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ABSTRACT

Polymorphism in the titanium dioxide system provides an opgrtunity for enhancing
performance and functionality through targeted synthesief phases higher in energy than
the most thermodynamically favorable phase. Both the anas® and brookite polymorphs
are metastable relative to the most thermodynamically stdb structure, rutile. Along with
their metastability, these two polymorphs also exhibit phtocatalytic activity. The ability
to selectively synthesize each of these titanium dioxide jyanorphs would prove invaluable
in the pursuit of optimizing material properties for photoatalysis. A fundamental un-
derstanding of the mechanisms that guide polymorph formatn in this system is critical
for pro ciently directing the formation of metastable structures from amorphous precursors.
Elucidating these mechanisms is the goal of the work contad in this dissertation. A variety
of characterization techniques including transmission edtron microscopy, electron energy-
loss spectroscopy, and electron di raction-based pair digbution function calculations were
utilized to study the atomic structure and chemistry of the cystalline polymorphs and their
respective amorphous precursors.

Selective synthesis of the rutile, anatase, and brookite lymorphs is presented through
manipulation of the amorphous phase that precedes them. Miaumlating oxygen content in
the amorphous precursor through controlling the oxygen pssure during synthesis is shown
to crystallize anatase from amorphous precursors grown werdhigh oxygen pressures>( 5
mTorr), rutile from low oxygen pressures € 0.1 mTorr), and brookite from intermediate
oxygen pressures (0.5 - 1 mTorr). Pair distribution functins measured from the amor-
phous precursors show that these changes in Ti{O stoichioime recon gure the relative
arrangements of TiQ octahedra. Similarities are found between the octahedrairgcture in
the amorphous precursor and the unit cell structure of the gstalline polymorph it forms.

These results suggest structural templating in the amorplus phase as a mechanism for



preferentially nucleating and growing both thermodynamially stable and metastable poly-
morphs.

A concept of amorphous precursor engineering for directitige crystallization of titanium
dioxide polymorphs is postulated and discussed based on thesearch contained in this
dissertation. This concept demonstrates a wide-ranging femtial for synthesis of metastable
phases in polymorphic systems where the stabilization ofdghier energy phases provides a

route to superior functionality over their stable countergarts.
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CHAPTER 1
INTRODUCTION

1.1 Funding

This work is supported as part of the Center for Next Generatio Materials by Design:
Incorporating Metastability (CNGMD), an Energy Frontier Research Center funded by the
U.S. Department of Energy, O ce of Science, Basic Energy Sciees under Award #DE-
AC3608G(,8308. The mission of the CNGMD is to dramatically transform tk discovery of
functional energy materials through multiple-property sarch, incorporation of metastable
materials into predictive design, and the development of #ory to guide materials synthesis.

The ve primary goals of the CNGMD are as follows:
1. Design and discover new energy-relevant materials
2. Develop foundational tools for theory, synthesis, and amacterization

3. Incorporate metastable materials into materials desigand establish an understanding

of metastability

4. Develop theory-driven approach to guide synthesis of nematerials, including metastable

systems

5. Promote and disseminate the Next Generation of Materials d3ign to the broader

materials science community

The research conducted and proposed as part of this disséiba aligns with the goals
of the CNGMD in the following ways: Expertise in microanalys and nanoscale character-
ization gained from work relevant to this dissertation has &en utilized in the discovery of
new synthesis routes for energy materials, accomplisheddhgh collaborative e orts with

other members of the CNGMD. A novel method for site-speci ¢ meoscale characterization



has been developed as a result of this work, which is discusg®e Chapter 2. Using titanium
oxide (a.k.a. titania) as a model system, this work providemsight into how metastability
and non-equilibrium synthesis approaches can be utilized the design of enhanced energy
materials. The research contained in this dissertation ajips knowledge from completed
experimental e orts to the development of theory to guide frther synthesis methods for the
titania system of interest. All major ndings and developmets of this work have been or
will be presented to the appropriate communities through cderences, scienti ¢ meetings,

and journal publications.

1.2 Motivation

In classical thermodynamics, a unique equilibrium state ets in which the value of free
energy is minimized and there are no thermodynamic drivingpfces acting on the system
(Figure 1.1a) [1]. Given enough time and perturbations, allystems will settle into their ther-
modynamic equilibrium state of lowest free energy. Howevehere also exist non-equilibrium
metastable states of greater free energy that are situated focal free energy minima (Fig-
ure 1.1b). Due to an energetic barrier, denoted as G systems may remain in these local
minima inde nitely supposing there are no energy uctuatims large enough to exceed that
barrier [2].

Relative to their thermodynamically favorable counterpats, these metastable states can
exhibit more desirable or enhanced properties for appligahs such as photocatalysis [4{6].
Understanding the mechanisms leading to the formation andadtilization of these metastable
phases is therefore crucial for the development of novel fttronal materials. Titanium diox-
ide (TiO,) is a heavily researched system with a well characterizedlaBonship between
structural polymorphism (i.e. same composition, di erentcrystalline structure) and func-
tional properties. For instance, an increase in photocatgic activity is observed when
metastable polymorphs, such as anatase and brookite, areepent [7]. When compared to

the more common rutile and anatase Ti@ polymorphs, the metastable brookite structure



(a) (b)

Figure 1.1: Schematic of free energy, G, for (a) a system at tineodynamic equilibrium and
(b) a system in a metastable local energy minimum. G is the fee energy di erence between
the equilibrium and metastable state. Gy, is the barrier energy the metastable state must
overcome to transition to the equilibrium state (or any lowe energy state). This gure was
reproduced fromThe Vitreous State Gutzow 1995 [3].

has been shown in numerous studies to exhibit enhanced phcatalytic e ciency amongst
a variety of chemical reactions [7, 8].

Over the last several decades, research e orts have proddderookite TiO, through a
number of synthesis procedures, ranging from hydrothermalntheses to classic physical
vapor Im deposition [7]. Although these studies report the ynthesis methods in detail,
there is little understanding of the underlying mechanismhat leads to the stabilization and

ultimate formation of the brookite polymorph.
1.2.1 Titanium Dioxide Polymorphs

Figure 1.2 shows crystallographic unit cells for the three marally occurring polymorphs
of TiO, { rutile (tetragonal, P4 ,/mnm), brookite (orthorhombic, Pbca), and anatase (tetrag
onal, 14,/amd) [9]. The major distinction between these polymorphsés in the arrangement

of their TiO ¢ octahedral units (the individual diamond-shaped units seein Figure 1.2). In



the TiO, system, these octahedra can connect to one another througtethcorners or edges.
Each polymorph exhibits a di erent ratio of corner-sharingand edge-sharing octahedra. Ru-
tile has four corner-sharing pairs for every one edge-shagipair; brookite has approximately
two corner-sharing pairs for every one edge-sharing paincanatase has a one-to-one ratio
of corner-sharing and edge-sharing octahedra. High-pressyohases of TiQ have also been
found in nature and/or synthesized in the lab, but are not of mmediate interest for the

research contained in this dissertation [10].

Rutile Brookite Anatase
Z w7 4 \r \

’@"f. = e
N 2 T e /4
J'ﬁ (;/ & .{, - /". :""'.? /J% i 4 "'é-
/jp:\.\-*’/ | ij\ - < i

]
e
ll_l
-

Figure 1.2: Titanium dioxide polymorphs { rutile, brookite, and anatase. Structural distinc-
tions arise from di erent arrangements of TiQ octahedra.

For hundreds of years, the rutile structure of TiQ has been used for its extreme white
pigmentary appearance for paints, coatings, inks, and evensmetics [9]. More recently, the
anatase structure has found application as a promising maial for photocatalysis, namely
photoelectrochemical water splitting reactions [11]. Phocatalysis is a process in which
photogenerated electron-hole pairs are used to catalyze arficular reaction [12]. In the
case of TiQ, common photocatalytic reactions include water splittingfor hydrogen gas
formation [13] and oxidation of organic matter for self-stdizing coatings [9, 14]. Rutile and
anatase are both regarded as stable polymorphs of Ti@t standard pressure within their
respective temperature regimes as shown in the phase diagren Figure 1.3. Anatase phase
is stable up to approximately 600C, the temperature above which rutile becomes the stable

TiO, phase.
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Figure 1.3: Temperature-pressure phase diagram for titamu dioxide [15]. At standard
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Brookite, on the other hand, is a higher-energy metastableofymorph of TiO, and has
only been a focal point of research within the titania commuty over the past decade or so

(see Figure 1.4).
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Figure 1.4: Number of papers published on brookite per year 1985 to 2012. Chart
sourced from Di Paola et al. (2013) [7].

