]. Studies on polycrystalline PZT adST were carried out by Ta al.
who were able to observe the effect of repeatectredal cycling on intragranular crack
growth[82, 83]. In separate works they reported frenation of small cavities behind
the crack tip in PZT during electrical cycling, daim growth[84], and domain nucleation
at grain boundaries with Qu and Zhab al[85].More recently, Satet al. observed
nanoscale non-180° domain walls (DWSs) in lead msigme niobate—lead titanate (PMN-

PT) single crystals[86], demonstrating that a maidm for ferroelectric switching,
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beginning with reorientation of nano-domains folemvby only small motions of the
larger domain boundaries. In a similar fashion, kMnet al. investigated the domain
nucleation, propagation, and switching in BiEB-88].This work used BFO samples
cut from bulk crystals by focused ion beam meth@as] were able to directly image
domain collisions, repulsion, and other interactiom a plane view sample. A
dependence of the domain relaxation rates on thiedpbias was described and
phenomena such as defect pinning, nucleation ofd@wains at defects were observed.
Finally, the potential for atomic resolution timesolved switching studies usimysitu
TEM have been discussed by several of the prewiausintioned authors. All of this
illustrates the utility oin-situ TEM biasing for studying these materials, andHert the
great potential utility of these techniques.

All of the work mentioned above was done in bulktenals rather than thin films.
Very recently, direct characterization of ferroétiec switching in thin-film
heterostructures became possible with the integrati a movable or scanning probe and
TEM sample holders. For example ChangeHal. watched domains grow induced by
local electric fields in BiFe@DyScQ; without a bottom electrode[89]. While Zhary
al. studied the transition between tetragonal- ar@mbbohedral-like phases in highly
strained BiFe®@ on LaAlO; substrate, using PFM for electronic switching ameitu
TEM for mechanical switching such that the struetehange could be seen in cross
section[90]. The application of high strain-situ was found to induce the phase
transition from the tetragonal (T) to the rhombalaédR) phase in BFO, as shown
clearly through electron diffraction measuremeniish a return to the T phase upon the

release of strain.
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In a thin-film heterostructure of BiFe@aSrMnQy/TbScQ on (TSO) substrates,
Nelsonet al. studied the domain nucleation dynamics duringa@wiig[91]. Their work
showed nucleation occurred only near the back reléet which was attributed to the
built-in field of the heterostructure. Gao al. was able to capture interface nucleation
and dislocation pinning effects in PZT/SrRyyScG;[92], as well as domain wall
relaxation and subsequent disappearance of thehgditdomain [93]with ~40ms time
resolution. The ability to capture these dynammacpsses with high time resolution is
one of the greatest potential assets for these tgpim-situ experiments. However, while
considerable work has been done by Nelebal, Gaoet al, Li et al[51, 91-94],etc.
using anin-situ holder from NanoFactory AB, which is no longer cuoercially
available; there is currently no commercial platiothat successfully combines a
nanoscale scanning electrical probe viittsitu TEM. In addition, in order to study the
photovoltaic effect in materials such as BFO, @teand other inputs are required. For
these reasons, a component of this work was dedidat the design of an improved
system to continue these studies consisting of kifomctional TEM holder capable of
nanoprobe electronic measurements and optical impdtmeasurement on a double-tilt
stage accommodating standard sample geometriessultRalerived from the older

NanoFactory system, as well as the new desigrdiacessed in Chapter 6.

2.3  High resolution Transmission Electron Microscopy

The greatest asset of TEM microscopy methods isabfigy to resolve atomic scale
detail. It has been applied extensively to obsstkgcture and defect details in crystalline
materials. In this work, high resolution methodsrevased extensively to examine the

details of domain walls in BFO, and even to map paotarization through direct
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observation of the atomic displacements derivednfratomic-scale imaging. STEM
imaging in particular has proven useful in orderetdract detailed information about
polarization, largely due to the advent of abeoratcorrectors in STEM. Aberration
correction in conventional TEM imaging remains muehs available at this point in
time.

Historically, early attempts to calculate and madpnac displacements used phase
information from HREM images, where the technigueswsed to show the displacement
across a domain boundary in PZT[95]. This illussahe ability to directly measure the
domain boundary width, as well as accurately chiaree the change in polarity at an
atomic scale near the boundary. For instancestJs was able to map the polarization
distribution unit-cell by unit-cell and show howetimterfaces[96], dislocations [97] and
domain boundaries [98] influence the dipoles. Neleb al. was able to prove the
existence of flux-completion vortex domains in Ble® TSO thin films, and map the
polarization around the vortex domain with atomatail [99]. Jiaet al. observed similar
flux-closure domains in PZT[100]. The polarizatioacross the interfaces in
BFO/LSMO/STO were mapped by Chaetgal. using a similar methodology[101]. High
resolution TEM was also used to map the evolutibnmmdulated phases at the
ferroelectric—antiferroelectric morphotropic phdseindary by Borisevich[102]and Lubk
et al. used Gaussian-fit HAADF images and image simutatio map the atomic
displacements and demonstrate the existence of Bh#rp and diffuse domain
boundaries in BFO[103]. Similar observations hbeen made on nanoparticles, where

Polkinget al.were able to measure polarization even in a siBgl® nanoparticle [104].
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Clearly, high resolution TEM and STEM are indisparis tools to access atomic scale
details and extract information about domains aeféats in ferroelectric materials in
particular. However, electron microscopy is not trdy means available for imaging
nanostructures, like domains. It has been a m&eme in this work to use many
independent approaches to imaging these matenmlsiding scanning probe methods
and Raman spectroscopy. These help corroboraieftvenation collected at very small

scales in TEM with more macroscopic measurements.

2.4 Piezoresponse and scanning force microscopy

Piezoresponse force microscopy is now widely engfioyo examine ferroelectric
domains. In this method, an oscillating signapplied to a conductive AFM probe. In a
piezoelectric material, the sample responds witteahanical change due to the converse
piezoelectric effect, resulting in a change to tipedeflection. As the driving signal is
AC, the response to the electrical signal will appas a harmonic in the tip deflection
signal. A lock-in amplifier is used to track tharimonic of the applied AC signal. The
amplitude of the signal from the lock-in amplifierrelated to the sample displacement
and the phase angle between the applied signahan@gsponse is related to the direction

the sample moves with respect to the tip. Mathmalat, this is described by[105]:

Viip = Vac + Vgccos (wt) Q)
z = zg. + A(w, Ve, Vg )cos (wt + @) 2
zZ = d33V4. + d33V,.cos (wt + @) (3)

Where \f;, is the total applied voltage,qyis the bias offset, Mis AC signal applied at
some frequency, z is the sample displacement. The displacenseafunction of the dc

offset z, the amplitude of the response A, and a phaseangvhich can be simplified
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for the out of plane direction with the piezoresp@oefficient gb. The lock-in amplifier
trackse andw. The tip deflection, sample response, and thporese of the lock in
amplifier is represented schematically in Fig. 2I2. addition to the out-of-plane
component of the piezoresponse pictured, there alag an in-plane component,
depending on the polarization vector in the makeridhe in-plane and out-of-plane
movements can cross-talk, due to torsion on théleaer. In order to correctly interpret
PFM images, it is necessary to image the samefameaseveral angles and observe the

contrast[106, 107].

amplitude

© driving freq. at
* resonance

deflection

off resonance

tip/sample interaction

Figure 2.2 Piezoresponse force microscopy. The Eampponds to the oscillating voltage at the fifhe right panel
shows an idealized version of the displacementesumeasured by the PFM lock-in

Historically, the force microscopy method that baegpiezoresponse force microscopy
imaging (PFM)appeared in the literature around 189@& work by Saurenback and
Terris[108]. Subsequently, the technique was adagte map domains in many
ferroelectric materials, including astriglycine fat¢, and barium titanate[109]. The
technique was further refined by Kalinin and Bonineteveral papers[105, 109-112] and
other authors[113-116]and, today, is the most popund widespread means of
performing nanoscale domain structure measurenoenfsrroelectric materials. Several

recent papers examine the PFM technique, a revie®dergel describes the technique
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and considers some of the challenges in intergef¥M signals for obtaining
guantitative results[117], while the review by Wagigal. examines in detail coupling
problems between various signals in PFM[116].

The PFM technique is under active development asddeen extended with several
new methodologies designed to extract more quéimgtanformation. An example is-
situ PFM studies carried out at high temperatures, wtierelecrease in the ferroelectric
response near the curie point was examined[118¢ukan resolved PFM (AR-PFM),
described by Parlet al, allows accurate mapping of the polarization vexctby
eliminating contrast from crosstalk though caredohblysis of the phase and amplitude
contrast as a function of angle[106, 107]. In timsthod, the sample is rotated with
respect to the cantilever through a series of angihel the contrast changes depending on
the sample piezoresponse with respect to the esatilaxis, allowing disambiguation of
the polarization vectors. Switching spectrosc®fM (SS-PFM) is a point technique
that takes an current-voltage curve at a singlation and the phase signal is plotted
against the applied field to generate a hystetesis of sorts[15, 119, 120]. A map of
hysteresis loops can then be performed, takingh®eping a number of preprogrammed
points in a grid across the sample. The hystetesis gives analogous information to
macroscopic electronic measurements but from tim®-saale. A further development
based upon SS-PFM is the band-excitation techn{gfe SSPFM), where a complex
‘chirp’ signal is applied during the sweep and ayppiate models are used to process the
signal to improve the signal quality. A great definformation is encoded on the BE
SSPFM signal and the extraction of various respofreen the signal is a topic currently

under development[121, 122].Most commonly, it isdu$o extract hysteresis loops and
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to map relative activation energy for switching,imslesseet al, where BE SS-PFM is
used to examine the nucleation of domains in PHmsfiwith SRO bottom electrodes.
Gruvermanet al. has used a PFM-based method to measure time-eéssivitching
dynamics in capacitors[123, 124] using a strobosco@thod in which a switching pulse
was timed to the cantilever motion, so that at epaimt in the cantilever travel, the
sample was at the same time position of its switgleiycle. Using many switching cycles
and assuming that switching occurs in the same avay each cycle, it is possible to
construct a time-switching history of the nanocapac However, the assumption that
the details of switching do not change over the lmemof cycles required for imaging
limits this methods applicability due to fatigueopesses that are known to occur in
ferroelectric materials. In addition to the PFMHheigjues, other well-known scanning
probe methods are often applied over the same ameacorrelated with the PFM
information to extract such information as leakageent via conductive AFM (CAFM),
or surface potential via Kevin probe (KPFM); inghvay the DC conductivity and bound
charge associated with domain structures can bectéeft Modern scanning probe
methods, indeed, attempt to incorporate as mamals@s possible over the same area in
order to correlate as much information as possidlee scanning probe based
characterization techniques are clearly developerg rapidly.

There are several drawbacks to the SPM based damaijing techniques. Perhaps
the largest is the difficulty in obtaining quantit®@ measurements as the exact geometry
of the tip is not known. The size of the electricahtact, for instance, changes with time
and tip wear, which alters the current or voltagkigs measured. Another issue is time

resolution. The scanning rate in all SPM is reklinslow, typically a few hertz, resulting
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in several minutes per image. The only exceptioas gy the stroboscopic method
mentioned above. Although the next-generation AF)tesms are all capable of
somewhat higher scan rates, they are unlikely tvematch the 24 frames per second of
ordinary video recording. Finally, there is thefidiilty of atmospheric control. Unless
the system is in ultra-high vacuum, a layer of aoat®s on the surface affects the tip

contact characteristics[125].

2.5 Raman spectroscopy of inorganic materials

An alternative method of examining very small stuual differences in crystals is by
the use of optical spectroscopy techniques. Inquéar, Raman spectroscopy is sensitive
to very small periodic distortions in a crystallimeaterial. While Raman spectroscopy
has been applied to organic and biological mateti@lexamine molecular vibrations, it
has also shown considerable utility for inorganiatenials. It is particularly sensitive to
small distortions in bond length and has been étgaldo measure changes is chemistry
such as doping and strain in both silicon [126]andde materials, for measuring
temperature[127], and for tracking small chemicahriations in geological
specimens[128]. It is also widely used to fingarpphases[129], in much the same way
as XRD. Recently, it has become possible to caleupeak positions of the Raman
spectrum for any crystal through first principaddoulations based on density functional
theory (DFT)[130-132]. The theoretical spectrunm & perfect crystal can then be
compared in detail to an experimental spectrumn@yae the differences. A detailed
description is included in Chapter 6.

The Raman effect arises from the polarizabilityadfond. The incoming optical wave

interacts with a local phonon state, scattering tbé phonon. This means that the
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induced electrical moment from the light exchangesmnall quantity of energy with the
crystal lattice, resulting in an energy changetfar scattered photon. The photon can
either gain energy from the crystal (anti-stokesttecing) or, much more commonly, lose
it (stokes scattering). The amount of energy istrmdled by the interaction between the
phonon and the photon, and will have a particuldue. If these photons are collected
and elastically scattered photons filtered out, Rlaenan spectrum is what remains. So,
the polarizability depends on the phonon wavevector

Q: = Ajexp [%i(q; - 7 — w;t)] (4)
and the incident electric field.

Egexp [i(k; - v — w;t] 5)

This results in a polarizability:
a
P = goxo - Egexp [i(k; - 7 — w;t)] + &Ey (agj) Aj X exp[—i(wi t wj)t] exp (i(k; £ q;) - 7] (6)
0

For three dimensions, the polarizability becomeandk 2 tensor[133]:

P, Axx  Oxy Oxz\ |Ex
Byl=|%x Qy @y ||E, (7)
F, Uzx QAzy Azz/) |E 2

Where if there is a change in amyesults in the appearance of a Raman peak.

Furthermore, the scattering intensity of any peak heen shown to depend on the
polarization of the input light with respect to tRaman tensors[134]:

S(ejes) = ¢ f|eleeS|2 dQ, (8)

Whereg ande; refer to the polarizations of the input and scattdight. By measuring

the change in intensity of the peaks over a rarfgengles, it is possible to correlate
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changes in a Raman mode to the crystallographentation of the specimen. Then, by
comparison of Raman spectra, or in an in-situ arpert, use the intensity to examine
for one example distortions in the crystal. Thaés limmediate application as a probe to
observe changem-situ in batteries, and similar situations where thestaly lattice
changes are important. Additionally, the smalliatgons in crystal distortions involved

in ferroelectric domain walls are accessible bg tbrhnique[135].

2.6  Sample preparation

Thin film specimens for the materials studied heege obtained from several different
sources. Titanium oxide films were grown by PLDhouse, while BFO thin film

samples were obtained from collaborators.