A number of studies have shown brookite to exhibit enhancedgperties that contribute
to a greater a nity for certain photocatalysis applications in comparison to anatase [7, 8, 16{
19]. However, the metastable nature of brookite makes it a n®elusive phase to synthesize
relative to rutile and anatase. Thermodynamic phase stabiji of these three TiO, poly-
morphs has been a focus of many researchers with the intenturfderstanding the delicate
energy landscape in which they reside. In their paper invegating phase transformation
energetics between rutile, brookite, and anatase, Zhangaman eld stated that \the en-
ergies of the three polymorphs are su ciently close that thg can be reversed by small
di erences in surface energy" [20]. Ti@ phase stability is such a complicated matter that
even the most thermodynamically favorable polymorph is a iy debated topic. Rutile is
commonly regarded as the most thermodynamically favorablghase arising from numer-

ous calorimetry studies conducted over the last several deles [20{23]. However, it has also



been experimentally observed that anatase and brookite carhibit lower formation energies
than rutile dependent upon many factors such as reductions particle/grain size, increasing
surface area, synthesizing in reducing environments, orcorporating of various impurities
including Na, Fe, and Mn [20, 24{28]. More recent theoreticahvestigations using a variety
of methods including density functional theory, linear coimination of atomic orbitals, and
guantum Monte Carlo calculations have determined anatase éhe most thermodynamically
favorable TiO, phase at 0 K, with rutile being stabilized when nite temperaure e ects
involving lattice vibrations are incorporated [29, 30]. Tlse same quantum Monte Carlo
calculations also showed brookite as the least stable phdse all temperatures. However,
many experimental studies have formed and stabilized the dwkite polymorph (see Section
1.2.2 below). Needless to say, the complex energetics of Ti@lymorph formation, espe-
cially those of metastable phases, are in uenced by many vables that are yet to be fully

understood by either experiment or theory.
1.2.2 Brookite Stabilization in Literature

Prior studies on TiO, phase formation in a pure Ti{O chemical space have proposed
that local variations in composition and/or structural digortions could give preference to
crystallizing metastable titania phases [31, 32], therebguggesting that variations in just
the Ti{O ratio can play a profound role in structure selectim. Furthermore, a consistent
trend can be found in the literature on TiQ, synthesis indicating that reducing conditions
are often preferred or required to stabilize the brookite ggmorph, as discussed below.

Many liquid phase synthesis procedures resulting in broa&i TiO, utilize TiCl 3 precur-
sors with various oxidizing agents [17, 33{41]. By startingvith Ti precursors in the 3+
valence state, oxygen de cient compositions as reduced afOl.s could be present during
the synthesis process. Brookite has also been shown to forrefprentially through su cient
oxidation of titanium metal or sub-stoichiometric titania compounds [42{46]. Again, the sys-
tem must pass through a reduced state prior to brookite cryatlization. Brookite has also

been synthesized hydrothermally via reduced intermediatompounds containing acceptor



ions such as Na and Ca* [26{28]. Interestingly, naturally occurring brookite is dten found
with trace amounts of acceptor ions, such as Fe [47]. When these ions substitute for Ti
atoms, oxygen vacancy defects can be introduced in order talance charge in these systems
[48].

Aside from composition- or impurity-dependent stabilizatin, brookite has been observed
to form from pre-existing surfaces of anatase crystals, swgling polytypic growth as a
stabilization strategy as well [49].

A computational study on brookite crystal surfaces also indates a number of polytypic
surface structural relationships between brookite and bbtanatase and rutile [50]. Penn
and Ban eld posit that structural similarities and small di erences in formation energy
amongst the polymorphs enable, through random thermal uctations, the possibility of
one polymorph nucleating and growing from another [49].

Stabilization through size e ects, whether particle size20] or Im thickness [51], has
also been utilized to attain the brookite phase. At least inlte particle size case, this type
of stabilization is attributed to the surface energy compaent of the total structural energy
(surface + bulk). At small size scales, surface energy plagslarger role in overall stability
and can therefore open up surface area (or particle size) irags where each of these three
polymorphs are found as the lowest energy phase [24]. Basedtlee trends seen thus far
in literature, it is not unreasonable to imagine an underlyig mechanism that governs TiQ
system polymorph stability based on strain energy arisingdm the various types and extents
of defects discussed above. The work contained in this digaéion was conducted with the

goal of elucidating this mechanism in mind.

1.3 Engineering of Amorphous Precursors to Crystalline Polymorphs

Non-crystalline materials are oftentimes classi ed into aisgle category and simply
branded as \amorphous.” Lack of long-range crystalline sicture by which to identify

and di erentiate them often leads to an unfortunate under-baracterization of the subtle



di erences that make every amorphous material unique. Beuasae they are higher energy
metastable phases relative to their crystalline counterpts, amorphous materials can serve
as transient templates to crystalline phases in the overadlynthesis process. Manipulating
attributes of amorphous precursor phases such as stoichietny, strain, composition, or lo-
cal atomic structure has been shown in literature to seleggly in uence the development of
crystalline phases, even metastable ones [51{54].

Even though amorphous materials lack long-range order, tteemost often exists a de-
gree of short-range order on the scale of a few angstroms. Smally considering systems
dominated by ionic bonding, this short-range order will maifest as polyhedra of cations sur-
rounded by anions simply due to electrostatics [55]. Theselghedra are then interconnected
by sharing corners, edges, or faces. However, instead of treglong-range periodic arrange-
ments of these interconnected polyhedra, a randomly oriextt three-dimensional network is
formed [3]. Due to far fewer geometrical constraints as cormed to a crystalline arrange-
ment, amorphous materials exhibit signi cantly greater stuctural variability and, therefore,
potential for engineering amorphous precursors to direché formation of crystalline phases.

Amorphous materials are most commonly produced through quemng from a liquid or
gaseous state at a cooling rate fast enough such that the norystalline nature of the liquid
or gas is \frozen-in" as a solid [3]. Alongside the retentionf@a non-crystalline structure,
thermodynamic quantities such as the free enthalpy and emtpy of the amorphous state
closely resemble those of the initial liquid or gaseous staind are often considerably greater
than the corresponding crystalline phase [3, 56]. The prseivalues of these thermodynamic
guantites will heavily depend upon the rate at which the ligid or gaseous state is quenched
into an amorphous solid [57]. Faster quench rates result iregter values for the internal
energy of the solid amorphous phase compared to slower rgtgs]. Another factor in uenced
by quench rate is the nal amorphous structure of the solid pise. As a liquid or gas is cooled
below its transformation temperature, structural rearragements take place to maintain an

equilibrium con guration. However, as the thermal energy a@tinues to decrease, these



rearrangements cannot keep up with the equilibrium state aheventually come to a halt,
i.e. become frozen-in [57]. The rate of cooling will deterne the point at which the non-
crystalline arrangement is frozen-in and, therefore, playa major role in the establishment
of amorphous structure.

A variety of variables exist that can be used to control and e the state of an amor-
phous precursor material. Synthesis environment, such aducing or oxidizing atmospheres,
can in uence the composition or stoichiometry of amorphouprecursor materials [58, 59].
Variable degrees of strain and/or density may also be intratted in amorphous precursors
through a multitude of ways including deposition rates in thm Im synthesis [54], quench rate
in bulk glasses [60], substrate pinning [61], nanoscaletical Im thickness e ects [62], or
incorporation of isovalent dopants [63]. Inducing defectsuch as oxygen vacancies or cation
interstitials can be accomplished through doping with acgeor or donor impurities and has
been proven e ective in prior research for metastable polyonph formation, especially in the
zirconia system [64{67].

Changes in these processing variables ultimately in uendee state of the amorphous
precursor, which at the present moment remains a fairly nebaus concept. However, this
has been considered before in studies, both theoretical asperimental, that were conducted
in e orts to shed light on this idea of poly-amorphism and itsrole in synthesis of crystalline
materials. Some researchers have explained amorphousitgstalline transitions resulting in
higher energy phases as a product of the free energy of the apihmus precursor with respect
to its corresponding crystalline phase [53, 54]. In this casformation of metastable phases
as well as the crystallization kinetics are in uenced by thenagnitude of the decrease in
free energy due to crystallization [53, 54]. Another plausiblhypothesis considers structural
similarities between local atomic-scale con guration intte amorphous state and unit cell
structure of the crystalline state [32, 68, 69]. Relationgbs between the local structure of
the amorphous precursor and crystalline product could allofor preferential nucleation of a

certain structural polymorph over its competitors.
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In the TiO , system, amorphous structures are random networks of Tictahedra shar-
ing both edges and corners. The relative amounts and con gation of edge-sharing and
corner-sharing octahedra are subject to the processing ditions of the amorphous phase
that a ect properties such as composition, strain, and det states. Using pulsed laser de-
position, extreme quench rates are achieved when depoditia titania Im from a plasma
onto a room temperature substrate, e ectively \freezing ith an amorphous structure with a
higher degree of internal energy relative to the more therndgnamically stable crystalline
structure [3]. Working in a non-equilibrium processing reme with the ability to manipulate
various aforementioned attributes of the amorphous precsor phase provides opportunities
for engineering the internal energy and/or local atomic strcture to selectively synthesize

crystalline TiO, polymorphs.

1.4 Characterizing the Amorphous Precursor State

Experimentally investigating the properties that constitite the state of an amorphous
precursor phase and its in uence on the crystallization pess requires a variety of char-
acterization techniques. Composition, which in this cases ithe ratio of Ti and O, can be
determined through Rutherford backscattering spectromeg. Chemical analysis of the Ti
valence state can be conducted using electron energy-lgsscroscopy, providing insight into
how local electronic structure may in uence crystallizaton behavior. Local atomic structure
and octahedral con guration can be studied through electroscattering approaches to mea-
sure pair distribution functions that provide atomic-sca¢ measurements of Ti coordination
number, average nearest-neighbor bond distances, and tela amounts of edge-sharing and
corner-sharing linkage in the amorphous octahedral networAll of these attributes, in some
way, in uence the crystallization behavior of the amorphos precursor, which can be observed
directly via in-situ TEM annealing experiments. Kinetics \ariables such as crystallization
temperature, nucleation rate, and growth velocity descri the energetics of the crystalliza-

tion process and can be extracted from these experiments taiig quanti able insight into
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how the amorphous precursor state in uences crystalline pducts. Following crystalliza-
tion, polymorph formation can be identi ed and phase fractons calculated through electron
and X-ray di raction techniques as well as Raman spectroscgp Resulting crystalline mi-
crostructures, which are governed by the kinetics of nucliéan and growth, can be directly
imaged with a transmission electron microscopy to quantifpucleation densities as well as
grain sizes and morphologies. The research presented anscdssed in Chapters 3, 4, and 5
of this dissertation is directly aimed at investigating theproperties of the amorphous state
mentioned above and their in uence on crystallization behaor and polymorph selectivity

to better understand the prospective concept of amorphousgrursor engineering.
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CHAPTER 2
CORRELATIVE RAMAN SPECTROSCOPY AND FOCUSED ION BEAM FOR
TARGETED PHASE BOUNDARY ANALYSIS OF TITANIA POLYMORPHS

From an article published inUltramicroscopy, 2018
John S. Manguni, Lisa H. Char?, Ute Schmidf, Lauren M. Garter?, David S. Ginley’ and
Brian P. Gorman®

Primary author
2Co-author

3Project advisor

2.1 Abstract

Site-speci ¢ preparation of specimens using focused ioname instruments for transmis-
sion electron microscopy is at the forefront of targeting ggons of interest for nanoscale
characterization. Typical methods of pinpointing desiredefatures include electron backscat-
ter di raction for di erentiating crystal structures and e nergy-dispersive X-Ray spectroscopy
for probing compositional variations. Yet there are situaons, notably in the titanium diox-
ide system, where these techniques can fail. Di erentiatgnbetween the brookite and anatase
polymorphs of titania is either excessively laborious or ipossible with the aforementioned
techniques. However, due to di erences in bonding structurdRaman spectroscopy serves
as an ideal candidate for polymorph di erentiation. In thiswork, a correlative approach
utilizing Raman spectroscopy for targeted focused ion beaspecimen preparation was em-
ployed. Dark eld imaging and di raction in the transmission electron microscope con rmed
the region of interest located via Raman spectroscopy andrdenstrated the validity of this

new method. Correlative Raman spectroscopy, scanning ¢fea microscopy, and focused
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ion beam is shown to be a promising new technique for identifiy site-speci ¢ preparation

of nanoscale specimens in cases where conventional apgreaao not su ce.

2.2 Introduction

Transmission Electron Microscopy (TEM) serves as one of theost powerful techniques
for nanoscale structural characterization. With image resations better than 50 pm, imag-
ing of nanoscale structural features and atomic positions feasible [70, 71]. However, spec-
imen volumes are often restricted to less than 10m? due to specimen geometry require-
ments. Limited specimen volumes necessitate site-specspecimen preparation such that
the nanoscale structural features are available for analgsprimarily using Focused lon Beam
(FIB) techniques. Secondary analysis tools have become usgifrior to FIB specimen prepa-
ration procedures in order to select regions of interest fGlEM characterization. Electron
Backscatter Di raction (EBSD) can distinguish between regns of varying crystal structure
and Energy-Dispersive X-ray Spectroscopy (EDS) can be usexdi erentiate regions of dis-
similar chemical composition. These two techniques are coranly used for locating regions
of interest in the FIB instrument [72{75]. However, these teahiques have limitations when
the regions of interest are chemically identical and struatally similar.

One such case is di erentiating polymorphs of titanium diokle (TiO,), speci cally rutile,
anatase, and brookite. Anatase (Idamd; a=b =3.785 A, c = 9.520 A) forms in a tetrago-
nal structure with Ti octahedra aligned in a linear manner. Bookite (Pbca; a = 9.174A, b
=5.449A, c =5.138A) is slightly distorted from anatase into an orthorhombic stucture and
exhibits tilted Ti octahedra. Due to this variance in octahdral arrangement, T{O bond-
ing di ers signi cantly between the two polymorphs. Measuable di erences in vibrational
and rotational modes within each structure allow for Raman Eectroscopy to be a supe-
rior method of polymorph di erentiation in this system. Furthermore, the crystallographic
distortion from anatase to brookite is subtle enough that ditinguishing characteristics in

EBSD patterns are dicult to detect. Note: although it is possible to distinguish these
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polymorphs with EBSD, doing so in real time on the microscopis both challenging and
time-consuming. This requires identifying the unique brdate (211) re ection, which is often
relatively low intensity and can be easily missed in textuce Ims. With identical chemical
compositions and similar di raction patterns, neither EDSnor EBSD will be su cient for
e ciently di erentiating brookite and anatase.

A unique correlative imaging technique termed Raman imagirgcanning electron (RISE)
microscopy was introduced by TESCAN and WITec in 2014 [76]. Thiategration of a con-
focal Raman microscope into a FIB-SEM workstation enables ¢hacquisition of Raman
and electron images of the same area within the same instrunbe This con guration is
well-suited for precisely locating an anatase-brookite badary with the confocal Raman
microscope for TEM specimen preparation with the FIB-SEM wdkstation. For this study,
two separate instruments were used to complete the work pezged here due to the con g-

urations of available instruments.

2.3 Materials and Methods

The titanium oxide Ims were deposited by pulsed laser dep®n from a TiO , target
(99.998% Materion) onto Eagle XG glass (Corning) substrageat room temperature. A
Lambda Physik KrF laser was used with a laser repetition ratef 10 Hz and the energy
density of approximately 2.2 J/cnt. A partial pressure of oxygen of 1 mTorr was maintained
during deposition. After deposition, the Ims were post annaled at 400C for 90 seconds in
a nitrogen atmosphere.

Secondary electron micrographs were acquired with a TESCANIRIA3 eld emission
scanning electron microscope (SEM) operating at a 5 kV aceeiting voltage and 14 mm
working distance over 1024 x 768 pixels with a 100G pixel dwell time.

A WITec confocal Raman imaging system integrated in the MIRA3 BM was used to
collect Raman images consisting of two-dimensional arragé Raman spectra. In this study,

an area of 30x30 m? was analyzed by acquiring an array of 100x100 complete Ramspectra,
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with an integration time of 0.13 s/spectrum. A 532 nm excitabn laser in combination
with an UHTS300 spectrometer equipped with a grating of 1800 gm were used for these
investigations. All Raman spectra were background correcteusing the shape function of
the WITecProject software and distinct peaks were attributd to each titania polymorph
using the lter manager of the WITec Project software. Regios of interest were located and
tracked while transferring samples between instruments img TESCAN's X-Positioner tool.

Sample preparation for TEM was done with a TESCAN LYRAS3 FIB worksation equipped
with a SEM via in-situ methods described by Giannuzzi [77]. g&cimens were further ion
milled at 2 kV and 77 pA to remove Ga ion beam damage and achieaenal thickness of
approximately 80 nm.

Transmission electron micrographs were acquired with an FEo. Talos F200X trans-
mission electron microscope with scanning capabilities egting at an accelerating voltage
of 200 keV. Structural characterization was conducted by aaging selected area electron
di raction (SAED) patterns on an FEI Co. Ceta 16M pixel CMOS canera at a camera
length of 410 mm. Platinum from the FIB was used to calibrate te camera constant, al-
lowing SAED re ections to be accurately measured and indexedDark- eld imaging was
conducted using an objective aperture to acquire images grfrom electrons di racted by

crystallographic planes speci ¢ to each polymorph.