2.6.1 TiOz(B) films
All TiO 2(B) films were grown by pulsed laser deposition DPlon (100) Si substrates

pre-deposited with a 20-unit-cell-thick STO buffiayer grown by molecular beam
epitaxy (MBE), as described elsewhere[136]. The rB0thick Ca:TiQ(B) (CaTk011)
template layer was deposited from a G&gitarget made by mixing 80% Ti@nd 20%
CaO powders and dry pressing them into a green,lwkigh was then sintered at 1400
°C. The TiQ(B) layer was deposited on the Ca:}iB) template from a pure TiO2
target. The vacuum chamber used for PLD had a fr@ssure <10Torr. A 248 nm KrF
excimer laser with a pulse duration of 22 ns afidence of ~3.4 J/cfrwas used at a 10
Hz pulse repetition rate for film deposition. Thebstrate-target distance was 6.35 cm
and deposition was carried out at 800 °C in an antlowxygen pressure of 0.05 Torr. The
deposition rate was ~0.01-0.02 A/pulse. The filtoslied in this work had thicknesses of
50-200 nm, as measured by a Veeco/Dektak profilensetd via TEM.
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2.6.2 BFO films

The BFO films used in this work were obtained froor collaborators, Dr. Darrel
Schlom’s group at Cornell University. The majpraf the flms were grown on the
(110) face of a single crystal TbSe@SO) substrate, with the exception of the strain
series examined in chapter 5. MBE was carried ioudan EPI 930 MBE chamber
equipped with a reflection high-energy electronfrddtion (RHEED) device. The Fe
flux was approximately 2.0xi® atoms/(cmrs) and the Bi flux was 1.1x{b
atoms/(crfrm). During the deposition, distilled ozone (~80%ie) was used to create a
background oxidant pressure of *I®rr. The substrate was maintained at a constant
temperature of 610 °C for growth directly on thé@p TbScQ substrate.

In thin films grown on low-misfit orthoscandate stiates, BFO forms highly regular
striped domain arrays composed of predominantlydoraain type[137]. In this work,
except where noted, BFO thin films were preparedToscQsubstrates. The lattice
misfit calculated for the pseudocubic TSO lattised.1266% in [10@]and -0.1389% in
[010], where [001] || [110b-TSO, [100} || [-110b-TSO, and [01Q]|| [001h-TSO. The
mismatch breaks the degeneracy of the four ferstielpolarization variants, limiting the

displacements to rl and r4 domains, pictured in E@, on TSO substrates[137].

2.6.3 TEM and PFM sample preparation

For any imaging technique, the quality of samplepparation is key. Each technique
has specific requirements of the geometry, arraegémand properties of the sample
being probed. A great deal of effort is put inighaquality processing of samples for

application of various microscopic techniques.

33



For TEM, materials to be sampled are used in vewgllspieces, generally starting as a
3mm disk. A portion of the sample must then barbd to electron transparency, ideally
thin enough such that an electron will only scattece within the specimen. For most
metal or semiconductor materials, this length ssl¢han 100 nm at an accelerating
voltage of 100keV[71]. In high-resolution work.ethhinner the sample the better the
expected result is. Additionally, the surface maustsmooth, and free of contamination
such as adsorbed organics, water, solvents, olasisuibstances. The sample preparation
process used for these specimens involves progethtia film by gluing to sacrificial
silicon, mounting in hot wax and polishing to lésan 1um at the thin end of a wedge-
shaped sample, and ion milling until the film igpeged. Such samples are regarded to
be exceedingly fragile, and difficult to handle.

For scanning probe methods, the constraints orsdéneple are not nearly as great.
PFM, biasing, conductivity, and related electricedasurements can all be made under
ambient conditions with the greatest requirememidthat the surface must be clean and
flat. In addition to being clean, the surface malsb be very smooth. Even a mirror-like
polish leaves significant nanometer-level scrat¢thasdegrade the image. Also, there is
a small force applied by the tip to the sample,clvlthe sample must be strong enough to
support. Otherwise the sample will be scratchedyroken. The applied force depends
on the dimensions and modulus of the cantilever.&825 um long Si cantilever, the
force usually falls in the range of a few piconeng#to As PFM is a contact mode method,
softer cantilevers are generally used. Howevaettileaers for contact mode are typically
very long and have poor resonance characteristidhie long, soft cantilever supports

complex vibration modes, which may disrupt the Psilyhal. For PFM, an intermediate
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tip length (referred to as FE or FM tips such a&s3SIEM-PIT model from Bruker) is used
as a compromise between good resonance and love@gptce. Most oxide films are
sufficiently robust for direct probing of the filsurface, but there are complications for
cross sectional samples. It is difficult to mesquirements for smoothness and lack of
contamination in polished cross-sections. Also,a&a@ross section, the sample must be
contiguous as anyhole, edge, or large particle fooiishing will cause a tip crash. Here,
cross section specimens were prepared using TEMadgfi.e. mechanical polishing
followed by ion milling. The ion milling step inacuum removes most organic and
inorganic contaminants and provides a very smootfase. This comes at the cost of
introducing a thin amorphous layer over the surfdee this was not found to impede

imaging. The sample preparation process is ittt in Fig 2.3.

Figure 2.3 TEM/PFM cross sectional sample prepamathbove is a schematic of sample prep whereitimeis glued
to a sacrificial Si piece to protect it during bling, thinned mechanically as a wedge, then gloedMo support ring
and ion-milled to electron transparency. The seqeeone through 4 indicates mechanical thinninghefsample,
which is finally mounted on a Mo disk and ion millantil a region of the film becomes electron tgarent.

Both TEM and SPM microscopy methods require cldhat, specimens with little
contamination. It would seem reasonable, then,libth techniques can be successfully

applied to the same specimen. Though the thinreggom of TEM specimens is best
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avoided, a great deal of accessible cross seatimains in the region of the sample that
is too thick for electron transparency. If PFMaiempted in the thin regions of the
sample, care must be taken where the film is expasd it is possible for the SPM tip to
run off the edge or punch through the sample. Hamst specimens prepared for TEM
were found to be amenable to SPM measurementslagmckthis technique was utilized

extensively in this work.
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Chapter 3
The influence of crystal defects on domain orientation in BiFeO3
3.1 Background

BiFeO; has received a great deal of attention due tiaiitge ferroelectric polarization,
and multiferroic properties. Applications in ferteetric computer memories[30],
ferroelectric tunnel junction devices[35], memristdevices[36], devices exploiting
coupling between ferroelectric and magnetic progeincluding spintronics applications
[37-39], and new possibilities for domain-wall basmicroelectronics[40] have been
considered. The utility of BFO for these applicaadepends strongly on the formation
of domain structures in the material.

Phase field and experimental work in the literatuage shown that domain structures
in single-crystal ferroelectrics depends sensiiveh the energetic balance between
internal built-in fields, epitaxial strains, andethdepolarization field[37, 138-141].
Similarly, several studies have explored the eft#cinterfacial effects[139, 140], and
film thickness[142], indicating strong effects frasubstrate clamping and internal fields
on domain stability. Large interfaces, such astéipeand bottom interfaces of a thin film,
therefore are able to substantially alter the danséiuctures in thin films. Any extended
interface, then has the potential to determine dostaucture.

There have been a considerable number of studasiring the interactions of various
types of crystal defects on ferroelectric domaierk with BFO powders has indicated
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that defects, particularly grain boundaries, cdaralomain structures, where a decrease
in the particle size causes the particulates tooinec monodomain and eventually
suppresses the ferroelectric properties altogetisetthe grain boundaries become a
significant influence on the total polarization.gl4.44] In thin films, the effects of other
types of defects have been shown to have smalkteffen the domain structure.
Particularly, dislocations[145], preexisting domaiwalls[146-148], and oxygen
vacancies[149] have all been show to pin the looatif domain walls. There are few
instances, however, where an extended defect s influence on the polarization of
domain walls that surround it. In PZT grown on pgtal substrates, it has been shown
that the preferred local polarization is influendsdthe existence of the boundary[150].
In other words, the boundary selects for a certtmmain type. In another case, the
existence of a charged domain boundary producdsnattansition zone of random
polarization a few atomic layers thick near thatimdary, something like a polarization
glass.[147]. It is clear, then, that domain bouretaand defects have an effect on
polarization in ferroelectrics on a local scale.tms work, we show that extended
charged defects can alter the entire domain streictuough a distance greater than the
average domain size, on the order of<100 nm.

In the present work, an extended layer of defetetisilzes a mixed structure of 109°
and 71° domain walls extending through the thicknesa ~500nm thick film. Close
examination of the defects indicates both chargesarain originating from the defect is
the mechanism influencing the domain wall orieotati This agrees well with phase

field models referenced here. Since the mechanisivgrain and charge on domain
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structures and the common defect types are geyepaksent in all perovskite

ferroelectric materials, this mechanism may beiapple to all perovskite ferroelectrics.

3.2 Experimental Methods
For this work, BiFe® films were grown on single crystal (130)bScQ surfaces by

reactive-molecular beam epitaxy (MBE) in an EPI 98BE chamber equipped with a
reflection high-energy electron diffraction (RHEEDRJevice. The Fe flux was
approximately 2.0x18 atoms/(cris) and the Bi flux was 1.1x1b atoms/(crfts).
During the deposition, distilled ozone (~80%o0zon&s used to create a background
oxidant pressure of TTorr. The substrate was maintained at a constampeeature of
610 °C for growth directly on the (110TbScQ substrate.

A combination of TEM and PFM techniques were usedxamine these structures,
and without both the unique domain structure wawdgter have been visible. The first
method used is transmission electron microscopgraviark-field imaging was carried
out on a JEOL 3011 at 300kV and provided clear doroantrast, while STEM imaging
was captured using a spherical aberration (Csectad FEI Titan 80-300 operated at
300 kV providing a point-to-point resolution of 6.@im (at LBNL). Atomic resolution
images may also be used to directly measure patariz information, with appropriate
software and processing as described in chapter 2.

The second method of imaging ferroelectric domaiss piezoresponse force
microscopy, a surface-probe based method whichinaprinciple, distinguish in-plane
and out-of-plane components of the polarizationt i is often difficult to
unambiguously distinguish between domain structdresy the top surface, as there

many confounding effects [151]. More informatia available from the film cross-
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section, but such samples are difficult to prepmnd there are only a few examples in
literature [87, 152]. This is unfortunate, as withaccess to the cross section, there is no
information available on structures beneath théaserof the film. In this work, PFM
analysis was carried out with an NT-MDT Spectra SRRd a Bruker Dimension Icon

using platinum-coated silicon cantilevers on cresstional specimens. A schematic

depicting the specimens used is included in Fity. 3.

PFM on the thick edge

TEM specimen

Figure 3.1 Schematic depicting the applicationefto TEM specimens. The tip is able to scan leker region of
the specimen, from the electron transparent reionuch thicker regions along the interface of@ssrsectional
sample.

There are benefits and drawbacks to both techniduge requires preparation of very
thin specimens, and there have been questions romgethe stability of domain
structures when preparing specimens. The combmatid®FM techniques and TEM on
the same specimen avoids this problem, where @reader than 1 pm in thickness can
be examined in line with the 30 nm thick sectiomsible in TEM, and also allows
disambiguation of the polarization through a combon of PFM contrast and direct
mapping of the polarization in atomic resolutionages. The defects and defect
structures were analyzed by TEM and compared djrezidomain structure information

from both dark field and PFM methods.

3.3 Results and Discussion

PFM and TEM showing mapping of the domain structifra cross-sectional specimen

of a ~500nm BFO cross sectional TEM specimen aosvshin Fig. 3.2. The exposed
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cross section was mapped from an area ~2-3 um #fiokst to the electron transparent
region, and through the electron transparent regpgnTEM. The figure shows a
collection of images captured at evenly spacedvate across the indicated region. An
unusual domain structure was observed, with a gttansition between domain types,
from 109° to 71°, occurring about 100 nm from tlaelbinterface. Though there is some
variation in the domain structure across the ceession, the 109° structure at the
interface is present everywhere. Fig. 3.3 givesdopn and cross sectional information
from the film. From the top down, the domains apgseped as is relatively normal in
these BFO films. The stripes are relatively wideart would be normal for a 109°
domain structure. Close ups of the cross seditopanels B and C, show an unexpected
domain structure. The images are out-of-plane PRlizudes from a film cross section
collected with the tip axis parallel, and at a ZBfgle to the film. The relationship
between the tip axis and the specimen are showthéywhite arrows. The contrast
variation is indicative of the polarization of tdemains[153] and suggests that near the
substrate interface to ~100nm from the interface)@ domain structure prevails. Above
this, much wider 71° domains extend to the surfalcebetween these two layers, there

should be an unfavorable highly charged boundaeytduhe change in polarization.
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500 nm 500 nm

Figure 3.2 Cross-sectional PFM and TEM map of speni.The figure shows PFM (panels 1-6) and a TE&Den(7)
taken from the same polished TEM specimen, alsoiigd. The area from which the images were takahown by
the AFM tip schematic.T Surveying the film by PFlg well as TEM shows reveals a complex domain tsirec
consisting of two layers. A thin layer between ithiterface extending ~100 nm into the films, arskeond layer with
a much sparser set of domains containing manyiniined domain walls.

Top Down PFM
V.

100 nm 100 nm

Figure 3.3 PFM mapping of domains . Panel (A) shtogsdown PFM of the film. (B) PFM image of thenfilcross
section where the 109° domains at the bottom iaterEhow optimal contrast when the tip axis isn@é@yscanned
parallel to the film (white arrow). Panel (C) shothe same area with the sample rotated 45° wéiex to the tip
axis, clearly showing the in-plane character ofghkarization in the top layer. This indicates Huétom domains are
109°, while the top are 71° domains.

Examining this interface much more closely in TEWMHQ. 3.4, at the top of each 109°
domain, a crystalline defect was found. These defece poorly visible in regular
resolution TEM and not visible in PFM as the spagsolution is typically insufficient

and the technique only accesses the surface cfample, which is damaged by cross-
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sectional sample preparation. Initial imaging byM Blso showed mostly 109° domains
extending to the surface, as this technique suraaysch smaller portion of the available
sample area. To see these domain structures, airatiob of both techniques were
required. This underscores the importance of apglynany techniques to the same

samples.

A

Figure 3.4 Defect-stabilized domain structure. Biight field STEM image showing the domains andl#yer of
linear defects in the film (B) shows a close uphaf bottom layer of domains, showing them to teaterat a long
linear defect. (C) is a schematic of the domaincstire showing the polarization, where the hedukad intersection
of the polarization vectors indicates the defeotsreegatively charged. (D) and (E) show a higbltg®n image of
the corner of the defect indicated in panel (B armap of the polarization around the defect,aetsgely.
Knowing the existence of the unusual domain stimactit is possible to examine the
domain interface using atomic resolution HAADF STHNhges, where the defects can
be clearly seen. Such information can be extratted the HAADF image in Fig. 3.4D,

which is overlain with the vector map of the patation. The defects are atomic-scale in

width, only approximately one unit cell across. Timear defects consist of a Bi-poor
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iron rich region where every other Bi column is smg). This can be clearly seen in Fig.
3.5D. This type of structure has been describeditémature[154, 155], where these
defects are shown to be relatively common occusenm BFO thin films, and
electrically charged. In general, defects have &ewn to strongly influence domain
structure and ferroelectric properties. Chargedeasf such as vacancies, interact
strongly with domain walls, resulting in domain Wginning, and stabilizing complex
domain structures[156, 157]. Extended defects sgchlislocations can attract and pin
domain walls and stabilize charged domain wallss Iteasonable that these charged
defects may provide a mechanism for the formatiothis mixed 109° and 71° domain

structure.
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Figure 3.5 Details of extended defect structures lMiear defects are associated with particlespkaipitate. (A)
shows such a precipitate associated with a longctieid (B) is a high resolution HAADF image of tea indicated
in (A) showing the distinct layered structure o threcipitate. (C) polarization mapping of thesaaeound such a
defect shows a very strong effect on the polaonatif the BFO below the defect but little above(iD) shows a
HAADF image where the intersection between theiglarand the defect is clear.

The charged domains affect the local electric fialtt determine the termination of the

surrounding domains of polarization. Polarizatiompping of the atomic resolution
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images, shown in Fig. 3.4E supports several detdilthis argument. First, that our
assignments for the domain types are correct, badge across the defect. Secondly, as
seen in Fig. 3.5C mapping of similar defects nda bottom interface show the
formation of nanodomains under the extended lirdedects. This reinforces that the
charge on the defect is sufficient to influencegbégrization of the surrounding film.

The linear defects themselves appear to be relatsghall precipitate particles, as seen
in Fig. 3.5. These resemble the precipitates destin a recent paper by Derer al,
which describes the discovery of a metastable é&dyphase in BFO thin films, described
in detail in Ref.[158]. The precipitate is a metdé BpFeQ; compound where, as can be
seen in the image in Fig. 3.5D, it appears asck stantaining 2 layers of Bi atoms with
bright contrast, followed by a layer of lower-cast Fe atoms. This precipitate phase is
Bi-rich, while the defect is Bi-poor. This sugge#itat the Fe-rich step-like defects may
be a related to the formation of a particle of Baeich Bi,FeQ; phase.

Similar extended defects have been described gedBily 15)(Tio.1Fey.9)Os, and shown
to distort the charge, strain, and polarizationaotocal scale, which can induce large
changes in the ferroelectric properties[159, 16dgre, in undoped BiFeQthe defects
appear to stabilize a 109° domain structure belwmtwhile screening the remainder of
the film from the back interface, resulting in ditsdomain structure. Mapping of the
ferroelectric polarization surrounding the defent Fig. 3.5C shows a rotation in
polarization towards the defect, and a slight iaseein the c/a ratio, indicative of strain.
However, above the defect, the polarization dodsnoticeably change. These defects,
then, may screen the bulk of the film from the bunlfield that exists due to the bottom

interface. Further evidence that the defects stabihe 109° domains is provided in Fig.
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3.6 where in a 200 nm thick BFO film, a similar éayof defects stabilizes a 109°
structure, while a defect-free 200 nm film showstable 71° structure. The reasons for
the appearance of the 71° structure in that filissussed in detail in the next chapter.

In the film with defects, the domain structure atbe defect-stabilized 109° domains is
somewhat unclear. On very close examination, a dega containing clear inclined
(likely 71°) and vertical (109°) domain walls cam tound, as in the thicker 400 nm thick
sample, but in general it is hard to distinguistiemr domain structure. One such area is
pictured in Fig. 3.6DThis may be a result of thexmmity of the defect layer to the
surface of the film. The defect layer falls betwd®0-150 nm towards the film surface
from the bottom interface, leaving very little detféree film on top of the defect-
stabilized layer. This may effectively suppressfthrenation of twinned domain structure
in the top layer of the film as the defect layedemeath is not entirely smooth and does
not leave room for a twinned domain structure tonfo In the case of the much thicker
400 nm films, there is a much larger quantity dedefree film on top of the defect layer
in which a domain structure may form, resultinghe ‘split’ domain structure that was

observed in the thicker sample.
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100 nm

Figure 3.6 Comparison to defect-free films (A)ss:@ectional PFM image of 200 nm BFO film from igkh
specimen. (B) TEM from the thin area of the saneespen shows the same 71° domain structure. (&R figdd TEM
image of a 200nm film with defects, showing a 186fain structure beneath the defect layer. (DWstecloser
view of another area of the film where domains\waséle in the top layer, and similar to those sieethe 400nm film.

3.4 Summary

In this chapter, it is demonstrated that defectg tan be added during film growth
directly stabilize otherwise unstable domain sutes, allowing the creation of charged
domain boundaries and control of domain patternBHO® thin films. A 2-D layer of
charged defects was introduced into a 500nm thie® BIm during thin film growth by
MBE resulting in a long-range alteration of the damorientation. These were detected
and examined using a combination of PFM, TEM, aoené& resolution STEM imaging
over the entire cross section of the samples. Tdfects themselves are shown to be
similar to those observed by Maclareh al[154, 155], in which a bismuth layer is
missing, resulting in a 2-D iron rich layer. Thelsfects are known to be charged [155].
This produces a change in domain structure thrahgtthickness of the film, with 71°
domains forming directly on top of 109° domaingisIstructure would ordinarily not be
stable due to the charged boundary between thed@i®the 71°, but is stabilized by the

charged defect. Mapping of the ferroelectric paktion, achieved using computer
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processing of the STEM image, clear changes irpttarization in the BFO underneath
the linear step-like defects. While there is mudrkain the literature that has shown that
charged domain walls and dislocations affect thmllgolarization, these effects fade
away rapidly within a few unit cells distance frahe defect. A defect that influences
domain structures extending over 100 nm away obskirv this work has not previously
been described. The linear defects here are agsteiéth precipitate particles, that have
been described in literature[158], and likely réstdm depletion of Bi in BFO in order
to make the Bi-rich layered precipitate. This stuwe is interesting from both a scientific
and a device-application standpoint. From a sdiergerspective, switching though such
layered structures has not been examined and #nermany questions concerning how
moving domain walls will interact with the defedteemselves, and the intersection of
109° and 71° domain walls. Also, it gives an eamll opportunity to examine the
unusual electronic properties of charged domairiswalich as metallic conductivity[5,
40, 49], which are otherwise rare as they tendetthermodynamically unstable. From a
device standpoint, the coexistence of two layerslifférent domain types would allow
multi-bit memory cells if they can be switched ipdadently. For domain-wall
nanoelectronic devices, it will be necessary toraépcibly control the formation of
stable domain walls, and applying defects as seea imay be a viable means to make

that possible.
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Chapter 4

The influence of film thickness on domain structure and switching in

BiFeO3

4.1 Background

The preferred domain orientation in a ferroelechids a strong influence on its useful
properties. In rhombohedral ferroelectrics sucBE®, there are three different domain
wall types, resulting in multiple different domastructures. The surface charge, domain
wall properties and energies, and multiferroic jertips all depend on the type of domain
ordering, as was discussed in chapter 2. Apart fatifizing charged defects to alter
domain structures explored in the previous chaptssther approach to affecting domain
wall formation by altering the charge balance in@B#thin films is to change the film
thickness. This is a result of the depolarizatieidf that forms internally due to the
charge displacement in the ferroelectric. A stiettomposed of 71° domain walls hasa
fixed out-of-plane component, resulting in a straugface charge, and consequently a
strong depolarization field. These structures apiaded in Fig. 1.3in chapter 1. They
have also been shown to have variable conductbafy[The 109° structure has an
alternating out-of-plane polarization component chhion a large scale, negates the
depolarizing field, and have been shown to havendiselectrical properties from other
types[40]. A 180° domain wall contains the polati@a vector, and therefore remain

charge neutral, but may still be electrically coctilte under the right circumstances[50].
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180° domains also represent the largest displaceimepiezoelectric applications. Each
domain wall variant, and therefore, each structuite form depending on competition
between internal fields, strain, and the depoléiorafield. Published phase field
calculations from literature indicate that, in terraf energy, 109° have the lowest,
followed by 71° and 180°[161], for thin films. Hower, the depolarization field, and
internal fields depend on the film thickness duestoeening and similar effects[162].
Strain may also change even without large numbedistocations if the film is thick
enough.

The effects of film thickness on BFO have been epgined both experimentally and
theoretically in literature. An energy-based ajgfo for modeling the change in
properties in BFO thin films examine the changethe c-axis lattice parameter, the
piezoelectric parameters4l polarization, and dielectric coefficient as a dtion of
thickness[163]. All of these are shown to changestically for very thin films, below
100 nm, but much less rapidly in thicker films. peximentally, the piezoelectric
parameters have been shown to decrease monotgnwil thickness[164], though
piezoelectric properties can still be measured wWiths down to 2nm in thickness[165].
In line with these results, sputtered films betweand 150 nm have been examined by
PFM methods[165], losing the regular striped strreetseen for thicker films, and
becoming a blocky mosaic for films <15nm thick. v&al studies have also examined
the effect of film thickness on the magnetic projgsrof BFO [162, 166, 167], with the
saturation magnetization of strained BFO on STOretsing with increasg film
thickness. While films up to 600nm were includednany studies, the focus was on the

dramatic effects in the thinnest films. Effectsrudreasing thickness on domain type and
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structure has not been addressed, but it is dhedirthough strain, depolarization fields,
etc.change at a lower rate, the trend continues intohnmhicker films. For greater film
thicknesses where strain and fields may be compeshsaffects on the domain structures
and switching processes have not been as well elo

A combination of experimental methods was usedxamene and unambiguously
determine the domain structures of the films, idoilg PFM, DF TEM imaging, atomic
resolution HAADF STEM imaging and mapping. Helee tiomain structure of BFO on
insulating substrates is shown to be controlledhayfilm thickness, with uniform 109°
striped domains in thinner films (50-100nm), andfanm 71° domains in thicker films
(200nm). A transitional structure of mixed 109° antl® domains was observed for
thicknesses of 130nm. This property likely arifesn the depolarization field, which
decreases as the film thickness increases, asdessdemonstrated through phase field
modeling. Furthermore, even with the addition dleak electrode that should allow free
carriers to compensate the depolarization fielérehis a persistent difference in the
switching mechanism, where both films switch easilthe out-of-plane direction, while
thicker films repeatably switch both in-plane and-of-plane. These results indicate that
the switching mechanism can be altered simply bgosimng an appropriate film

thickness.

4.2 Experimental Methods
BiFeO; films were grown on single crystal (130)f/bScQ surfaces by reactive-

molecular beam epitaxy (MBE) in an EPI 930 MBE cbhamequipped with a reflection
high-energy electron diffraction (RHEED) device. heT ‘o’ subscript indicates

orthorhombic indices. The Fe flux was approximaDx13* atoms/(crfrs) and the Bi
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flux was 1.1x18* atoms/(crrs). During the deposition, distilled ozone (~80%me)
was used to create a background oxidant pressur&'bfforr. The substrate was
maintained at a constant temperature of 610 °@rowth directly on a (118) TbhScQ
substrate. Cross-sectional samples were mechanigalished using diamond lapping
film (South Bay Technologies Inc.) and then ionledilin a Gatan precision ion polishing
system.

PFM analysis was carried out with an NT-MDT Spe&RiM, and a Bruker Dimension
Icon using platinum-coated silicon cantilevers. eTRFM images were captured near
resonance both with the tip axis oriented alondithenormal and along the film axis for
comparison. HRTEM was carried out on a JEOL 301MEE 300kV. Dark field images
were tilted slightly off the zone axis and aligriedhe two-beam condition (the diffracted
beam is along the optic axis). Atomic resolutionESTimages were captured using a
spherical aberration (Cs) corrected FEI Titan 80-8perated at 300 kV providing a
point-to-point resolution of 0.05 nm (at LBNL). G®rrected Z-contrast images were
acquired using a HAADF detector.

Image analysis for GPA was carried out using theMR®Rools plugin for Digital
Micrograph™ and polarization mapping was carrietlu®ing the Matlab scripts created

by C.T. Nelson, described previously.

4.3 Results and Discussion

Based only on the change in film thickness, th&@wrlomain structure goes through a
transformation between a 109°, a mixed 109° and &id a pure 71° domain structure.
In Fig 4.1, cross-sectional TEM images and PFM afuplane and in plane amplitude

images collected from films with nominal thicknessd# 60, 100, 130 and 200 nm are
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shown. For the ~60 nm film vertical 109° domainghwslightly varying widths are
evident, with a fairly high concentration of 1805ndain walls. These are visible in both
TEM and PFM images. In 100nm films, the domaindtrce is highly uniform, more so
than the thinner film, also of 109° domains, wittlyoa few extended 180° domain walls
appearing in PFM analysis of the film. In contrdst 200nm film thicknesses, PFM and
TEM show a complete change to in-plane polarizaoa inclined domain walls,
indicative of 71° domains. These are also unifomsize and extent through the film.
Polarization mapping of HAADF STEM images and getimogphase analysis data in
Fig. 4.2 supports the conclusion that the inclidechains are 71° as the projection of the
[100] direction in BFO shows no contrast, as isested for 71° domains, but not for
109° or 180°. Furthermore, geometric phase armlysiicates a strongly strained
boundary, also indicative of a 71° domain wall.

At an intermediate thickness of 130 nm, the filmteins both out-of-plane 109°
regions, and orthogonal 71° in-plane regions. Tdae be clearly seen in the PFM
images. The bright areas in the out of plane aogiitare areas of 71° domains. This is
confirmed by the in-plane image where the broagedrof the 71° domains show clear
contrast. The darker areas are 109° domains, whidhdicated by the width of the
stripes within each dark area, and the weak cdniraghe in-plane PFM image.
Examining the same film in TEM, the cross-sectibavgs both 109° domain walls, and a
long bisecting domain, which is consistent with1g &s this sample was cut parallel to

the 71° domains and orthogonally to the 109° domsaéen in the PFM images.
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PFM phase

Figure 4.1 The change in domain pattern with thésen (A) TEM of films at different thicknesses. €Tdross-sections
corroborate the top-down PFM images and allowsltimeain wall types to be clearly identified. Thelschars are
100 nmin length (B) PFM of films of 50, 100, 12®d 200 nm films. The domain structure change&edy as the

film thickness changes.
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Figure 4.2 Proof of 71° domains (A) BF STEM imax¢he 200 nm thick film. The domain wall is madkey the red
dotted line.(B) GPA analysis of strain in the xedtion where the bottom interface and domain aslclearly
strained. The bottom of the domain to the righthef domain wall also shows strain. (C) BF STENg®a showing
the, very faint, domain boundary (D) A STEM HAADRage from the indicated zone overlain by a poléioramap.
Polarization shows no change, which is consistanaf71° wall viewed from this zone axis.

As noted previously, the prevalent domain type mmst many of the important
properties. Several papers have featured the dO®fain structures seen in the thinner
films, and explored their properties [91, 93, 968170]. There are fewer examples of
71° structures and it is worthwhile to unambigugusdnfirm the existence of pure 71°
domain structures in the thicker films. Fig. 4.3wk BF and DF TEM images, and a
PFM image of the cross section of 200 nm film specis. The PFM image was taken
from a very thick (>1mm) specimen and compares wéth the TEM specimens.
Capturing images from both thick and thin regions samples by independent
measurements allows us to eliminate the possiliidy sample preparation and thinning

for TEM alters the measured structures. Close axafioin of the 71° domain walls show
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a slight curvature and higher contrast than wo@dexpected for a single unit-cell thick

domain wall. There is also evidence of alternasitrgins.

Figure 4.3 Cross section from 200 nm BFO film shayinclined 71° domains.(A), dark field TEM, (B)igint field
TEM, and (C) PFM of a thicker cross-section showttmaf the 71° domain structure is not affected By sample
processing

From Figure 4.3, it appears the domain walls aghty curved. This curvature may
arise due to strain at the 71° domain boundaryes&tboundaries are flexoelectric and
the polarization vector points into/out of the papeesulting in a strain that causes
buckling of the film at the base of every other @m as is clearly seen in the bright
field image in Figure 4.3B. This is corroborated bgometric phase analysis in
Figure4.2.,which also shows a strain at the basvefy other domain. The existence of
this curvature and the clear evidence of strairficas work in the literature indicating
that the flexoelectric strain in 71° domain wallancchange the character of the
boundaries in BFO films[49].