2.4 Results and Discussion

2.4.1 Correlative Raman-FIB

A TiO, thin Im sample, con rmed by X-ray di raction to contain broo kite and anatase,
is selected for site-speci ¢ TEM preparation via the techigue discussed here. The Imis rst
imaged using the TESCAN MIRA3 eld emission SEM to identify a rgion of interest. Using
the confocal Raman imaging system integrated with the MIRA BM, a 100 x 100 spectral
array is generated by collecting and joining single spectraithin the region of interest. The

pixel size is 0.3 x 0.3 m, below the di raction limit of the used setup. After backgraund

16



correction, a cluster analysis is performed on the 2-D spealt array. Two main clusters
of Raman spectra are identi ed corresponding to the brookét and anatase phases of TiD
Within each phase, small changes in peak intensities are ob&al as presented in Figure 2.1a
and Figure 2.1b, respectively. Such small changes of Ramambantensities are related to
di erent orientations of the brookite phase and varying poosity of the anatase phase [78, 79].
These four spectra are used as a basis for the analysis of thespectral array. Each spectrum
from the 2D spectral array is written as a linear combinatiorof the four Raman spectra,
resulting in a weighting factor for each pixel of the 2D array As these four phases are
unique, with uniqgue Raman spectra, only one spectrum conrites to a speci c pixel in
the 2D array. This analysis method of 2D spectral arrays reks in distribution images of
the identi ed chemical/structural species [80]. Combinig these images using the colors of
the spectra, a color-coded Raman image is generated, highting the distribution of the
titania polymorphs within the region of interest (Figure 2.x). By overlaying this Raman
image on the SEM micrograph of the region of interest, the RESimage (Figure 2.1d),
the precise location of each polymorph can be identi ed anddcked for TEM preparation.
Furthermore, by analyzing the positions of the Raman bandsaund 145 rel. 1/cm, a stress
map is generated as shown in Figure 2.2a. The lamella-likewtture visible in the SEM image
(Figure 2.1b) matches the stress map of the brookite phase abted by Raman imaging.
This ability to correlate variations in stress with SEM imagng accentuates the utility of this
technique for targeting potential regions of interest forurther analysis.

After Raman imaging, the sample is transferred to the TESCAN LYR3 FIB-SEM work-
station. The region is relocated by using TESCAN's X-positiorretool to navigate in the
SEM using correlated external image data. With the polymorph @ap now laid out in the
FIB-SEM workstation, structural features of the Im can be puposefully targeted for TEM
specimen preparation. Conventional in-situ FIB lift-out méhods are then conducted to pre-
pare a thin cross-section of the Im containing a boundary eeen regions of brookite and

anatase [77].
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Figure 2.1: Raman spectra extracted from cluster analysisrf@a) brookite (blue, yellow) and
(b) anatase (red, green). (c) Color-coded Raman image, and)(RISE image of the region
of interest indicating areas of brookite and anatase. Regiof interest for TEM specimen
preparation is outlined by yellow box.
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Figure 2.2: (a) Stress map of the brookite phase and (b) highs@lution SEM image of the
same region of interest, revealing a lamella-like ne striare.

2.4.2 Con rmation in Transmission Electron Microscopy

Dark- eld TEM imaging is conducted to con rm the presence othe boundary between
the two polymorphs. Selected area electron diraction is st used to locate regions of
brookite and anatase by identifying re ections speci c to ach polymorph. An area that
exhibited diraction conditions of both brookite and anatase structures (Figure 2.3a) is
located for dark eld imaging. Micrographs are acquired by sing an objective aperture to
isolate di racted electrons unique to each polymorph. By waof dark- eld imaging, regions
of the Im corresponding to either polymorph are highlighte. Bright- eld imaging is also
utilized by isolating only directly transmitted electronsto acquire an overview of the Im
microstructure (Figure 2.3b). Di racted electrons from thebrookite (020) planes (d = 2.725
A), indicated by the blue box in Figure 2.3a, are used to image ¢hbrookite region of the Im
(Figure 2.3c). Diracted electrons from the anatase 103) planes (d = 2.432A), indicated

by the red box in Figure 2.3a, are used to image the anatase ragiof the Im (Figure 2.3d).
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Figure 2.3: (a) Selected area electron diraction pattern idicating polymorph-speci c re-
ections for brookite (020) planes (blue) and anataselQ3) planes (red), (b) bright eld
image, (c) dark- eld of brookite region, and (d) dark- eld image of anatase region.
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As revealed by dark- eld imaging, the boundary between regins of brookite and anatase
is successfully targeted at the mesoscale for subsequeragimg and microstructural analysis
at the nanoscale. A synopsis of this process is shown in Fig@e. This technique opens
the door to many crystallographic orientation relationshp studies of TiO, polymorphs that
will be vital in understanding growth and stabilization metanisms of both the brookite and
anatase phases. Additionally, this technique can be readiapplied to other material system

to investigate speci ¢ phase boundaries, second phasesjnderfaces.

2.5 Conclusions and Outlook

Correlating Raman spectroscopy and focused ion beam fores#peci ¢ preparation of
TEM specimens was discussed. Regions of a Fi@hin Im containing two polymorphs,
brookite and anatase, were mapped out using their distinct&nan spectra for di erentiation.
Overlaying these maps on SEM micrographs allowed for accteadenti cation of polymorph
boundaries within the focused ion beam instrument. Specime for TEM analysis were
prepared from the region of interest pinpointed by Raman sp&al mapping. Dark eld
imaging and SAED con rmed the presence of the boundary betweéhe brookite and anatase
polymorphs, proving that the region of interest can be targed and maintained throughout
the specimen preparation process.

Raman-guided FIB for site-speci ¢ preparation of TEM specimns is an exciting new
technique that shows promise for the nanoscale characteton and microscopy community.
This is especially true in-situations where more common tegiques such as EBSD and
EDS lack the necessary resolution and/or capability to digtiguish between polymorphs
with similar structures and chemistries. Such areas incledmost Raman active materials:
ceramics, semiconductors, organics and biomaterials, agdologic samples. Furthermore,
this technique can just as easily be employed in targeted FIB @paration of specimens for

atom probe tomography or micropillar nanoindentation of hierophase materials.
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Figure 2.4: Tracking of the anatase/brookite boundary (outhed by purple box) through

multiple length scales. From top to bottom: Raman-SEM imagehowing initial region of

interest; low magni cation bright- eld STEM image of thinned TEM specimen; close up
bright- eld TEM image of boundary.
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CHAPTER 3
SELECTIVE BROOKITE POLYMORPH FORMATION RELATED TO THE
AMORPHOUS PRECURSOR STATE IN TIO ; THIN FILMS

From an article published inJournal of Non-Crystalline Solids 2019
John S. Mangunt, Okan Agirsever?, James E.S. Hagger}; John D. Perking, Laura T.
Schelha$, Daniil A. Kitchaev?, Lauren M. Garter?, David S. Ginley?, Michael F. Toney,
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3.1 Abstract

A wide variety of brookite TiO, synthesis methods have been published over the past sev-
eral decades, but few studies discuss the underlying meclsan that stabilizes brookite over
its stable counterparts, rutile and anatase. Here, we invegate of the e ect of pulsed laser
deposition parameters on the as-deposited amorphous presar titania thin Ims, which
subsequently crystallize into stable and metastable TiOpolymorphs upon annealing. We
nd that oxygen pressure in the deposition chamber stronglin uences the non-equilibrium
state of the amorphous precursor, which ultimately allowsof selective polymorph forma-
tion. Rutile forms as the dominant phase at low p@< 0.1 mTorr, while anatase is favored
at high pO, > 5 mTorr. Brookite forms primarily at intermediate pO, (0.5 - 1.0 mTorr).
Controlling the amorphous structure (i.e. Ti{O bonding andpolyhedral arrangement) of the
precursors via oxygen de ciency is therefore likely for theelective formation of crystalline

TiO, polymorphs from sub-stoichiometric amorphous precursorBirecting phase selectivity
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by manipulating the structure and internal energy of the preursor amorphous state may
have tremendous potential for synthesis of metastable ctgfline phases that exhibit more

desirable properties in comparison to their stable countearts.

3.2 Introduction

In many material systems, metastable phases can exhibit neodesirable properties rel-
ative to their stable counterparts [4{6]. Understanding themechanisms leading to the
formation and stabilization of these metastable phases ifidrefore crucial for developing
new functional materials. Titanium dioxide (TiO;) is a heavily researched system with a
well characterized relationship between structural polyorphism and functional properties,
namely an increase in photocatalytic activity observed wimebrookite, a higher free energy
polymorph of TiO,, is present [7]. Compared to the common rutile and anatase dj poly-
morphs, the metastable brookite structure has been shown mumerous studies to exhibit
enhanced photocatalysis [7, 8]. Over the last several deesad research e orts have pro-
duced brookite TiO, through a number of synthesis procedures, ranging from hyathermal
syntheses to classic PVD Im deposition [7]. Although these gtlies report the synthesis
methods in detail, there is little understanding of the unddying mechanism that leads to
the stabilization and ultimate formation of the brookite pdymorph.