Domain structures and film thickness are relatedfaroelectrics by a simple
relationship between domain width (and thereforemaio wall concentration and total
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energy) and thickness known as the Kittel scaliay[28], by analogy to magnetic
materials. This approach compares the total enarthe film as it is distributed between
internal fields, strain, and the energy of domaiallsvto find the equilibrium domain
width. It is important to note, however, that thissumes that all of the domains are of
one type, as different domain walls have differemérgies. The plot in Fig. 4.4 shows
the film thickness against the square of the domadith, and the fit line for Kittel's law.
To get ensure a correct fit, the domain wall type ko be determined, and all domains
were confirmed to be 109° by combined TEM and PEMrider to generate this curve.
The thicker films used to generate this curve, aithickness <200nm, contained defects
as discussed in the previous chapter which staliliz09° domains. Otherwise, as seen in
this chapter, 71° domain structures appear in fibwsr 200nm in thickness. As can be
seen from Fig. 4.4, the average domain width ishmhigher for a 71° domain structure
than for a 109° structure. The difference in domaidth is reasonable, as 71° domain
walls are higher energy than 109° domain walls[16Ihis result underlines the
importance of determining the domain type befoterapting analysis of domain width,
and also gives a means of determining the domagpe fyom PFM measurements

performed on the top surface of a thin film.
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Figure 4.4 Plot of domain width squared againstkiéss. For samples with 109° domains, the fititteKs law is
good, while 71° domains are much broader. ‘Deftattibized’ refers to 109° domains stabilized irciar films by the
defects discussed in chapter 3

To find a mechanism to explain the domain transiés a function of thickness, it is
possible to use phase field simulations to exantivee effect of specific variables on
domain structures in ferroelectric material. A dooatch between simulation results and
reality lends credence to considerations of the haeism underlying the observed
phenomena. To this end, the domain pattern of BRS modeled using phase-field
simulations based on the time-dependent Landaub@rgs equation. In-plane
anisotropic strains of11 = -0.1%,&22 = -1.0% ancki1> = 0% were applied to the bottom
surface while the top surface was unconstrainedrder to simulate the effect of the
substrate interface. An initial domain structuoenposed of r1/r4 domains was assumed
by initially seeding the simulation with only r1 &amd polarization variants (see Fig. 1.2
for description of polarization variants). The dam free energy of two BFO films with
109° and 71° at fixed domain widths, is shown igufe 4.5 as a function of
thickness[171]. For lower film thicknesses, andréf@re stronger depolarization fields,

109° domain structures are more stable. For finckhesses greater than 200nm,
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71°domains should be more common. In betweene tisea region indicating a domain
pattern containing a mixture of 109° and 71° domainThis agrees well with

experimental observations reported here.
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Figure 4.5 Results from phase-field simulationse @bmain structure was observed at various depetan fields.
The depolarization field vs film thickness is shomnthe black line. The domain structure obsemteehch
measurement point is indicated. Two example larafergy curves of BFO thin films with 109° (red) afif (blue)
domain structures with a fixed domain width illagé the crossover between 71° and109° twin strestdihese results
are in good accord with experimental results

The depolarization field is sensitive to comperwaif charge at the interfaces of a
thin film. Mechanisms that alter the depolarizatield strength include adsorbed ions
on the free surface, pinned or mobile charges withe film, and the interface between
the film and substrate. Since all of these mayeddpn the details of thin film growth,
the depolarization field strength and thus theditéon thickness is likely to be sensitive

to the processing method and conditions. The simhylar study reporting a direct effect
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on domain structures in BFO thin films of similarakness is in the PhD dissertation of
C.T. Nelson[71], in which it is shown that for fiftproduced by a completely different
route, RF sputtering, a there is a distinct diffiees in domain structure for thicknesses
between 90 nm and 200 nm was noted. This agredswitbl the current result using
films grown by MBE, and indicates that the thicka@snsition, while it may be affected
by film growth parameters, it is a material phenaore as it persists despite the use of
different methods of film growth. There are two etheferences in the literature dealing
with RF sputtered BFO films by Folkman et al., ihigh in one instance an ~180 nm
thick BFO film shows 109°[172] domains and an ~1@@ thick BFO film shows
71°s[173] in cross sectional TEM. This apparentti@atiction may actually fit well with
the story presented here, as both of these thiskseme near to the ‘mixed-phase’ region
as shown in the phase field simulations. As onlgiragle TEM image at a single
thickness is presented, it is impossible to sahig just happens to be a sample from a
mixed-domain specimen where one domain type hajpenee sampled. T

While the effect of film thickness on static domainuctures is significant, switching
the polarization of the film is necessary for mgeitential applications of BFO.
Switching effects can be explored in PFM with tldidon of an epitaxial LSMO bottom
electrode. As there is a considerable differencepontaneous domain structures, it is
possible a change in switching behavior may alsoptesent. The addition of an
electrode will have the effect of partially compatiisg the charge on the bottom
interface of the film, so in the ideal case, if tfmmain structures as seen are dependant

only on the depolarization field, then there maylitke difference in the switching
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behavior. However, if the electrodes do not fubmpensate the charge at the interface,
an effect based on the film thickness might be etque

The addition of a bottom electrode adds a largebmimf complications when trying
to disentangle the effect of film thickness for tb#ects of electrode thickness, the
change in the built-in field due to the substraiteriface, and changes in the as-grown
domain structure driven by the presence of thetrelde.

There has been some previous work discussing fieeteff electrodes on domain
structures in BFO. In previous work on switchinghdmics by Nelson et al[91], BFO
grown on 20 nm LSMO electrodes on TSO substrates e&sentially monodomain, with
no preexisting pattern of domains, suggesting that depolarization field is fully
compensated. In the BFO/10 nm LSMO/TSO films ukete, a preexisting domain
structure does exist, as can be seen in Figs. Adb 4a7. This suggests that the
depolarization field is not fully compensated, andifference in switching behavior is
anticipated.

Another electrode effect is based on the thicknesdhe electrode. In a study
examining BFO thin films grown on DSO substratésyas shown that the thickness of
SRO electrode layers directly affects the domaitiep@ though the question of how
domain switching occurs was not addressed.[17#)éir work, for electrodes more than
20 nm in thickness 109° domains were stable. FomtOSRO electrodes, a mixed
domain structure was stable.

The mixed structure described by G#tual. is similar to the structure seen here in BFO
films grown on 10 nm LSMO electrodes. Here as vibkre is a native domain structure

composed of both 109° and 71° domain regionsnidilof both 100 nm and 200 nm in
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thickness. However, as discussed above, the egestgina preexisting domain structure
indicates that the internal and depolarizatiordBedre not fully compensated.

PFM images before and after switching were alstectdd for both the 100nm film
and the 200nm film. Fig. 4.6 shows the resultsiier 100nm film and indicates that both
in-plane and out of plane components switch simelasly, but only in line with the
preexisting domain structure in the film. In thedD2@m films, Fig. 4.7, we first switched
the film scanning in one direction, switched the-ofiplane component back, then
switched again scanning in a different directiofhe result is a change to both the out-
of-plane and in-plane domain characteristics, sintib that seen in the 100nm films, but
with a much greater effect in plane with the fonoatof new 71° domain walls.
Furthermore, there are several studies in liteeathat show simultaneous in-plane and
out-of-plane switching in PFM. Switching of 600 rBRO/LSMO/TSO films by Zhaet
al. showed 109° switching with an out-of-plane compudnand in-plane switching with
a 71° component[37], consistent with the 200 nm fd&xamined here. Similarly, Balke
et al, showed than in-plane switching could be conttbtlepending on the tip scanning
direction[175], though the thickness of the filmsnaot mentioned. For thinner films, out
of plane switching has been examined extensivaly litile appears to be available for
in-plane. In light of the results presented in tbigpter, this suggests that, when the
depolarization field is incompletely compensatéa, $ame effect seen in the BFO films
on insulating substrates presented previously ff@etan-plane switching, with thicker

films switching easily in-plane while thinner filnt® not.
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Figure 4.6 PFM switching of 100 nm films. In-plaREM images of the 100 nm film show a distinctide ih-plane
striped domain structure prior to switching. Switg with the tip scanned along the direction bé white arrow
produces a change in the in-plane and the outafeatomponents.

In-plane PFM amplitude, 200 nm thickness

o S
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Figure 4.7 PFM switching of 200nm films. Arrowslioate the direction of the scan during poling.

Further evidence that the depolarization fieldtisrgyer in thinner films and affects the
switching behavior is provided by PFM switchingwes. Curves for 100 nm and 200 nm
thick BFO films are given in Fig. 4.6. The largadiscrepancy is in the 200 nm
displacement curve, which shows a double peak.s Tbuld be gives evidence of two
separate switching events, possibly indicating doeurrence of both out-of-plane
switching, and in-plane switching, and this effecimuch stronger in the 200nm films
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than in the 100nm films. There are two additiomaétesting features. While both 100
nm and 200 nm films show a coercive voltage offsetween the switched and
unswitched areas, the voltage offset disappeathanl00 nm films, consistent with a
built-in field effect, but is still present in tH200 nm films, and offset to the opposite

voltage, which is evidence of a more complicatedctwng path.
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Figure 4.8 PFM switching curves for 100 nm BFOihd LSMO on TSO and 200 nm BFO/10 nm LSMO on TSO
samples. The locations where the curves were talemarked on the images.
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4.4 Summary

TEM and PFM imaging was carried out on BFO filnfsddferent thicknesses,
and indicates that the static domain structureoigtrolled by the film thickness, with a
109° structure below 100 nm, a transitional mixgdciure of ~50% 71°/109° by area at
130nm, and a purely 71° structure above 200nm.s Timtches well with predictions
made by phase field modeling. Therefore, the dongpe can be selected simply by
changing film thickness. The origin of this changenost likely the depolarization field
associated with the various domain types, whichinkbr with increasing film
thickness[165]. Additionally, with the addition @f back electrode, a change in the
switching behavior persists with 200 nm thick filsisowing easy switching in the in-
plane direction and evidence of a more complex istaft switching process while the
100nm films do not. For multiferroic devices, irapk vs. out-of-plane switching is
important due to how the magnetic switching couptesa switchable magnetic
layer[166]. As has been stated previously, domaaii type and domain orientation also
effects photoelectric properties in BFO[45], opgnmpportunities to engineer electro-

optic devices.
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Chapter 5
The influence of epitaxial strain on ferroelectric domains in BFO
thin films
5.1 Background

One means of controlling the properties of thimélis by utilizing epitaxial strain with
the substrates on which they are grown. In sendiectors, the application of epitaxial
strain has been used commercially to tune therel@ctproperties of the materials. It is
expected that similar phenomena would be applicabtxide thin film materials[1, 44].
In addition to electronic effects, for ferroelectnmaterials, strain is coupled to the
ferroelectric properties via piezoelectricity argige strains provided by epitaxy would
be expected to change electrical boundary conditéod therefore change internal fields,
and domain structures as discussed in chapter Herefore, misfit strains could be a
powerful tool for domain engineering in ferroeléctiFeCs.

Recently, there has been considerable developmeheiproduction of single-crystal
rare-earth perovskites, particularly orthoscandadesl similar, suitable as oxide
substrates for the growth of perovskite thin fili&, 177]. Because of the similar
chemistries of the rare-earth compounds, it hasrecpossible to cover a considerable
range of mismatch strains by utilizing the diffdreizes of the rare-earth ions which
readily form pseudocubic perovskite-type compound# this way, many novel

substrates for strain engineering of ferroeledtrn films have become available.
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As has been pointed out in previous chapters, réiffe domain types have very
different properties, and domain engineering isr@mising route to novel electronic
devices. Controlling the prevalence of 109°, 7id 180° domain walls allows their
differing functionalities to be exploited. In addit, for very high compressive misfit
strains in BFO grown on LSAT or YAO substrates, BR& been shown to transform
from a rhombohedral to a pseudo-tetragonal stractwith a large increase in the
magnitude of the spontaneous polarization[178, .1T8E increase in polarization to
values similar to PZT associated with the phasexghanakes this phase important for
lead-free piezoelectrics, as well as substantiilgcting the electronic properties[179],
opening yet another route for device engineering.

In this chapter, the effects of the mismatch strionthe domain structure and
ferroelectric properties are examined through TEB®M, and Raman techniques. The
strain, film thickness, and resulting domain stuues were analyzed to determine effects
on the domain ordering and from this extract tretmischanges in the ferroelectric
properties. Thin films were grown on a series dfedent substrates with epitaxial
mismatches from -6.2% on YtAKJo 1.4% on PrSc® Here negative numbers refer to

compressive strains while positive refer to tensitains.

5.2 Experimental Methods
BiFeO; films were grown on a set of single crystal pekitessubstrates in order to

generate differing mismatch strains. Films werewgroby reactive-molecular beam
epitaxy (MBE) as described in chapter 1. For TEvhgl® preparation, cross-sectional
samples were mechanically polished using diamonppitg film (South Bay

Technologies Inc.) and then ion milled in a Gategtysion ion polishing system.
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PFM analysis was carried out with an NT-MDT Spe&RiM, and a Bruker Dimension
Icon using platinum-coated silicon cantilevers, HT-MDT conductive diamond
cantilevers. The PFM images were captured neamnagge both with the tip axis
oriented along the film normal and along the filxisafor comparison, except where
specifically noted. TEM analysis was primarily ¢adr out on a JEOL 3011 TEM at
300kV. Dark field images were tilted slightly dffe zone axis and aligned in the two-
beam condition (the diffracted beam is along th&coaxis). Atomic resolution STEM
images were captured using a spherical aberratt®s) €orrected FEI Titan 80-300
operated at 300 kV providing a point-to-point resioin of 0.05 nm (at LBNL). CS
corrected Z-contrast images were acquired usingADF detector.

Raman spectroscopy was conducted using a combiceathisg micro-Raman and
scanning probe microscope (SPM) using a 532 nmedmuped solid-state laser with
confocal diffraction-limited optics (NT-MDT Inc.Both the excitation and collection of
the signal were normal to the sample though the=salnjective lens. The polarization of
the input light was controlled using a half-waveatp| and the depolarized light was

collected using a linear polarizer at 90° to thgutnpolarization.

5.3 Results and Discussion

For this work we examined BFO films on substrapnsing a wide range of epitaxial
mismatches. Top-down PFM and cross-sectional TERges were collected from each
film. For sufficiently compressively strained figmover 4.4%[178], it is known that the
normally rhombohedral BFO can even be convertedl éntnetastable tetragonal phase
which was confirmed here on YAO substrates at -6Bnmatch. For lower strains, the

BFO remains rhombohedral, but there is a strongcefbn the domain width and
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distributions of widths of domains in these filnmrsdicating that a portion of the strain is
relaxed through the formation of domain walls.

Fig. 5.1 shows image data for a range of films wiité exception of those under the
most compressive strain. The scale for all oféhesages is the same, and a few trends
are immediately evident. Firstly, the films wetkgarown under identical conditions, but
the film thicknesses vary, decreasing with incnegsnismatch. Secondly, the domain
structures appear similar in the majority of tHen§, being composed of regular 109°
striped domains. Finally, It is clear that there apnsiderable differences between the
domain structures as a function of strain. The domeédths change with mismatch
strain. The domain width is a parameter that deépeatfirectly on ferroelectricity, and
provides a mechanism to compare the different film®ne another by comparing the
domain width. The results are summarized in Table

Table 1.Summary of measurements for BFO grown fierdint substrates.

Abbr. YAO NGO STO DSO TSO GSO SSO NSO PSO
YAIO; NdGaO; | SrTiO; | DyScO; | ThScO; | GaScO; | SmScO;z; | NdScO; | PdScO;

Film 10 24 33 63 54 29 26 16 15
thickness

(nm)

Lattice -6.2% -2.6% -1.52 -0.48% | -0.13% | 0.13% | 0.66% 1.24% | 1.41%
mismatch

(BFO)

Avg. Mono- | 80 75 40 41 21 38* 25 15
Domain domain

width

(nm)

Avg. Mono- | 30 13 20 21 18 25* 10 3
domain .

L domain

deviation

(nm)

Coeff. Of | Mono- | 0.36 0.30 0.61 0.72 0.76 0.63 0.58 0.31
variance .

domain

*SSO is a special case due to an unusual domaictste
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Figure 5.1 PFM and TEM of BFO on various subsgaigth the exception of YAlQand NdGa@as these show no
obvious domains in PFM or TEM DF images. The stzataarked for all of the images and a clear diffiersin
domains can be seen over the range of misfit stf&iom top to bottom: BFO on SrTjGubstrates show weak
contrast in both TEM and PFM, possibly due to wiemkoelectric response, BFO on DyScghows very wide
domains, BFO on ThScas the lowest mismatch strain and is used fot ofdee specimens in this thesis, BFO on
GdScQ has slight tensile misfit, BFO on SmSgghows very wide domains in PFM, but much narrawd&EM and

is analyzed in more detail later, BFO on Ndg$sBows a very complex domain structure in TEM aey weak
contrast in PFM, BFO on PrSg@t high tensile strain are very thin but show gleary narrow domains in both TEM
and PFM.
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A few of the films are not pictured in the figuréhe highly compressively strained
samples on YAO substrates were very thin, and weidently in the tetragonal phase.
NGO samples cut along the same direction as thieofethe films gave no domain
contrast, and PFM gave peculiar results which lpélexamined in more detail later.

In regards to film thickness presented previousty, the range presented here
relatively regular 109° striped domain structuresuld be expected for the majority of
these films at low strains. For films less tham®@0in thickness, it is possible there is
some convolution with film thickness effects, bgtthese are only for the most highly
strained samples and mismatch is explicitly takeno account in the models describing
the behavior of ultra-thin films, the strain effesexpected to be dominant.

As domain width also depends on the film thicknegittel's law[180], in order to
compare domain widths between samples grown orerdiit substrates, it is first
necessary to ensure that the variation in widthsda# simply follow the film thickness.
Figure 5.2 compares 109° domains from several thiitknesses and allows the expected
domain width to be calculated. It should be noteat for the thickest films in this series,
the 109° domains were stabilized by defects, atagga in Chapter 3. Despite this, they
clearly fit the trend. With this information, & possible to calculate the expected domain
width for films of any thickness, without strainndh use these results to isolate the
changes that occur with misfit strain.

To generate Fig. 5.3, domain widths were measuged many PFM and TEM images,
and the mean value of domain width and the coefiicof variance for all of the domain
widths were calculated for BFO films grown on easibstrate. The coefficient of

variance is the standard deviation divided by tleamvalue, and provides a better metric
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for comparing data sets where the means are coabiddifferent from each other than
the standard deviation. The Kittel thickness relaghip was used to ensure any trend was

not a result of the difference in thin film thiclsseshown in Fig. 5.1.
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Figure 5.2 Fit line and equation for Kittel's laalaulation of the domain width vs thickness. Talsws the Kittel
scaling law effects to be separated from the sitigcts in the next figure, as the expected domadtth for a given
thickness can be calculated from the trend line.

From Fig. 5.3, it is possible to extract some teendf BFO grown on NGO and SSO
are excluded, there is a clear trend of decreadamgain width from compressive misfit
strain, through zero, and continuing as misfitistkeecomes tensile.  This trend persists
even when the Kittel thickness effect is taken iatoount. Functionally, this means that
the density of domain walls increases as the nsgfdin becomes tensile; a property that
could be of use to tune the materials propertiesdmgrolling domain wall density. There
are two points to be made from this. For compwesstrains, domain walls are
suppressed, and for tensile the number of domalls wereases, compensating some of
the strain energy. Interestingly, this trend mikr to those described in the work of
Daumont et al,[181] where the piezoelectric coefficient declinesnsiderably and

polarization declines slightly as misfit strain gde the tensile side.

72



Domain widths o Variation in width

i ¢ o 5 o
_ 60 : 2 8 ; £ by 8(,)
§ ; ol | 2 S C oBle 9@ 9
S 8 O i :; 0.6- o = [u] Z
5 % : e o o
'g 40 o ) . B IS S
o : H 2 2
% [OH 8 : 8 >
1S S ’ Sz o ks 0.4 - -
o H H L i o
SIPN L % %n‘”_ E £ %
i o o m]
————— —— -10 0.2 » , -
3 2 A1 0 1 2 -2 -1 0 1 .
lattice mismatch (%) lattice mismatch (%)
Domain width - expected width for Kittel's law
€ 40
s i
=
3 30- o
2 o %)
5 1 ¢ o)
§21 @ 2 3
3 o 3
3 =}
g 107 g o)
§ |=] 8 (i)
2 01 & oo i :
g o o 200 i §1i4e¥
e =] : — fasd 4id
£.10 T T T T T T T T
3 2 ¥ 0 1 > BFO on DSO substrate BFO on PSO substrate

lattice mismatch (%)

Figure 5.3 Statistics for domain widths in BFO unsteain due to epitaxy with different substratés) The mean
domain width for films grown on each substratehvatror bars. (B) The mean domain width with thpested domain
width from the Kittel rule subtracted showing th#etences are due to strain, not thickness. Afsarh films on

NGO and SSO substrates, marked in red, thereleaatcend of decreasing domain width for increg¢ensile misfit
strains. (C) shows the coefficient of variance (mistandard deviation) for each film with a maximdeviation from
the mean at the lowest misfit strain. (D) PFM iemfrom a compressively strained and tensile sgpétimens
illustrating the difference in domain widths.

The second trend is in the distribution of domaidtiwv as a function of strain. The
variance of domain size is at a maximum at low nsishnd decreases as misfit strain
increases, for both tensile and compressive midfitae strained films, then, have more
uniform and regular domain structures than unstciifilms. This implies that there
should be fewer different domain types for morehhjigstrained films, as they have
different widths; a topic that has been demongtratesarlier chapters.

Finally, there are two standout anomalies fromttbed in width, marked in Fig. 5.3B.

On the compressive side, BFO/NGO has a much lovidgthwhan expected, and on the
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tensile side BFO/SSO has much wider domains. Thege have unusual domain
structures and require closer examination.

For BFO/SSO, there is a large mismatch betweerP#d data and the TEM data.
The PFM data shows large domains with a very strong of plane difference in
response, while the TEM shows much narrower 109hades, pictured in Fig. 5.4.
Close examination shows that the domain structsir@ composite 180°/109° structure.
High resolution imaging demonstrates that there fave defects in the film, and the
domain walls are very clear. The very high conain of 180° walls is unusual for
BFO and may be of interest due to high conducésititnd strong magnetization, giving

rise to exchange bias that could be useful for retgplectric devices[182], To date, a

bimodal distribution of this type has not previguiseen described.

Figure 5.4 Tensile strained BFO on SSO, which shawsry strong mix of fine 109° domains in 180° @éims with a
large piezoresponse. (A) PFM out of plane amplitaidé phase images showing broad stripes ~100 mvidth (B)
DF TEM showing nanodomains ~30 nm wide and a schiemgthe polarization (C) HRTEM phase contrastage
showing a 180° domain wall. The 180° domain wsitlew no particular difference from those that oaeitih much
less frequency in other films. Their concentraiiothe sample, however, is very high.
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On the opposite side of the strain curve, in themmpessive regime, BFO on NGO
shows two very interesting properties. Images aralyais for this film is shown in Fig.
5.5. The first property of interest is the overdtimain structure, which is composed
primarily of 71° domains, a structure not seen iostother films at this thickness. In
literature, there is some suggestion that 71° dosnahould be stable at small
compressive strains, of ~0.06%[183]. However, his twork, BFO/NGO is the first
specimen showing a 71° in plane domain structure, misfit of -2.6%. It should be
noted, however, that while TEM shows few defectsnusfit dislocations that could
release the strain, the actual strain was not medsand could be somewhat lower than
the calculated misfit value.

In addition to the in-plane domain pattern, theeaso scattered domains with a very
strong out-of-plane component. The strong upwanthans should not be 109°, as that
would result in highly charged domain walls. Theyear circular and are scattered
randomly about the film. Atomic scale mapping shatvat the majority of the film
remains tetragonal, and we did not capture onehetd regions in TEM. Since
BFO/NGO has a relatively high compressive strains ipossible that these domains
correspond to the tetragonal phase in BFO, whichrbaeived a lot of interest for its

very high remnant polarization and other properties
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Figure 5.5 Compressively strained BFO /NGO, whem@xaof 71° and possibly tetragonal out-of-plan@eodomains
exist. The existence of the 71° structure atfiisthickness is unusual, and suggests a stroegfratal effect occurs
at the interface. (A) and (B) show out of plane himge and phase images, respectively. (C) anca(B}he
corresponding in plane images showing strong 7iaio contrast. (E) and (F) Polarization mappirdjdates the
majority of the film is still rhombohedral. The warrows show the direction of the polarizati@®) and (H) show
out of plane amplitude and phase of the bright dan@ins. From the amplitude contrast, the ampditofd
displacement is high and the direction, via thesphimage, is completely out of plane suggestingegtmanodomains
might be pockets of tetragonal-phase BFO.

5.4 Summary
High quality BFO thin films were grown on a variedf perovskite substrates to

examine the effect of misfit strain on ferroelectproperties. The domain structure was
examined with PFM and cross-sectional TEM techrsquén order to better compare
domain structures in these specimens, average domidih was chosen as a metric and
measured for all of the relevant samples. We dis@nl several trends and identified
some film/substrate configurations with unusual donstructures that make interesting
candidates for further property testing. In gehttends, above -1.52% strain, all of the

films showed striped 109° domain structures in TEMhe average domain width,
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starting with compressive misfit of -1.52%, decezhsteadily through the highest tensile
strain. Therefore greater tensile strains resutieal higher density of domain walls and
we can conclude that some of the strain energglisved by forming additional domain
walls as we move towards higher tensile strainddi#onally, the coefficient of variance
of the domain width (standard deviation/mean donvatith) is at a maximum for the
lowest strains and decreases for both compressidetensile misfit strains. This
indicates that strained films have more uniform donsize than less strained films, even
though there is a higher density of domain walls.

There are a couple of outliers to these trendse filim grown on an SmScBubstrate
was an exception to this rule and instead showamhgpletely different domain structure
with a 109° pattern embedded in a much larger X&jree domain structure, while
samples grown on NGO show an in-plane 71° domaterpacoupled with small areas of
very strong out-of-plane polarization that may espond to pockets of T-BFO. From
these results, we can conclude that strained fion® more ordered domain structures
which may be of use in domain engineering. Moterastingly, there are two outliers.
Compressively strained NGO may contain localizegph@ise BFO, allowing R-T
switching with the inclusion of a back electroddeanwhile, samples grown on tensile-
misfit SSO substrates show a very large conceatraif 180° domains and are a good

candidate for exploiting the properties of 180°tshing in BFO.
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Chapter 6

TEM in-situ holders combining STM, optical excitation, and

spectroscopy

6.1 Background

Here we demonstrate a custom-binlsitu stage allowing a combination of electrical
probing and optical excitation and spectroscopy an double-tilt system that
accommodates conventionally polished specimens. Tesign parameters and
performance of the system is demonstrated. Theb@mtion of probe and optical input
will enable such experiments as direct measuremérthe effect of defects in PV
structures on photovoltage, in conventional matesach as GaAs, and in ferroelectrics
like BiFeOs;, which has shown promise as a high voltage PV mad{€5]. It may also
find applicationin-situ examination of photocatalysis, and other lightterainteractions.

Since the invention of electron microscopy, thewes tbeen interest in not only
observing static structures, but also observingsjisyin action. In the transmission
electron microscope, phenomenon on the scale dft@mgs can be examined and over
many years, many different experimental apparafve fheen designed to allow external
stimulus such as temperature, electrical bias,ra@chanical force to be applied. These
allow the response of materials to such stimubeambserved, often in real time. Despite

a great deal of effort including work with heatingpoling mechanical deformation,
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environmental stages such as gas and liquid atreosphand magnetic contrast via
Lorenz microscopy undertaken since the 1970’s[ifRich remains to be done.

The majority ofin-situ specimen holders are built to a singular purptsaigh more
recently, there is a considerable push to incotpoaa many different measurements as
possible into a single holder, as has been noteat laast one review[184]. There are
stages allowing mechanical testing, particularfjeimtation[185-190], electrical bias[152,
191-193], application of magnetic fields, gaseotraosphere and heating[194, 195],
liquid cells[196, 197]jn-situ battery testing[197-200], and correlated TEM aptioal
microscopies [201, 202]. It should also be notet most availablén-situ holders are
single-tilt, with a few exceptions[203]. This litai their application generally to
nanostructured materials and makes observationthionfilms and polycrystals much
more difficult.

It is possible to divide the current holder teclogots into a few categories. The first
and most common of these are the dedicated-useerspldvhich includes many
commercial products for heating, cooling, and valéctrical feed-throughs. These have
been available for many years. In particular,dleetrical feed-throughs have limitations
on their application in that they require specialbystructed specimens for measurement.
Another option for biasing is the use of a probgetyolder. There are a few examples,
including commercial options from Hysitron[188] atiet now defunct Nanofactory AB,
which has been used in several studies[157, 198-204)], that use the concept of a
moveable STM-type probe that allows bias to beiadpgb specific features in regularly
prepared samples. Such holders, theoretically ast,leare also capable of performing

scanning probe imaginm-situ. However, in practice they have limitations orith
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electronic performance, and they do not includacapor other feedthroughs for more
complex experiments. Finally, a popular modernrepgh is to use chip-based MEMS
devices. In this case, a semiconductor fabricatr@thods are employed to create an
"experiment on a chip”, which can then be loadedT&M specimen rods. Many
different MEMS designs have been employed in liteea [8, 12, 195, 205-207], and
several commercial products are available that thke approach, from ProtoChips,
Hummingbird Scientific, and others. This approaels both advantages and limitations.
The biggest advantage is that the potential exgarisnare limited only by the available
feedthroughs in the specimen rod to support thécdeunder test. However, such
systems are limited by the availability and costpobducing the chips, which are
consumed with each experiment. Additionally, ivesy difficult to mount thin film or
monolithic specimens using this approach and regquitdvanced specimen preparation
techniques. Finally, while the MEMS approach greaimplifies the construction of a
specimen holder, it is not as flexible or able tombine as many experimental
functionalities such as bias, light, and a moveghbtgbe. Instead, for each application,
specialized chips must be developed. In a probddehoall of these elements can be
combined and used on conventionally prepared sanmgf®r these reasons, our current
design uses a probe approach rather than a MEM®agip

The primary engineering problem, noted by many @s{i9, 187], is the very small
space available in the pole piece gap of the mios. The entire experiment must sit
within at most, a few millimeters in the gap betwelee pole-pieces in the TEM, and the
entire specimen rod is only 10mm or less in diamefehis highly constrains design as

space must also be made for electrical wiringstdige pushrods, and other components.
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In addition to the small space, problems with clhmydrom the electron beam must be
taken into account to minimize electrical signalke{204].