One mechanism for controlling phase selection is employimgid o -stoichiometry, relying
on the fact that certain phases that are metastable at their @minal composition may be
stabilized by low-energy o -stoichiometric defects. Forxample, in the ZrO, system, the
desirable high-temperature cubic phase is stabilized atom temperature via incorporation of
lower valence cations such as yttrium [65, 81, 82]. One pragggal mechanism for the formation
of the ZrO, cubic phase posits that oxygen vacancies induce local sttui@l distortions that
favor the cubic phase [82]. Another example is the Mnystem, where the incorporation of
alkali cations in solution-based synthesis drives the foation of a wide-variety of layered and

tunnel-type frameworks in preference to the pure-MnO, structure [83]. Following insights
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from these systems, we investigated the in uence of defeds phase formation in TiGQ thin
Ims. We previously reported that topotactically-incorporated alkali defects are unlikely to
directly promote brookite formation [51].

Prior studies on TiO, phase formation in a pure T{O chemical space have proposed
that local variations in composition and/or structural digortions could give preference to
crystallizing metastable titania phases [31, 32], therebguggesting that variations in just
the Ti{O ratio can play a profound role in structure selectim. Furthermore, a consistent
trend can be found in the literature on TiG, synthesis indicating that reducing conditions
are often preferred or required to stabilize the brookite pgmorph. Many liquid phase
synthesis procedures resulting in brookite Ti@Qutilize TiCl 3 precursors with various oxidizing
agents [17, 33{41]. By starting with Ti precursors in the 3+ alence state, oxygen de cient
compositions as reduced as Tl could be present during the synthesis process. Brookite
has also been shown to form preferentially as titanium metalr sub-stoichiometric titania
compounds are su ciently oxidized [42{46]. Again, the syste must pass through a reduced
state prior to brookite crystallization. Brookite has alsdeen synthesized hydrothermally via
a reduced intermediate containing acceptor ions such as™Nand Ca* [26{28]. Interestingly,
naturally occurring brookite is often found with trace amouts of acceptor ions, such as Fé
[47]. In this case, oxygen vacancies may form to balance aparin the system when these
ions substitute for Ti atoms. It should be noted that a numberof these studies also show
that even further reducing conditions begin to favor the rute phase, demonstrating that
brookite is often found as an intermediate between anatasedirutile in processing regimes
regarding oxygen substoichiometry [34, 36, 58].

In this work, we directly probe the impact of oxygen de cienies on the phase formation
of TiO, by characterizing TiO, crystallization from amorphous TiQ¢ thin Im precursors.
We previously reported an optimization of TiQ brookite growth by a two-step process:
the deposition of an amorphous TiQ thin Im by pulsed laser deposition (PLD), followed

by a rapid thermal anneal to drive the crystallization of TiGQ [51]. However, while we
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were able to eliminate the possible importance of alkali ingporation into the thin Im and

correlate the formation of brookite to a particular Im thickness, we did not identify an
atomistic mechanism driving brookite formation. We now reprt a detailed compositional
and structural analysis of the as-deposited amorphous Imand nd that they are sub-

stoichiometric in oxygen relative to the stoichiometric TO, end-product. We nd that the

degree of sub-stoichiometry in the amorphous precursor isntrolled by tuning the oxygen
pressure during the PLD process, which then plays a large eoln selecting the crystal
structure of the TiO, end-product. Based on these results, it is likely that the sicess of the
synthesis methods developed for brookite growth can be eapled by their ability to access
somewhat reducing environments favoring brookite growtfalthough it remains a possibility

that Im thickness plays an additional, independent role inpromoting brookite formation.

3.3 Materials and Methods

3.3.1 Pulsed Laser Deposition of Amorphous TiO x Precursors

Amorphous TiOx thin Ims were deposited onto 3.5 cm x 2.5 cm fused silica substes
(a-Si0,, GM associates) at room temperature by pulsed laser depasit and subsequently
annealed in owing nitrogen at 400C [51]. Variations in oxygen content of the amorphous
precursors were achieved by pumping the chamber down to a bagmcuum pressure of 0.7

Torr and then introducing oxygen during deposition at 0.1, &, 1.0, 5.0 or 10.0 mTorr
using ultra-high-purity (99.999%) oxygen. Substrate to taget distance was set at 11.5 cm,
approximately 9 cm outside the visible plume under most coitbns. The oblong nature of
the plume in this con guration results in a Im thickness gradient of approximately 60 nm
from center to edge over the longer distance and roughly uorfn thickness over the shorter
distance. Substrates were divided into 35 cells with dimeiesis of 5 mm x 5 mm. Within each
cell, Im thickness is determined by measuring the thin Im nterference fringes observed in
the optical transmission with an approximate beam size of 1 mover the wavelength range
250 { 900 nm. Over this range, thickness of the Ti© Im is uniform to about 3 nm. We

model the substrate/ Im stack in the SCOUT software packaged4] with the Im thickness
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and band gap energy as tting parameters. Although respondi for optical distinction of
the polymorphs, di erences in their refractive indices do ot strongly a ect the thickness
determination. Thickness measurements depend more striymgn the dispersion of the
index, which is quite similar for all three polymorphs. Condering thickness variation from
the deposition pro le and the model limitations, we estima@ 5-10 nm error in thickness
measurement, with the larger error for the thinnest Ims whee the fringe structure is not
as well developed.

To study the impact of precursor reduction and oxygen sub-sichiometry on eventual
TiO, polymorph formation, we synthesized a range of amorphous@y thin Ims which
served as precursors to the crystallization of TiQfollowing annealing. We controlled the
stoichiometry of the as-deposited amorphous Ims by modifgg parameters of the PLD
process, most signi cantly the oxygen pressure (pQ in the chamber during deposition.
While we previously reported optimal brookite formation fron TiOx precursors deposited
at a pO, of 1 mTorr [51], here we vary oxygen pressure from base vacuymmessure (0.7

Torr) to 10 mTorr in order to correlate any redox changes in ta amorphous precursor Im
to changes in the structure of the nal crystalline product.For each pQ level we grow Ims
of varying thicknesses from 5 to 190 nm, so as to isolate anyaraction between the role of
Im thickness and oxygen o -stoichiometry on structure sekction during annealing.

Films were annealed in an AET Thermal RX Series Rapid Thermal Bcessing system
under owing N2 with a ow rate of 10 L/min. Temperature was increased at 50C/min to
340 C, then at 20 C/min to 400 C and held for 3 min. The heat source was then removed,
allowing the Ims to cool to ambient over approximately 10 mm. This annealing protocol
was chosen to maintain consistency with our previous studyndlriO, polymorph formation

[51].
3.3.2 Raman Spectroscopy

Samples were mounted in a Horiba Jobin-Yvon LabRam 800 Raman spemeter equipped

with the LabSpec 6.0 software suite. Optical images are adopd by a CCD camera attached
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to the microscope. TiQ polymorphs { brookite, anatase and rutile { are visually disnct
when imaged at 10X { 100X magni cation [51]. Phase fractionef the annealed crystalline
Ims were calculated by measuring the relative areas in omtal images and con rming the
phases with point Raman spectra. Raman spectra of brookitanpatase, and rutile are easily
distinguished [51, 85]. Optical images at 50X (about 0.2 mm&2 mm) were used for phase
analysis and checked against corresponding 10X images feually similarity. Micro-Raman
spectroscopy, with a 532 nm excitation laser focused to a $ize of about 1 m in diameter,

is used to con rm the polymorphs.
3.3.3 Transmission Electron Microscopy

TEM dark eld was acquired with an FEI Co. Talos F200X transmisgn electron mi-
croscope operating at an accelerating voltage of 200 keV. SWiEnicrographs were acquired
with an FEI Co. Titan 80-300 scanning transmission electron iroscope operating at an
accelerating voltage of 200 keV. Specimens for TEM were prepad from deposited Ims via
in-situ focused ion beam lift-out methods [77, 86] using an FECo. Helios Nanolab 600i
SEM/FIB DualBeam workstation. Specimens were ion milled at XeV and 77 pA to re-
move Ga ion beam damage and achieve a nal thickness of approately 75 nm. Electron
energy-loss spectroscopy (EELS) was acquired with the TitaTEM on a Gatan Tridiem
Electron Energy-Loss Spectrometer with an energy resolati of approximately 0.95 eV, as
measured by the FWHM of the zero-loss peak. T compositions were determined from
linear least squares tting of Ti L,.3 and O K core-loss edges using EELSMode [87]. Error for
EELS stoichiometries is approximately 0.03. Structural characterization was conducted by
acquiring selected area electron di raction (SAED) patters on an FEI Co. Ceta 16M pixel
CMOS camera at a camera length of 660 mm. Platinum from the FIBft-out process was
used to calibrate the camera constant, allowing SAED re eatns to be accurately measured

and indexed.