Under electron beam illumination, several differsiginals are emitted which could be
captured in amn-situ experiment. A schematic of the signals emitteshé¢tuded in Fig.
6.1A. Electron beam induced current (EBIC) cariig®rmation about conductivity
local to where the beam is focused, while the athoninescence (CL) signal contains
information about doping, interfaces, plasmon eioiss and chemistry. In addition to
capturing the light and electrical current genatdig the electron beam, the second part
is to applying additional stimulus such as a bialéage to examine electronic properties,
or an optical signal to excite photovoltage or Ramaattering. All of this information
will be correlated to the TEM image.

In this work, we describe a probe-type biasing diedilt TEM holder that combines a
mechanical three axis approach, piezo scanningyalaihd optical excitation in a single
specimen rod. A schematic of the approach is sheign6.1B. To our knowledge, this
is a uniquely multifunctional system, combining Otmitilt capabilities with an SPM
scanning probe, biasing, and optical input/outpie demonstrate the high current
resolution and spatial resolutiom-situ. We further demonstrate the optical capabilities
through direct measurement of the photovoltaic erigs of nanoscale structures

including ferroelectric domains in thin film crossetions.
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Figure 6.1. Signals produced in TEM and design mehe(A), the measureable signals produced by thetreh

beam,(B), the probe and signals applied to theisgec The electron beam projects an image whiepttobe tip is
able to select features of a few nanometers in wlsinas to apply bias. The fiber optic cable allomiense light to be
project on the sample and the photovoltage to tesared with high spatial resolution by the probe.

One potential application for the unique combinataf a scanning bias probe and
optical input is in photovoltaic materials. Thistigp gives a unique opportunity to
examine nanoscale details of the interaction oéctsfon photovoltage. In particular, the
precise effects of crystalline defects can be nreaswuirectly, which will be of
considerable value in solar cell structures[20&]dikionally, there is much interest in the
intermediate band solar cell structures which ipocate nanoscale components such as
guantum dots[209]. Finally, another interestinglegagion lies in ferroelectric materials
which produces high cell voltages, but low effidms[210]. There are also additional
open questions in ferroelectric materials concerrhre effects of domain polarization
and domain walls on PV properties in BiRZ11]. Directin-situ TEM investigation of

these properties has not previously been available.

6.2 Results and Discussion

In a preliminary attempt to extend the functioryabt an existing holder to add optical

excitation, two LED’s were added to an existingh@dolder made by Nanofactory AB
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(NF). This modification is pictured in Fig. 2. Thggovided ~24 mcd of blue light for
preliminary experiments. The results of which weneouraging, but there were several
important limitations. First, the current resodutiwvas at best ~1nA. This is a relatively
low sensitivity for electrical experiments for spaens on this scale. Secondly, the low
intensity of the illumination and the inability thhoose the excitation wavelength limited
the potential photocurrent signal. Thirdly, the rament system on the NFholder is very
delicate, and can be unpredictable. A more robo&itisn for coarse movement is
desirable.

There are benefits to using an optical fiber ovetBD light source. The use of a fiber
as a light pipe removes any limitations on the Wawgth and intensity of the light
source, while the diodes are fixed output. Thisnportant when measuring optical
responses of different materials as the light sowan be chosen to match the specific
absorption of the material. This also removes thatdtion on input power, within
reason, as very intense sources such as laseifsecased. This naturally increases the
response that can be measured. Another consmeristifocus of the light onto the
sample. The emission of the diodes cannot be &tosato the sample and much of the
light intensity is lost in this way. Finally, tHeEDs emit a small amount of heat as well
as light, which can strongly influence electricabasurements or introduce mechanical
instability due to thermal expansion of the rod tising a fiber, the only heating is due
to the optical illumination, which cannot be avaidenyway.

Using an optical fiber light pipe, it is also pddsito collect and analyze visible light
emitted by a sample. However, the optical requéets for light collection are much

more stringent than for optical excitation and ¢hisr not enough room to accommodate
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both a fiber close enough to the sample to cobletasonable amount of light, and the
STM electrical probe. In order to be able to acgoiptical signals emitted-situin TEM

such as CL, or with additional light input, Ramarolder optimized for light input and

output was designed.

Single-tilt nanofactory holder
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Figure 6.2 Modifications to the NanoFactory holded preliminary data. The sample was a PIN Gafer sell and
shows a very weak, but notable, response. (A) shbesip of the NF single tilt holder with the bldedes installed.
(B) shows a schematic labeling the components ®NR holder. The I/V plots showing the light ontligoff curves
for a GaAs solar cell show an indication of phottage.

The design goal for these holders was to enablgrielal probing, optical excitation,
and in the second holder, detailed optical measemésnto be carried oun-situ in the
TEM on samples prepared using standard technigéeklitionally, since many of the
materials of interest are in the form of crossiseetl single-crystal thin films, the

holders must be double-tilt to allow accurate atgnt of the zone axis for imaging.
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While, in the literature, there are a number ofergcattempts to combine TEM and

optical measurements, none match the capabilpiesifeed for these designs.

6.2.1 STM/optical holder design
The mechanism for the specimen rod incorporateetheparate systems, a mechanical

coarse motion approach system, a piezo scannénémotion and STM scanning, and

an optical input compatible with these systemse rechanical system will be discussed
first. This system utilizes a spring and pushrograpch, allowing three axes of motion.
A schematic of the x-y system is shown in Fig. \&ivement along the axis of the

holder (z) is handled by moving this entire appssaas described in Fig 6.4.

The pushrods pass through a compression vacuumjusgabehind the fine-motion
piezo scan tube, and through to the rear of thewmoele they are actuated by preloaded
micrometers. For the z-motion the entire centsaleably is spring-loaded and actuated
by another micrometer at the back of the holders BHows three axes of motion, with a
maximum mechanical resolution of ~100 nm for a @fntof the 80 thread/inch
micrometer. The use of a mechanical system sutiisasarries some advantages over an
inertial-drive system as seen in Bobji al[185] and in the NanoFactory AB systems.
The strong mechanical connection eliminates tkterjiapplied to the tip from the pulse
motion of the piezo. It also avoids limitation dretamount of force which can be applied
by inertial-drive piezo motors which cannot applydge forces as this undermines the
inertial slide mechanism. With respect to the Nantdry holders, it avoids the
variability of the coupling between the mechanitaltions caused by the freedom of the
'hat' (see Fig. 6.2B) to slide and rotate in amgdation. Finally, the use of a mechanical

system allows the motion to be automated with steppotors, for which control
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solutions are inexpensive and easily available. €i§ shows the completed rod, and a

close up image and schematic of the rod tip showhedayout of the components while

Fig. 6.4 shows the construction of the actuatoth@back of the holder.

Figure 6.3. Complete rod and assembled fork. (Awshthe complete assembly. The black knob at tlok b&the

holder actuates the z-motion. (B) and (C) show raage and schematic of the tip assembly.All of theving

components are sealed into the tip component, wthieh seals against the interior of the rod bdree tip is mounted
on the copper cap in panel (B).
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Figure 6.4 Schematic of the actuator componenti®mechanical motion. The spring-loaded micrenseare all
contained at the rear of the rd, where they anaptal to the wire pushrods at the end of their guidehe entire
actuator body moves within the rear cover for moadong the rod axis

As electron beams operated in vacuum, the pushaydghe mechanical drive must
pass through an effective sliding vacuum seal. Vdmium seal for the x and vy tilting
motion is shown in detail in Fig. 6.4. The pushmetles pass through a viton seal
sandwiched between two guide washers that prewesklibg of the pushrod wires and
provide pressure to create an effective seal fer wbry small linear motion of the
pushrod wires. The z-motion of the entire assen#$galed by an internal o-ring groove

at the back of the tip portion, as shown in Figh. 6The drive wires for the fine-
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positioning piezo pass through the same tube agptisbrod wires and guides. This

effectively isolates them from the wiring used $ensing.

A pushrod connection rubber pushrod guides
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Figure 6.5 Schematic of the x-y mechanical motigsteam and image of the components. For scale, it pube in
the image is 3mm in diameter

The fine motion drive is a PZT piezo tube allowsgb-nanometer spatial resolutions
for positioning and STM scanning within the TEM.hél scan tube is mounted on an
insulating base which connects it to the mechardoalse motion system. The scan tube
has four quartered electrodes and a center elegtesdl can be driven by any available
SPM scan controller. In this work, the scanner w@snected to a Nanosis SPM scan
control system from SPECS. This allows both fiesifponing and STM scanning to be
carried out. The scan tip is mounted in a coppgr ;msulated from the piezo scan tube.
The tip voltage and stage sense wires are caryetvisted pair shielded wire that is
completely separated from the piezo drive elecinasrder to prevent crosstalk between
the scan and bias voltages.

In order to effectively image single-crystal filnpeximens, a double-tilt holder is
required. The tilt-stage is also actuated by ahaeical mechanism constructed in the

same manner as the coarse-motion approach systesmould be noted that the majority
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of in-situ holders are single-tilt, and therefore unsuitatredifficult to use for high
resolution imaging of thin film specimens which stitute the majority of electronic
materials samples. The double-tilt system is dribbg a rod arrangement mounted to
another spring-loaded micrometer at the rear ofgiezimen rod.

Finally, the optical system is comprised of a hamralinted fiber optic element which
can be coupled to either a visible light sourcetamran external spectrometer. The
combination of an optical feedthrough, double-tidftpability, and three axis scan and
motion control was a considerable engineering ehgk, and is unique to this

measurement setup.

6.2.2 Spectroscopy holder design

Currently, Gatan supplies a commercial CL measunérhelder, and it is single-tilt,
and relatively low efficiency, using two single-n@dptical fibers to illuminate/collect
optical signals. In this holder, space is extrsmighited, and electrical connections
would be very difficult. The system is also veryge, and requires additional support
facilities from the electron microscope. A commardiber-based optical holder was
previously available from the now defunct NanoFactaB[212]. However, from our
experience with NF holders, the probe’s coarse anos somewhat unpredictable, nor
did they produce a double tilt holder that woutdrian ultra-high resolution TEM where
the polepiece gap is limited to ~2.2 mm. Otherhwods for optical input and detection
either allow only fiber-based illumination, or repd extensive modifications to the
TEM[213, 214].

The spectroscopy holder design described herezegilmany of the same design

elements as the STM holder described above. Inicptat, the tilt stage and tilt
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mechanism are identical. In this holder, there tar@ included optical fibers, one for
excitation and one for spectroscopy. In order tdinoge the optical system, a
focusing/approach mechanism was implemented. aldsvs for either a very close
approach with a fiber, or focusing of a lens systenthe sample, as the greatest amount
of light is collected when the emitted area isanus. Light input is also accomplished
similarly to the previous holder, where a barejgbad optical fiber is used. The optics
required for light collection, however, demand gee@omplexity. Images of the holder,
specimen stage, and the optical design schematishawn in Fig. 6.6.

From a physical standpoint, the zone from whichtlig emitted from the interaction
between the electron beam and the specimen is smallgh to be considered a point
source. The challenge is to collect as many otthéted photons as possible and couple
them into the optical fiber. As the acceptance awglan optical fiber is very small, 24.8°
in this case, in order to increase the amount aftednlight collected, additional optical
elements were needed. These consist of a mirroudhsurrounding the fiber, a small
objective lens, and a graded-index lens to effetticouple the collected light into the
optical fiber. As we are using a lens system,ftlwal point must sit at the sample. This
necessitates a focusing system in order to maxitheeamount of signal collected. The
objective increases the acceptance angle of ther fiimd helps capture the photons
collected at the mirror. The diameter of the fiaéso affects the total solid angle from
which the signal is captured. A very thin fibetleots light from a smaller total area than
a wide one for the same total collection angle. weleer, there is a trade-off. Due to

dispersion, the collected light beam becomes lelisnated over the fiber length than for
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a thinner fiber. This effect is minimized by keegpithe length of optical fiber between
the holder and the spectrometer used for analgsstiart as possible.

A second factor determining the amount of signdlected is losses between the
lenses, fiber, patch cable connections, and thetrspeeter. The signal losses can be
minimized using a few optical elements and cablmeations as possible. At each fiber-
fiber connection some of the collected light istldse to reflection at the interface. The
best way to avoid this type of loss is not to usber at all. Instead, the ideal situation
would be to project the collimated signal througkefspace. Unfortunately, due to space
and the need for vacuum seals, this is not possibte some kind of light guide is
required. Since an actual image of the interiothef microscope is not required and the
optics to project an image from inside the TEM wibbe very awkward, the simplest
solution is to use a fiber optic element. Finalyspectrometer is needed to analyze the
captured light. In this case, the greatest comstia the requirement for portability and
space, as the unit must be transportable betwdtaedit TEM facilities. With this in
mind, it drastically reduces the options for spatketers. Fortunately, several makers
produce miniaturized spectrometers, though minizdtion comes at the expense of a
loss in energy resolution due to the low path lengihe second requirement on the
spectrometer is a low-noise high sensitivity senSdrere are several sensor types,
including photomultiplier tubes (PMTs), avalanchkodiodes, and charge-coupled
devices (CCD). Avalanche photodiodes and PMTs a&sergially photon counting
devices, they can only measure the intensity ofigtlt hitting them at a point in time.
This requires the spectrum to be scanned via a amwamator, which is not generally

possible in the micro-spectrometers. The situasosimilar for PMTs. This leaves only
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CCDs. There are two major benefits to CCD detsctorhe first is that a CCD array
collects from the entire spectrum at once, gre@tiucing the spectrum acquisition time.
Secondly, back-thinned CCDs can have very highitha@ties and with thermoelectric
cooling, sufficient stability for long integraticimes. For this reason, an Ocean Optics
QE Pro spectrometer was chosen for this application

Our optical holder design allows for several unigapabilities. First, it is a double-tilt
(DT) holder that is designed to fit in the 2.2 mnHR pole-piece gap for JEOL
microscopes. Other optical excitation or measurgrpatforms are not DT, or require
larger gaps. This is important to allow simultamedigh-resolution imaging along with
optical excitation and measurement. Secondly,calpoptical holders rely on direct
coupling into the fiber, requiring the fiber to pkeced very close to the sample. In this
case, the large lens area coupled with the refleattow collection from a much larger
solid angle while far enough away to allow for DBton. This allows for collection of
several different types of optical signal. Onguomary interest is cathodoluminescence,
which yields detailed chemical information that nieymapped with the high resolution
of STEM. A second mode of operation allows illuation from the second optical fiber,
and measurement of fluorescence or photoluminesc@?ic, or integrated photocurrent
from the sample. With the appropriate edge filferghe spectrometeim-situ Raman is
also possible. In this way, electron-beam driveactions or photoactivated reactions can
be monitoredin-situ.  Finally, electrical feed-throughs allom-situ examination of

electro-optical devices.
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Unique features include:

» Double tilt capability allows for high resolutiorEM

» Large, adjustable-focus optical element means ¢hid angle for detection is
not limited by the narrow numerical aperture of fiber.