28



3.3.4 Rutherford Backscattering Spectrometry

Rutherford backscattering spectrometry (RBS) was perfored in 168 and 105 backscat-
tering geometries with a 2 MeV Hé beam energy using a model 3S-MR10 RBS system
from National Electrostatics Corporation. A 2 MeV beam enengwas used to avoid the
non-Rutherford resonant scattering that occurs at 3 MeV fobxygen. The 105 scattering
geometry was used both to increase the e ective thickness thie Im and to shift the oxy-
gen scattering energy to energies above where multiple deaihg events impact the tting.
Analysis of the RBS spectra was performed using the RUMP anaigssoftware [88]. Error

for RBS stoichiometries is approximately 0.05.
3.3.5 X-Ray Diraction

X-ray di raction (XRD) was performed using the Stanford Synchotron Radiation Light-
source (SSRL) Beamline 11{3 with an X-ray wavelength of 0.9Z4. X-ray beam dimensions
are 50 m vertical x 150 m horizontal. Two-dimensional scattering data were colléed us-
ing a Rayonex MX225 detector in a grazing incidence geometryitivthe X-ray beam held
at an incident angle of 3. The sample to detector distance was 150 mm. Images were
calibrated using a LaB standard and integrated between 10< < 170 ( is the polar

angle) using GSAS-II [89].

3.4 Results and Discussion

3.4.1 Oxygen De ciency in the Amorphous State

Ti{O stoichiometry of the as-deposited amorphous precursoms was determined with
EELS and RBS. These results are summarized in Table 3.1. EElsBectra acquired at the
Ti L ,.3 core-loss edge from two representative Ims, deposited aage vacuum pressure (0.7

Torr) and 1 mTorr, are shown in Figure 3.1. The two spectra di € by a Ess shift of
approximately 1.3 eV, with the Ti L3 peak of the 0.7 Torr Im located at 459.1 eV, as

compared to 460.4 eV for the 1 mTorr Im. Such a peak shift is gicative of increased
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Ti%* character in the Im deposited at 0.7 Torr, con rming the di erence in pO, condi-
tions during PLD studied here is su cient to signi cantly al ter the Ti/O content in the
as-deposited amorphous TiQ Im [90]. Linear least squares tting of the Ti L,3 and O K
edges approximated stoichiometries of Ti(}y and TiO;.g9 for the 0.7 Torr and 1 mTorr
Ims, respectively. RBS measurements of the 0.7Torr and 1 mTorr Ims (Figure 3.2) deter-
mined approximate stoichiometries of TiQgs and TiO;.93, respectively, further con rming

the greater extent of oxygen sub-stoichiometry in the lowgsO, Im.

Table 3.1: Results from EELS and RBS compositional analysi the amorphous Ims
deposited at pQ equal to 0.7 Torr and 1 mTorr.

Deposition pO, | Film Thickness EEL.I_Si3E:O_rr_II_Fi)4O+SIt|0n RBS Composition
TIO 1:80 .
0.7 Torr 30 nm 0.41 - 0.59 TiO 185
TIO 1:89 .
1 mTorr 50 nm 022 0.78 TiO 103

3.4.2 Selective Crystallization of TIO  , Polymorphs

Having con rmed that the oxygen stoichiometry of the TiO; precursor can be modi ed
through PLD parameters, we proceed to study the formation afrystalline TiOx from the
Ims grown at pO, equal to 0.7 Torr and 1 mTorr. For the crystallization step, the thermal
annealing protocol described in the methods section is usedVe identify the resulting
crystalline phases by Raman spectroscopy, as all three pwoigrphs of interest have very
distinct spectra. With these two Ims, we observe a high fracon of brookite (75%) formed
from the 1 mTorr deposition compared to the 25% brookite fored in the 0.7 Torr sample.
To characterize the stoichiometry of the post-annealed pbkas in more detail, we obtained
EELS and RBS on the samples corresponding to the products stgllized from the TiOy
precursors shown in Figure 3.1. Both of these Ims fully crysilize during the annealing

process with resulting compositions of nominally stoichmetric TiO , (see Table 3.2). EELS
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Figure 3.1. Electron energy-loss spectra from amorphous bkrdeposited at pQ equal to
0.7 Torr and 1 mTorr showing the Ti L, and L3 core-loss edges. Shifting of these edges
to lower energy loss values indicates an increase in*'Tivalence state character, and thus
oxygen de ciency, in the as-deposited amorphous Ims. Peaplitting in the Ti L , and L3
core loss edges is seen as'Ticharacter increases.[90]

Figure 3.2: Rutherford backscattering spectra from amorplus precursor Ims deposited at
pO, equal to (a) 0.7 Torr and (b) 1 mTorr.
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spectra from the annealed crystalline Ims are in good agreeent with TiO , spectra found
in literature and RBS from these Ims indicates an approximee stoichiometry of TiO;.gg.

These results are shown in Figure 3.3.

Table 3.2: Results from EELS and RBS compositional analysts the post-annealed crys-
talline Ims deposited at pO, equal to 0.7 Torr and 1 mTorr. Resulting phase fractions
in the crystalline Ims determined from Raman spectroscopyanalysis are also reported.
RBS analysis was only completed on the post-annealed 1 mTolm and is assumed to be
representative of all annealed Ims in this study.

Deposition pO, EELTSi3E:o.rr_|r;?‘cl)+S|t|on RBS Composition| Phase Fractions
TiO 2:00 . 75% Rutile
0.7 Torr 0:1 T10 208 25% Brookite
Tio 80% Brookite
1 mTorr 0 _2:;1 TiO 2.08 15% Anatase
' 5% Rutile

Figure 3.3: (a) Rutherford backscattering spectrum and (b)lectron energy-loss spectrum
from representative crystalline annealed product of Im degosited at pO, equal to 1 mTorr.

Further examination of structure selection trends was donley characterizing phase frac-
tions of crystallized products grown from precursor Ims wh thicknesses varying from 5 nm

to 190 nm deposited over a range of oxygen partial pressuresni 0.1 mTorr to 10 mTorr.
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Based on the calibration data described earlier, we assunmeall cases that decreasing oxy-
gen pressure during deposition yields a greater extent ofygen de ciency in the amorphous
TiOx Im, and all crystalline products are stoichiometric TiO,. Using Raman spectroscopy
to identify phases in the crystallized Ims, we nd that rutile forms as the dominant phase
at pO, < 0.1 mTorr, while anatase is favored at high p©> 5 mTorr. We observe brookite
formation primarily at intermediate pO, (0.5 { 1.0 mTorr), within an approximate Im

thickness window from 40 to 70 nm. X-ray diraction, shown in Fgure 3.4, veri es these

trends.

Figure 3.4: X-ray diraction patterns from post-annealed crgtalline products of Ims de-
posited at di erent deposition oxygen pressures rangingdm 0.1 mTorr to 10 mTorr. Anatase
forms primarily at pO, = 10 mTorr, rutile at pO , = 0.1 mTorr, and brookite at an interme-
diate range of pQ = 0.5 to 1.0 mTorr. Reference stick patterns for each Ti@polymorph
are shown at the bottom of the plot.
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Figure 3.5 presents the trends between deposition parameteand their in uence on
polymorph formation, from the Ims discussed above. Phasedctions of annealed crys-
talline Ims are indicated by colored fractions of the cirats, which are located based on
the deposition pQ and Im thickness of their respective amorphous precursoim. Looking
from bottom-left to top-right, three regions associated viin high fractions of each polymorph
are visible. Anatase (green) forms primarily at higher p@and very small Im thicknesses,
while rutile (red) shows the opposite trend. Brookite (blugforms in an intermediate region

between anatase and rutile.

Figure 3.5: Visualization of the relationship between oxygepressure (pQ) during depo-
sition, Im thickness, and TiO, polymorph formation after annealing at 400C. Location
of each circle indicates Im thickness and p@ at which the Im was deposited. Circles
are colored to show the fractions of each polymorph formedtexf crystallization { anatase
(green), brookite (blue), rutile (red). Regions correspating to ranges of certain pQ and
Im thickness in which high fractions of each polymorph formare apparent. Anatase in the
upper-left, rutile in the bottom-right, and brookite in between the two.
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Phase fractions of 97 di erent crystalline Ims are plottedalong with their respective
deposition pQ, Im thickness, and calculated band gap as parallel coordates plots in Fig-
ure 3.6. Band gap is used in this case as an example of an unelated variable, which is
discussed below. Figure 3.6 shows three parallel coordiref@ots, each highlighting Ims
that crystallized at least 75% of a certain TiQ polymorph. Di erent variables are spaced
along the x-axis and the y-axis is hormalized from 0 to 1, witB being the minimum value
and 1 being the maximum value for each variable. Minimum and aximum values for each
variable are denoted at the bottom of the plot. For the hightjhted subsets (shown in a rain-
bow scale) in Figure 3.6, the spread in data points along theais for each variable indicates
how correlated that variable is with a high phase fraction ofthe highlighted polymorph in
the crystalline Im. For example, high-fraction brookite Ims (Figure 3.6(a)) show wide
variability in calculated band gap from 3.25 eV ((V-Win )/(V max -Vmin ) = 0) to approximately
3.6 eV (V-Vinin IV max -Vmin = 0.75), suggesting very little correlation between theseno vari-
ables. However, both deposition p©@and Im thickness show a tight spread in variability
for high-fraction brookite Ims with normalized values (V¥min /V max -Vmin ) fanging from 0
to 0.1 and 0.1 to 0.3, respectively. This not only shows a stig correlation between these
variables, but also indicates the general ranges of depositipO, (0.1 - 1.0 mTorr) and Im
thickness (20 - 60 nm) that result in crystalline Ims with high fractions of brookite.