* The system is designed to fit in a UHR pole-pieap,gvhich would otherwise
limit the TEMSs that could be used.

e Capable of CL, PL, Raman, fluorescence, and op#ixaitation measurements,
with appropriate external optics

» Together, these holders represent a unique designnovel capabilities, as

well as a considerable improvement on older systentgere development will

vastly expand the possibilities for-situ TEM.

optical tip end
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Figure 6.6 Optical holder design schematic. Thecapfiber is bare in the image at the bottom lefthe rod is
threaded to accept different caps that can comttlier, the lens and reflector assembly in the reetiie, a bare optic
fiber for close approach, or a single graded-inéas to improve collimation.
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6.2.3 Performance Testing

At this time, the TEM holder platforms describedéehare in testing, as depicted in Fig.
6.7, which shows the optical holder inserted in TiieM and a test image of a partially
oxidized silver film. The mechanical and opticgstems have been proven to work, but

the bulk of the experimental work remains, as Feitork.

Figure 6.7 TEM specimen holder inserted into th&/TEhe second panel is a test image of a part@lglized silver
film.

Conclusions

A novel set of specimen holder rods fofsitu transmission electron microscopy were
developed.The custom-buih-situ stages allow for a combination of electrical prapi
optical excitation, and spectroscopy with doublie-tapability that accommodates
conventionally polished specimens. The design parars and performance of the

system is demonstrated.
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Chapter 7

Polarization-dependent Raman spectroscopy of epitaxial Ti0O2(B) thin

films

7.1  Background

The bronze polymorph of titanium dioxide, known &g,(B), has promising
photochemical and electronic properties for postngipplications in Li-ion batteries,
photocatalysis, chemical sensing, and solar cefis.contrast to previous studies
performed with powder samples, which often suffemf impurities and lattice water,
here we report Raman spectra from highly crys&lliitO,(B) films epitaxially grown on
Si substrates with a thin SrTiQbuffer layer. The reduced background from the Si
substrate significantly benefits acquisition of g@dation-dependent Raman spectra
collected from the high-quality thin films, whichheacompared to nanopowder results
reported in the literature. The experimental speatrere compared with density
functional theory calculations to analyze the atodisplacements associated with each
Raman-active vibrational mode. These results pmwdstandard reference for further
investigation of the crystallinity, structure, coosgtion, and properties of TiB)
materials with Raman spectroscopy.

By a modification on the recently reported growthhahly crystalline TiQ(B) thin
films on SITIQ(STO) substrates,[25] we successfully synthesiagh-quality twinned

epitaxial TiQ(B) thin films on STO-buffered Si. Use of Si sulasés is advantageous for
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characterization by Raman spectroscopic measursmasitthe background signal from
Si is much weaker than that of STO, and the approaay eventually be useful in
integrating such oxide thin films into electronievites. Based on detailed analysis by
high-resolution transmission electron microscopyRTHEM), the crystallographic
orientations of the thin-film structure were chdeaized, and the high crystallinity and
epitaxial growth of the film were confirmed. Thesesults were combined with
polarization-dependent Raman spectroscopy and tglefighctional theory results.
Polarization-dependent Raman has been shown to pewarful tool, allowing the
unambiguous assignment of the phonon symmetriesughr direct comparison to
theoretical calculations.[135] Furthermore, thipmach allows Raman peak positions
and intensities to be directly correlated to spedifisplacements in the crystal when
coupled with detailed first-principles calculations the phonons. The combination of
theoretical and experimental results provides apteta set of Raman peaks that we then
compare to TiQB) nanopowder data available in the literatureeSéhresults can be used
to identify preferred orientations,[215-217] ana&ystrains during inculcation for battery
applications,[218-220]and inform future studiestloé structure and properties of this

promising material.

7.2  Experimental

All films were grown by pulsed laser deposition JLon (100) Si substrates pre-
deposited with a 20-unit-cell-thick STO buffer laygrown by molecular beam epitaxy
(MBE), as described elsewhere[136]. The ~50 nikthia:TiOx(B) (CaTs011) template
layer[25] was deposited from a CaDy target made by mixing 80% Ti@nd 20% CaO

powders and dry pressing them into a green bodichmivas then sintered at 1400 °C.
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The TiGy(B) layer was deposited on the Ca:}{B) template from a pure TilQtarget.
The vacuum chamber used for PLD had a base pressl@éTorr. A 248 nm
KrFexcimer laser with a pulse duration of 22 ns arftlience of ~3.4 J/chwas used at a
10 Hz pulse repetition rate for film deposition.eT$ubstrate-target distance was 6.35 cm
and deposition was carried out at 800 °C in an antlowxygen pressure of 0.05 Torr. The
deposition rate was ~0.01-0.02 A/pulse. The filtoslied in this work had thicknesses of

50-200 nm, as measured by a Veeco/Dektak profilensetd via TEM.

polarized light

h‘ .
|—» signal

SI/STO film

0]
[100] o’

7.1.The experimental Raman setup. Light is colibamrmal to the Tig(B)/Ca:TiO,(B)/STO/Si film stack.

Raman spectroscopy was conducted using a combiceathisg micro-Raman and
scanning probe microscope (SPM) using a532 nm ehodeped solid-state laser with
confocal diffraction-limited optics (NT-MDT, Inc.Both the excitation and collection of
the signal were normal to the sample though the=salnjective lens. The polarization of
the input light was controlled using a half-waveatp| and the depolarized light was

collected using a linear polarizer at 90° to theuin polarization. Atomic force
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microscope (AFM) images were collected with the samstrument. The cantilever
detector laser is a 1064 nm low-power diode. Rerdpectral range measured, any sum
frequency effects are removed by the edge filteraddition, spectra were taken with the
IR laser both on, and off, and no difference wateaed between the spectra. The
experimental setup is shown in Fig. 7.1. HRTEM imggwvas carried out with a JEOL
3011 TEM, and a JEOL 3100R0.5 equipped with a sphleaberration corrector was
used for scanning transmission electron micros®pl(M) imaging. In order to
compare with the available literature, peak posgiavere extracted from reported data
after digitization and calibration of the x-axisakx for all of the spectra using image
processing software (ImageJ) and free scriptingies including SciPy and matplotlib.
Theoretical vibrational frequencies were calculafi@in first principles with density
functional perturbation theory[130] in the local ndgy approximation[131]. All
calculations were performed with the plane-wavemoonserving pseudopotential
method, as implemented in the Quantum Espresswa@aftpackage.[132, 221, 222] A
semi-core Ti pseudopotential including the 3s apdiéctrons in the valence was used,
requiring a 200 Ry plane-wave cutoff energy and>#x&-point mesh to converge the
total energy within 1 mRy/atom[223]. With these gaeters, the Raman-active optical

phonon frequencies were converged to within 1¢.cm

7.3 Results and Discussion

TiOy(B) films were grown epitaxially on ~50 nm thickO@D) Ca:TiQ(B) template
films, which were previously grown on STO-buffereadoped (001) Si substrates. The
film and details of its structure are shown in FigR. Selected area diffraction shows

clear alignment and epitaxy between all of the dsyand the substrate. Within a grain,
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HRSTEM images clearly show the epitaxy betweenTii@(B) and the template layer.
The images compare well with the atomic model mp Fi2A, and it is clear the material
is well crystallized with few defects. Overall, tHém is twinned; the epitaxial
relationship between the Ti), the template layer, and the STO buffer lastnict the
possible orientations of crystallites in the filmhe TiOy(B) grows with the [100]
direction aligned to the [100] direction of the Ti&@,(B) template, while the template
grows on a (001) face of STO. In the TEM specimmaded along the [100]zone axis of
Si, bronze grains are seen on either a [100] (g)}axi [010] (b-axis) zone axis with the
[001] (c-axis) normal to the film, or along a [1Qfdne axis, but rotated 90° with the b-
axis normal to the film. Grains with the b-axismal to the film are not found in films
grown on a bulk STO substrate.[25]The rotated graimginate in the buffer layer, where
the template film begins to grow on the (110) fate tilted STO grain. Figure 7.2D
shows the base of a tilted bronze grain where éh®late layer nucleates on the (110)
face of a tiny STO grain, which is visible in theANDF image. The rotated Ti[B)
grains protrude from the surface, being typicallyo-15 nm taller than the rest of the
film. AFM analysis of the film surface shows thd&0% of the surface is populated by
each of the two orientations of TiB) grains(Fig. 7.2F). Therefore, it is expectedtth
both orientations will contribute to polarizatioegendent Raman spectra. A few anatase
inclusions (Fig. 7.2E) which are 1-4 unit cellscthialong the high-energ®01)face of
TiO4(B), corresponding to the (103) face of the an§222h, also exist, but they were not
sufficiently numerous to appear in either the XR&tt@rn (shown in Fig. 7.6) or the
Raman spectra of the film. Additional high-res@atSTEM images of the interfaces in

the film stack, and EDS and EELS spectroscopy areigied in Fig. 7.7 and 7.8. Atomic
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resolution imaging indicates only Ti®) and Ca:TiQ(B) crystals are present in the
film. EDS linescans show no significant migratiohSi into the titanium oxides films,
and EELS data suggest all of the titanium is inTifé state, ruling out the presence of

oxygen-deficient Magneli phases[225].

TiOy(B)
So

CaTiO4(B)

e Si substrate

m

R g TR

.
tilted bronze
grain \

€20 4
b 15 nm
10 4

0 200 400 600 800 1000
tilted STO am

7.2 TEM and AFM images confirming the structuretbé TiO2(B) film grown on STO-buffered silicon. A)
Structural model of the Ti§B) film and Ca:TiQ(B) template layers that normally grow on (100)ST®) HRTEM
of the interface between film and template showiigh crystallinity and epitaxy of the layers viewed a [010] axis.
The inset shows a selected area diffraction pattewering the film stack, where the square is the® $002] spot, the
circle marks the Si [-11-1] spot, and the arrowidatkes the bronze pattern. The three diffractioitepas are aligned
along the <001> direction. The white box in B cepends to the model shown in A. An out-of-phasendiary and a
tilted grain viewed along the [100] axis are albown. (C) HRTEM of the complete film stack showitigg STO
buffer (~10nm thick), Ca:TigJB) (~ 50 nm thick), and TigiB). The TiGQ(B) film consists of crystallites of two
orientations related by a rotation twin, with or@pplation oriented with the c-axis perpendiculathe film and the
other rotated by 90 degrees with the b-axis aldvegperpendicular direction. (D) HAADF image of tikerface
between the template layer and the STO buffer, hvbiows that the taller, tilted grains are alsdeeqal, but originate
from tilted crystallites in the STO buffer layeE)(HRTEM showing an anatase inclusion. (F)AFM so&the surface
of the film, showing that the taller, tilted graiogver ~50% of the surface.

Raman spectra from the epitaxialk(B) thin film grown on silicon are shown in Fig.
7.3.The Raman signal obtained from this thin fils relatively strong, possibly
attributable to the difference in crystal structbetween cubic silicon and orthorhombic

TiO,(B). Spectra were collected with the incident piaktion perpendicular to the
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analyzer polarization(depolarized spectra), miningzthe signal collected from the Si
substrate.

In an attempt to sample all of the available Ramasdes, the polarization of the
incident light was rotated with respect to the si@nmphe polarization-dependent Raman
spectra from the Tig)B)/Ca:TiOy(B)/STO/Si thin-film stack with the polarization tie
light along the [100] and the [110] directions ofaBe shown in Fig. 7.3A. The spectra
vary because the intensity of the Raman respondegendent upon the angle between
the polarization of the input light and the crysiaks. There is also a dependence on the
mode symmetry and collection of polarized lightedymmetric 4-typemodes would be
expected to appear weaker when collecting depelaright, while the asymmetric,B
typemodes in the orthorhombic Ti®) crystal would tend to scatter more intensely.
Coincidentally, the intensity of scattered lighthgher when the input polarization is
aligned to the active vibrational displacement e tcrystal. This means the strong
scattering angle for some modes in the ;{B) crystal can be found by rotating the
crystal, while collection of the depolarized ligetuces the intensity of the substrate (Si)
background. This arrangement does attenuate sogttdrom the A-typemodes
somewhat, but most are visible in the spectrumis ®due, at least in part, to the fact
that the input polarization is not perfect duehte tise of a high-power objective lens.

Together, the two spectra shown in Fig. 7.3A actéomthe complete set of measured
Raman-active modes. As the film structure is sonawbmplicated, the contribution of
different interface types must be addressed. I¥iitste very good agreement between the
peak positions calculated from first principals d@he experimental spectra indicates that

interface effects are weak. The crystal domainthénfilm, seen in Fig. 7.2, form a small
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fraction of the total possible scattering volumel amay slightly shift the modes, but no
modes are shifted beyond the confidence range @fctidculated positions. Since
TiO,(B) requires a Ca:Tig)B) template to grow, it is important to clarifyetlcontribution
from the template layer and thin film interfacegjufe 7.3B shows the Raman spectrum
of a pure Ca:Tig(B) template layer deposited on the same STO/Ssteatle, collected
under identical conditions. The Ca: @) material shows a low overall scattering
intensity. A peak near the strongest peak of Cai(HDat 214 critfdoes appear in the
TiO2(B)/Ca:TiOy(B)/STO/Si spectrum. As this peak does not existhe calculated
TiO2(B) spectrum, it must originate from either the TW@3(B), or is a local mode
associated with the interface between the Ca(BPand the TiQ(B) layers. Similarly, it

is also important to consider the contribution fréme STO buffer layer. Figure 7.3C
compares the measured F({B) Raman spectrum to that of the STO/Si substrate,
collected under the same conditions. These dathreothat the STO/Si substrate has a
minimal background contribution to the TAB) film spectrum, with the strongest peak
at ~522crit, and weaker peaks at ~310tnand ~620 cm. There is no apparent
contribution from the very thin STO layer or theeriace between the STO andthe
template layers, which is advantageous as STO hasyastrong Raman background in
bulk. Anatase, which overlaps the ~148tpeak of TiQ(B) and has smaller peaks at
400, 500, and 620 c¢m was found to have a much smaller Raman crossogeittan
TiO2(B) (from comparable measurements made on a tlmndf anatase), and thus the
small inclusions present in our film (Fig. 7.2E3@ldo not contribute to the background.
The main features of the measured spectra thus streng peak at 200 ¢ma number of

smaller peaks between 300 and 500'cemd a broad peak at ~630tm
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We also performed first-principles calculationsdietermine the vibrational modes of
TiO,(B) and compare to experimental Raman spectra. €Bb the accuracy of the
computational approach, Raman spectra were fitstileded for rutile and anatase BO
and they were found to be in good agreement wiffegments[226], within 10 cthfor
anatase and 20 c¢hfor rutile. The calculations for Ti{B) are expected to have similar
accuracy. Measured and DFT calculated Raman pestiqus for TiQ(B) are compared
in the first two columns of Table 7.1, exhibiting average deviation of 5 ¢ém

Peak positions measured from published spectrairadgun TiO,(B) powders are also
listed in Table 7.1 for comparison.[15, 16, 18, Z2;76, 227-229] Literature peak
positions were assigned to a row in the table basedhe nearest calculated peak
position. The calculated peaks at 190"amd 196 criiseem to appear as a single peak
between 194 and 210 chin these reports. Similarly, calculated peaks 5 6m‘and
666 cm' may be either split or combined in a single peakekperimental data,

depending on the material synthesis.
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Table 7.1Summary of the calculated Raman-active phonon-mode frequencies and mode assignments
compar ed to experimental Raman spectra. Average and standard deviation values are computed from the

literature experimental data.