High fractions of rutile, shown in Figure 3.6(b), crystallizeonly in Ims deposited at
pO, equal to 0.1 mTorr. However, we know from earlier results thatutile forms as the
primary phase in Ims deposited at 0.7 Torr, suggesting that incorporating a larger range
of deposition pQ into this dataset could increase the clarity and integrity &the observed
trends. Films with high fractions of anatase, shown in Figure.B(c), are seen to crystallize
over wide ranges of both deposition pOQand Im thickness, suggesting a large stability
window with respect to both of these parameters.

Over a range of Im thicknesses, it is observed that deposiin pO,, and therefore oxygen

de ciency in the amorphous TiQ precursor, has a de nitive e ect on polymorph crystalliza-
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Figure 3.6: Parallel coordinates plots highlighting Ims ttat crystallized with high fractions

(>75%) of (a) brookite, (b) rutile, and (c) anatase. A rainbow &ale is used to visualize
correlations between thickness and deposition pQor each polymorph. Axes are identical
for all plots. Tighter spreads along the y-axis indicate stnger correlations between that
variable and formation of high fractions of the polymorph itrefers to. High fractions of
both brookite and rutile show strong correlation with both @, and Im thickness, whereas
anatase forms over a wide range of these two deposition paetars.
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tion. Based on these observations, we hypothesize that varg the degree of O de ciency in
the precursor Im allows for TiO, polymorph selection by way of manipulating the internal
energy of the amorphous state. Both deposition pOand Im thickness show selectivity

trends where brookite formation is found as an intermediateetween anatase and rutile. In
accordance with our hypothesis, this trend could also rekatto the energy regimes of the

amorphous precursor necessary to promote formation of egoblymorph.

3.4.3 Discussion

Considering the amorphous oxide Im in the context of glassgnce o ers a foundation for
reconciling the crystallization behavior observed in thes Ims. In glass science, the concept
of undercooling, also known as the internal energy of the stiture, refers to lowering the
temperature of a system below its melting temperaturd,y , without crystallization occurring
[57, 91]. Degree of undercooling is known to have a direct urence on the nucleation and
growth kinetics of the resulting crystalline material [5791]. Higher degrees of undercooling
increase the thermodynamic driving force for nucleation a@ngrowth, thus providing the
system with greater energy for crystallization [92]. In thease of the amorphous precursors
in this work, degree of undercooling is determined by the cditions of the deposition process
such as oxygen pressure. Films deposited further from edorium, e.g. those with higher
oxygen de ciency, possess greater potential energy to beilized in the crystallization of
metastable phases.

Another approach to reconciling the e ect of oxygen de cienc on polymorph crystal-
lization lies in how the amorphous TiQ precursor structure behaves as a function of sub-
stoichiometry. Removal of oxygen alters the lowest energyi{D polyhedral con guration,
manifesting as changes in the relative amounts of cornerdge-, and face-sharing octahedra
in the amorphous precursor. These polyhedral variations man uence the crystallization of
one polymorph over another due to structural similarity betveen the amorphous precursor
and resulting crystalline phase. Further experiments uiiting X-ray scattering and atom

probe tomography are in preparation to test this hypothesis
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It is possible to extend this hypothesis to other oxide systes in which amorphous struc-
tures are synthesized under non-equilibrium conditions. His is especially true in systems
such as VQ' and MnOx in which the cation can easily take on multiple valence stase and
therefore handle high degrees of o -stoichiometry in the aomphous state [93, 94]. Control
of phase selectivity by manipulating the internal energy ofhe precursor amorphous state
may have tremendous potential for synthesis of metastableystalline phases that exhibit

more desirable properties in comparison to their stable coterparts.

3.5 Conclusions

Stoichiometry of amorphous TiQx thin Ims grown by pulsed laser deposition was con-
trolled by varying oxygen pressure during the deposition pcess. The in uence of amorphous
precursor stoichiometry on resulting crystalline polymgrh formation was studied by means
of characterizing oxygen content of the amorphous Ims befe and after annealing. Ruther-
ford backscattering spectrometry and electron energy-®spectroscopy indicated that stoi-
chiometry of the precursor Ims became more sub-stoichionme with decreasing deposition
pO,, achieving Im stoichiometry as low as TiQ.gy 1.85. Phase fractions of the crystalline
Ims after rapid thermal processing were determined by Ranmaspectroscopy. We found that
rutile forms preferentially at low pO, (< 0.1 mTorr), anatase at high pQ (> 5 mTorr), and
brookite at intermediate pO, within the range of 0.1 to 1.0 mTorr. A dependence on Im
thickness consistent with our previous study was also obsed, but the additional depen-
dency on pQ for polymorph selection was found to be signi cant. Based oaur ndings,
we hypothesize that a greater extent of oxygen de ciency irhe precursors leads to a de-
parture from the lowest energy amorphous state, dictatinght degree of undercooling and
possibly the Ti{O polyhedral structure. Upon crystallization, the magnitude of this internal
energy ultimately dictates polymorph formation in the resliing crystalline Im and opens

crystallization pathways to higher energy phases.
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CHAPTER 4
DESIGNING TIO ; AMORPHOUS PRECURSORS FOR POLYMORPH SELECTION:
AN IN-SITU TEM STUDY OF PHASE FORMATION AND KINETICS
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4.1 Abstract

Selective synthesis of metastable polymorphs requires anflamental understanding of
the complex energy landscapes in which these phases form.cé&tly, the development of
in-situ high temperature and controlled atmosphere TEM hasnabled the direct observation
of nucleation, growth, and phase transformations with neaatomic resolution. In this work,
we directly observe the crystallization behavior of amorpius TiO, thin Ims grown under
di erent pulsed laser deposition conditions and quantify he mechanisms behind metastable
crystalline polymorph stabilization. Films deposited at 10nTorr chamber oxygen pressure
crystallize into nanocrystalline anatase, whereas Ims gsited at 2 mTorr crystallize into
signi cantly larger needle-like grains of brookite and artase. Increasing Im deposition rate
by a factor of 4 results in a 10x increase in the crystalline gwth front velocity. Engineering
the amorphous precursor state through deposition conditis therefore provides routes to

microstructure control and the accessibility of higher emgy metastable phases.
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4.2 Introduction

Metastable materials open avenues to increased functioialand performance beyond
classical equilibrium crystalline materials, only if we aatarget and stabilize them [4{6, 95{
97]. This is often observed in polymorphic material systemghere stoichiometrically iden-
tical, but structurally dissimilar materials can have divese functionality. For example, the
metastable brookite polymorph of titanium dioxide, TiQ, has an increased photocatalytic
activity compared to the lower-energy anatase phase [7, 8]3 Many synthesis methods pro-
ducing brookite TiO, have been published discussing a wide variety of processaupditions
that result in the sought after metastable phase [7, 26, 274336, 40, 43, 44, 51]. However,
very little is known about the mechanism by which brookite isstabilized or the kinetics
of its crystallization in relation to other TiO, polymorphs [44]. The synthetic pathways to
metastable materials is thus an area of considerable curtenterest.

In many material systems, it has been shown that phase formah can be strongly af-
fected by the precise nature of the amorphous precursor [523, 58, 68, 98, 99]. Upon
annealing, crystallization behavior can di er dramaticaly based on the initial state of the
amorphous precursor, opening up a diverse landscape of padlys to formation of di er-
ent phases. Understanding the thermodynamic and kinetic pawvays to both stable and
metastable phases is essential to explaining the in uencé amorphous precursor processing
parameters on subsequent crystalline phase formation. Bat observations of crystallization
behavior can be achieved via in-situ transmission electranicroscopy (TEM) where amor-
phous precursors are annealed under controlled atmospleevehile imaging in real time. This
allows for unambiguous examination of growth kinetics anddnsient states during anneal-
ing and provides insight into how initial processing condibns in uence the resulting system
after crystallization [100{102].

In this work we directly show through in-situ TEM annealing and real time imaging that
accessing higher energy polymorphs in titania thin Ims cabe accomplished solely through

controlling stoichiometry of their amorphous precursors.Furthermore, crystallization ki-
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netics and resulting microstructures are also shown to chga dramatically with both Im
deposition rate and amorphous precursor stoichiometry. Bad on our ndings, we hypoth-
esize that the driving force for crystallization correlate with the magnitude of the internal
energy of the precursor state, which in this case is in uendeby the degree of defects and

strain introduced during deposition of the amorphous Ims.