DFT Film Literature Experimental Data (¢t Statistics
ot | 79 | T | bute | e | ower | PO | powte| PO | M| MY Y| I pon | P v oy
By 128 | 126 118 123 118 123 124 123 122 123 121 122
Aq 146 | 146 144 140 147 149 149 145 146 145
Ag 152 | 165 157 153 6
Ay | 190 | 194
By 196 | 200 | 200 200 210 195 196 195 196 196 196 194 197 204 198 5
By 224 | 239 | 241 238 232 238 235 238 240 236 234 236 2
By 248 | 254 | 255 256 257 242 250 250 244 250 246 248 249 258 253 4
Aq 285 | 289 | 299 298 292 295 290 294 295 297 293 295 295 3
Aq 365 | 365 | 365 368 362 364 362 366 370 238 379 382 367 7
Aq 383 | 380 380 380

405
Ay 407 * 409 413 405 407 405 411 412 402 410 408 4
435
Aq 443 * 437 437 422 434 433 433 432 431 431 431 432
Aq 485 | 472 474 477 469 473 471 467 470 470 470 468 477 472
By 490 | 492 511 513 512 2
556
Ag 558 * 554 556 552 545 550 551 552 564 552 552 553 553 5
Aq 651 636 640 633 631 636 633 636 636 644 638 636 634 636 3
By 666 | 660 | 662 659 657 659 659 662 656 655 659 3
826 828 827 1
Aq 859 859 858 864 855 858 860 860 872 858 2
1000 925 922 949 44

* taken from off-axis spectrum
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7.3 Raman spectra of the TiB) films. (A) Raman spectra with light polarizetbag the [100] and[110] axes of Si.
The calculated peak positions are also denotedect&pwere taken consecutively under the same tonsli(B)
Comparison of spectra taken under identical comustifor the TiQ(B)/Ca:TiO,(B)/STO/Si film stack and for a
Ca:Tioy(B)/STO/Si film of similar thickness. The Ca:TiB) has lower overall intensity and contributeidisignal to
the TiOy(B) film spectrum, though it likely accounts foretipeak at ~214 cf (C) Raman spectrum from the bare
STO/Si substrate shows a low background, excephéomain 522 cfhpeak and weak peaks at 302 %emd 623 cnt.
The substrate peaks are more prominent for incigelarization along the [110] axis of Si.

105



The normalized intensities of the Raman peaks foomthin film and literature data
are compared in Fig. 7.4. Peak positions and iitteasshow considerable variation in
the published spectra. Some portion of this caattibuted to experimental differences,
as a variety of instruments, excitation waveleng#ml geometries were used to collect
the spectra. While this may introduce some vanmin the measured intensities, a
gualitative comparison is still useful, and the lpeasitions are not expected to change
significantly. The spectra obtained from the litara span a wide range of preparation
methods and particle morphologies, including nanages, nanowires, microflowers,
and platelets. For example, in the report from Arorgy et al,[18] both bulk
(bottommost literature spectrum) and nanowire spedre provided. Xianget
al.[229]provided spectra for both platelets, whereogatson of ethylene glycol was used
to control the crystal growth (topmost spectrunmy¢g ananoparticles. In particular, the
microflower[74] and platelet[229] materials showysimilar spectra, including several
peaks at high wavenumbers that are not preseheindanowires, nanoparticles, thin film
samples, or calculated Raman spectrum results. ifitisates a chemical difference in
the platelet-like powders compared to pure ;(B) crystals, or materials prepared by
other methods.

By combining the measured Raman peak positions aattulated atomic
displacements, we have qualitatively examined thgation of the intensity of each
Raman peak with respect to the optical polarizatibhe calculations indicate that
vibrations at 196, 224, 248,285, 485, and 666'iorolve atomic displacements along
the [100] crystal axis and should therefore bergfest for incident polarization along the

[100] direction. This agrees well with the expenmad data, as seen in Fig. 7.3A. Phonon
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modes associated with peaks between 300 and 458oengenerally Atype modes and
therefore appear weak for light polarized along[ft¥] axis of the crystal. The expected

peak at 859cfhis off-axis with respect to both the a- and c-axes is therefore very

weak in all spectra.
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7.4 Comparison of the measured and calculated,(B)Ofilm Raman spectra with data from the literatuifhe
experimental spectra from the literature were digit and the peak positions and normalized intessivere
determined. The thin-film Raman spectrum and theutated peak positions (bottom black vertical $happear at the

bottom.
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The theoretical results reveal that the experimigntaeasured broad peaks near 485
and 666crit each consist of two closely spaced peaks at 4854@ at 651/666cH
respectively. The peak at 651¢mhould be strong with light polarized along thaxas,
while the peak at 666cfshould be strongest when light is polarized clostaé c-axis of
the crystal. The combination of these two modes awpunt for the width of the peaks,
which is corroborated by examining the Raman pea&nsity as the polarization is
rotated with respect to the crystal axis (Fig. 7.5Athe figure, a set of spectra was taken
at one degree intervals as the incident polarinatvas rotated relative to the in-plane
TiO,(B) crystal axes. The intensities of the most prent TiQ(B) peaks decrease
smoothly as the polarization is rotated from [10@jrds [110], and the peaks re-appear
as the polarization approaches [010]. In betweerethwo orthogonal axes, the substrate
signal significantly increases. There are also isg\v@mnaller peaks which correspond to
the TiOy(B) structure, whose intensities reached a secoagimum with excitation

along[110]. Some peaks vary with more than one mari over the rotation.
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7.5.Polarization-dependent Raman spectra oh,(BYXA) Thirty spectra with in-plane angles of rite between 0°
and 90°with respect to theaxis of the TiQ(B) film. (B) The normalized peak-height changetlofeeTiG(B) peaks
(at 200 crit, 405 cmt, and 660 cil) as the incident polarization is altered. (C) Qkdted atomic displacements for the
phonon modes corresponding to each of the thrdespEar peak (1) the displacements are alongdifes of the film
and coincident with the optical polarization, white peak (2) the atoms are displaced alonghbthand c-directions,
and the peak is therefore most visible off-axisakP€8) is broad and involves two different vibratb modes, one
along thea- and one along the- andc-axes, resulting in the triple peak in (B).

The thorough analysis of the correspondence betwseriheoretical results and the
polarization-dependent Raman spectra improveseteility of our mode assignments.
Figure 5.5B shows the peak intensity as a functibthe rotation angle between [100]
and the polarization of the incident light for tareelected Raman peaks. The change of
intensity can be related to the alignment of thiapzation to the direction of the atomic
displacements associated with the phonon vibratibas produce the Raman response.
The theoretical atomic displacements involved wadch phonon mode for the three
peaks in Fig.7.5B are shown in Fig. 7.5C. The brepm@dk corresponding to the

theoretical lines at 651 and 666 trshows three intensity peaks, corresponding to a
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polarization along either the [100][0601] directions. These are due to contributions
from the two different phonon vibrations noted inettheoretical spectrum. The
polarization dependence allows the two differentdesoto be identified though they

appear as a single peak experimentally.

7.4 Summary

In summary, we have grown TiB) epitaxially on a novel Ca:Ti¥B) template on
SrTiOs-buffered Si substrates, which were examined iraidessing TEM and Raman
spectroscopy. A review of Raman spectra on nandsied TiQ(B) materials shows
considerable variation among the reports, and thesee compared to our highly
crystalline thin-film samples. First-principles calations were carried out to produce
reference spectra, which enabled us to uncovesyhanetry and direction of atomic
displacements of all Raman-active modes in,{BR Our results provide an essential
reference for the characterization of crystallinggmposition, and structure in Ti®),

and may aid in the development of new applicatfonshis material.
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7.6 X-ray diffraction confirming the presence and cajlfity of the TiO,(B) phase. The Ca:Ti(B) phase is
also present. No strong peaks from anatase ortaey 90, phases were found. The additional Srf@aks

are due to the polycrystalline nature of the buliger. These other orientations in the buffeeteseed the two
distinct orientations seen in the T(B) film.
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7.7EELS data for TiQ(B) thin film stack. In accordance with Stoyanowedtal.[230], the Ly and L titanium
edges and the higher intensity of the (a) oxygegeedth respect to the (b) oxygen edge indicategitanium is
primarily in the Ti* oxidation state. This is consistent with iB), but not with Magneli or other titanium
oxide phases with mixed *fiand Tf* valences and matches well with HAADF imaging dhtt only indicate
the presence of the TiB) and template Ca:Ti{)B) phases
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7.8HRSTEM images of the TKDB)/Ca:TiO,(B)/STO/Si film. A) is a bright field STEM imagd the film stack
showing some overlap between crystal domains B)B§- image of the interface between the silicon an@d
buffer layers. A very thin SiQayer is present that appears to have formed dgwhaposition of the buffer layer
C) shows an atomic resolution HAADF image illustrgtthat the small crystallites at the base offitm are
also the bronze phase, as seen by the distancedretive atomic planes D) is an EDS line scan aafobe Si
peak across the Si/STO/Ca:E(B) interfaces. There is little indication of theesence of Si in the template or
TiO; films, which corroborates the TEM observationg ihdicate the film does not contain extraneousspba
The increase in the Si signal in the STO regiaduis to the overlap between the Si K peak and theesige and
the slow rise in signal over the silicon is duéhte increasing thickness of the substrate.
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Chapter 8
Summary and future work

8.1 Summary

A broad theme of all of this work is the attemptdarrelate advanced microscopy
methods including transmission electron microscagmanning probe microscopy, and
optical spectroscopy on the same materials and éwensame specimens to obtain
complimentary measurements in the hope that thesddweveal new details about
structure-property relationships measured on a mater scale. Combining
measurements not only corroborates the informatbtained from any particular
method, but also compensates for deficiencies gfsamgle technique. One example
would be the difference in area that can be sampyefdEM at high resolution, which is
very small and may be altered by thinning the sanmplelectron transparency, and SPM
which can cover micron scales but has difficultyolging atomic scale detail. Here, this
approach is applied to investigate several meawsmfolling domain structures in BFO
and for characterizing novel materials such as,(BD Finally, in order to incorporate
multiple microscopy methods into a TEM stage, idahg electrical probing, STM, and
optical excitation and spectroscopy, a pair of sBpen holders were designed,
constructed and are demonstrated here.

It is known from previous work that domain struessiin ferroelectric oxides control

many of the important properties. In multiferroi&®, these include resistance, selective
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conductivity, surface charge, and magnetic exchaogeling. Through the application
of TEM, SPM, and optical techniques, it was discedethat the decrease with film
thickness of the depolarization field in BFO drivasquasi-phase change from a
109°striped domain structure to a 71° striped domstructure; occurring at film
thicknesses between 100 and 200 nm. In betweese tlemgths, the appearance of a
'mushy zone'(by analogy to metallurgy) mixed domstiucture was confirmed. | also
found that 100 and 200 nm films show different shimhg characteristics, likely related
to this structure change.

Another route to approach domain engineering in fihins is through the application
of misfit strain. Though the films were grown undbe same conditions for the same
time, there were also coincident changes in filickitess for different substrates, with
higher misfit producing thinner films. However, tdemain structures were surprisingly
similar. Two clear trends in domain width and adility as a function of misfit strain
appeared for these BFO films grown on pseudoper@vsdubstrates with different
epitaxial misfit strains. Domain widths fall agash moves from compressive towards
tensile with the narrowest domains, and therefggbdst domain densities, at high tensile
strain. This indicates that some of the misfitaisirenergy is relaxed by forming
additional domain walls when the sample is straine@nsion. The variation in domain
width also showed a strong correlation with misfitain, peaking for low misfits and
increasing for both compressive and tensile straifspart from these trends, two
particular thin film/substrate systems showed arlousabehavior. Films grown on NGO

and SSO substrates had unique domain configuratjpotentially indicating unusual
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properties, and BFO thin films grown on these sualts$ would be good candidates for
future investigation.

Beyond this, the introduction of certain types @fetts in BFO, that result from
changes in stoichiometry during growth, have loagge effects on the ferroelectric
properties. Linear defects that form in conjunttiith a metastable layered phase
stabilize 109° domains at the expense of 71°dondhiesto charge on the defect and the
strain it introduces into the surrounding materidhe strain seems to have a very local
effect, creating nanodomains, while the charge detaly alters the domain structure in
the film and stabilizes charged domain boundarTdéss defect-mediated structure was
discovered through the combination of TEM and PRMIigs that allowed mapping of
cross-sectioned specimens from the thick edge ©EM specimen covering over 20
microns of interface between electron transparegion and the edge of the ion-polished
region, rather than the ~1 um in TEM alone.

Further, SPM, TEM, Raman spectroscopy, and thealetalculations were applied to
make detailed study of unique thin film TiB) battery material grown on silicon
substrates. The combination of methods allowsetation of the crystallographic details
of the film to the Raman scattering modes. Thigllohanalysis could be very significant
both for using polarized Raman for phase identiicaand examining small structural
details, and for future in-situ experiments whédre material's battery performance and
the electrochemistry of charging could be studreckal time.

To further explore the application of complimentamicroscopy methods, | also
undertook the design and construction of a new rexgatal specimen rod platform for

in-situ TEM studies. In-situ TEM is one of the few methods where the electronic
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properties of nanoscale structures such as domalis,vor the atomic-scale effects of
charging a battery material can be measured dyraadl unambiguously. In addition, to
explore the potential of these materials for phattive devices such as photovoltaics and
to use spectroscopy to watch reactions occur ihthe@ in a photocatalalyst such as
TiO,(B), optical excitation is needed. To this end specimen rods were built and their

capabilities for in-situ work were demonstratednoodel systems.

8.2 Future work

There are several directions in which this work barextended. The first is to explore
the idea of controlling the introduction of thedar defects into BFO thin films, both to
control domain structures and to examine the ptogserof the defects themselves.
Similarly, the metastable layered phase in theigdast may also have useful properties
themselves, or when incorporated with BibeQn terms of thin films and strain, the
combination of these two factors open a wide patamgpace for optimizing domain
structures for specific applications. Similarlyetvery unusual domain structures in BFO
grown on SSO and on NGO should be further explopadticularly in terms of their
switching and magnetic properties.

The most obvious avenues for future work restdhairt-situ platform. With further
refinement, it enables a kind of nanoscale chamaeten that is hitherto unavailable for
photovoltaic and photocatalytic systems, such agitanium oxide films and BFO thin
films featured in this work. With the combinatiaf so many functionalities on this
experimental platform, it is not difficult to imag new and interesting applications for
this technology. Such possibilities are really taonerous to list in detail, but carrying

forward from the ferroelectrics work, there is gportunity to quantitatively explore the
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electronic functionalities of domain walls, as wa#l potential for ferroelectric materials
as photovoltaics by nanoscale probing of the photeat at defects and domain walls.
Another avenue offered from the work presented hmmes from polarization-
dependant Raman spectroscopy, particularly whepledwvith first principals modeling.
This technology using visible light is capable gfracting structural details from crystals
that rival much more complex X-ray systems, whersults from real-world materials
can now be compared to first principles calculaidar identification, or to extract
additional information. Further refinement of tredaulations to get the Raman intensities
would yield a powerful new tool for examining sttwi@ in crystals. Finally, this work
has explored several means of controlling ferragteproperties in BFO, and the logical
extension is to use these mechanisms coupled gtimtsitu platform to further explore

the potential of domain boundaries as nanoscalediectric devices.
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