4.3 Materials and Methods
4.3.1 Thin Film Growth

Titanium oxide Ims were deposited by pulsed laser depostn at room temperature from
a TiO, target (99.998% Materion) directly onto the 50 nm thick amgwhous SiN; window
of the in-situ heater chips provided by Hummingbird Scientic (HBS 5029). A Lambda
Physik KrF laser was used with a laser repetition rate of eitr 10 Hz or 40 Hz and an
energy density of approximately 2.2 J/crd. Film deposition rate was approximately 1.5
nm/min for the 10 Hz laser repetition rate and 6 nm/min for the H Hz laser repetition
rate. As previous studies have shown that chamber oxygen psese (pQ,) during pulsed
laser deposition directly in uences the concentration ofxygen in the amorphous precursor
Ims, we have decided to investigate a range of partial pregges during deposition [103, 104].
Decreasing deposition p@is expected to result in sub-stoichiometric TiQ compositions,
where x< 2 [104]. All Ims were deposited at a pQ of either 2 mTorr or 10 mTorr. These
pO, values were selected speci cally from prior studies on thimaterial system to target
crystallization of the brookite and anatase polymorphs, spectively. The thickness of the

titania Ims were kept nominally the same, within the range & 50{60 nm.
4.3.2 In-situ and ex-situ transmission electron microscopy

Films were annealed in an in-situ TEM sample holder (Humminghkd Scientic) that
allowed for sample heating in a B gas environment at approximately 1 atm. An environ-

mental cell was formed between two MEMS chips containing 50mthick SiNyx windows
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that are transparent to the electron beam. One chip containa microheater and the de-
posited amorphous Im, while the other chip contains an arna of microchannels for gas
ow. Temperature accuracy is on the order of +/- 10% of the haling temperature and
the thermal eld is uniform across all areas used for imaginglEM imaging was performed
with a JEOL 2100 operating at 200 keV. Micrographs were acqudewith a direct electron
detection camera (Direct Electron DE-12) with current denisies < 50 pA/cm2. A variety
of magni cations were used between 300X and 15000X to ensinath general and detailed
analyses of crystallization behavior.

Post-crystallization ex-situ transmission electron mi@graphs of the crystallized Ims
were acquired with an FEI Co. Talos F200X transmission electnamicroscope with scanning
capabilities operating at an accelerating voltage of 200 Xe These ex-situ micrographs pro-
vide far better image resolution and contrast compared to thin-situ micrographs, allowing
for more comprehensive analysis of the post-crystallizati microstructures. Structural char-
acterization was conducted by acquiring selected area dlen di raction (SAED) patterns
on an FEI Co. Ceta 16M pixel CMOS camera at a camera length of 6&m. Molybde-
num carbide present on the heater chips was used to calibratee camera constant, allowing
SAED re ections to be accurately measured and indexed.

Crystallization kinetics were calculated and quanti ed usg the Johnson-Mehl-Avrami-
Kolmogorov (JMAK) equation [105{108]. Fraction of crystallzed area over time was mea-
sured directly from the in-situ TEM frames at multiple time geps during the crystallization
process using ImageJ [109]. An in-situ crystallization expment recorded at 300X magni -
cation was analyzed for the Im deposited at 2 mTorr. Analyzig the nanoscale grains crys-
tallized from the 10 mTorr Im required frames recorded at 1600X. Even then, only grains
large enough to be detected in the in-situ frames (approxirtely 5 nm diameter or larger)
could be measured. The measurable crystalline phase fractifrom the in-situ frames was
compared to the total measurable crystalline area from theigher resolution ex-situ micro-

graphs and extrapolated upon by taking advantage of the liae form of the JIMAK equation.
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4.4 Results

As-deposited amorphous titania Ims were annealed during isitu TEM analysis to in-
vestigate crystallization behavior as a function of depdgin conditions and post-deposition
annealing temperature. Starting from 20QC, the in-situ MEMS chip temperature was in-
creased by 10-1%C increments until the nucleation process began. Each tempéure step
was held for 30 to 60 seconds to ensure nucleation and growtbuld be detected before step-
ping to the next temperature. Once nucleation had begun, teperature was kept constant
while observing the time dependence of the subsequent celization and growth behavior.
This process was repeated for Ims deposited under di eremgartial pressures of oxygen at
a constant deposition rate and then for Ims deposited at dierent rates at constant pQ =
2 mTorr. Crystalline Ims resulting from these in-situ heaing experiments exhibit nal mi-
crostructures congruent with those observed from previowex-situ heat treatments on Ims
with similar deposition conditions [86]. We have also showthe evolution of these same
microstructures on a variety of amorphous substrates thrgin ex-situ heat treatments [51].
These observations suggest negligible or no in uence on swllization behavior arising from
the SiNy windows nor the electron beam during these in-situ heatingcperiments.

Figure 4.1 shows TEM micrographs capturing di erent stagesfaucleation and growth
for Ims deposited under di erent partial pressures of oxygn. There is a signi cant di er-
ence in crystallization behavior between Ims deposited apO, = 10 mTorr versus those
deposited at pQ = 2 mTorr. Based on prior research, the oxygen content is exped to be
greater in the 10 mTorr Im and therefore closer in compositin to stoichiometric TiO, as
compared to the 2 mTorr Im [104]. All other deposition proces variables ( Im thickness,
laser energy, pulse rate, etc.) were kept constant betweenese two Ims, suggesting that
oxygen concentration in uences the amorphous precursoragé and plays a major role in
crystallization behavior. For the Ims deposited under 10 rorr pO, (Figure 4.1(A-C)),

nucleation occurred at 325C wherein many nanocrystalline nuclei formed and then grew
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radially outward to nal crystallite diameter on the order of 5 to 10 nm. In contrast, the 2
mTorr Im began exhibiting sparse nucleation at 270C; a crystalline growth front consisting
of a few needle-shaped grains then grew across the imagingaa(Figure 4.1(E-G)). Strain
warping is observed in the crystallized 2 mTorr Im as the d&ter colored bend contours,
suggesting a large density change from the amorphous to dgiine state. Note, the scale

of the imaging area was identical between both experiments.

Figure 4.1: In-situ crystallization experiments as a functin of pO, during deposition. Snap-
shots of the crystallization process are shown at variousriesteps for both Ims; (A-C) pO,
= 10 mTorr, (E-G) pO, = 2 mTorr. Crystalline phase and microstructure distinctly di er
as function of pQ. The scale bars for (A-C) and (E-G) all measure 200 nm. Nanoctgss
of anatase (denoted by arrows in (B) and (C)) nucleate in the@ mTorr Im starting at
325 C. Conversely in the 2 mTorr Im, needle-like grains crystdize radially outward from
well-dispersed nucleation sites in a wavefront-like mannglenoted as the dashed line in (F))
starting at 270 C. Ex-situ bright eld micrographs of the nal crystalline microstructures
are shown for (D) pQ = 10 mTorr and (H) pO, = 2 mTorr.

In conjunction with the stark contrastin nal microstructu re, we observe a notable change
in the crystalline TiO, phases that form from these two amorphous precursor Ims. Amase,

the phase expected to crystallize at these temperatures andystallite sizes [20, 110], forms
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exclusively from amorphous precursor Ims with closer-tgtoichiometric oxygen content
(pO, = 10 mTorr), whereas both anatase and metastable brookite mbserved to crystallize
from precursors with more sub-stoichiometric compositio(O, = 2 mTorr). Figure 4.2
summarizes the microstructure and phase identi cation ofttese crystalline Ims.

Selected area electron diraction acquired from the crystized 10 mTorr Im shows
a ring pattern consistent with the randomly oriented polycystalline microstructure seen
from ex-situ bright- eld STEM. An integrated 1-D pro le of th is ring pattern is fully t by
the anatase structure. Di raction from the 2 mTorr Im shows more distinct re ections, as
expected from the larger-grained microstructure. Prefezd orientation of these grains results
in the absence of certain crystallographic re ections, coplicating the phase identi cation
process. However, an integrated 1-D pro le of this pattern cabe qualitatively t by needle-
like crystallites of brookite, in agreement with the elong&d microstructure of the crystalline
Im. This di raction pro le cannot be t solely by the anatas e structure due to the presence
of brookite-speci c re ections. However, some re ectionsra better t by anatase, implying
a mixture of the brookite and anatase phases in the Ims cryatlized from the 2 mTorr
amorphous precursor Ims. A quantitative t to the data has many convoluting factors
arising from electron scattering. A March-Dollase functio is used to model the preferred
orientation with needle axes of [100] and [001] [111]. Ditexon rmation of a preferred [100]
growth direction is seen in high-resolution TEM micrograpé of the crystalline-amorphous
boundary (see Figure 4.3). The [001] preferred growth direoh is suggested by di raction,
but was not directly observed in the same manner as the [100pwth direction.

An identical annealing experiment conducted at lower magneation on a Im deposited
at pO, = 2 mTorr provided a more detailed overview of the crystalliation behavior of the
brookite-containing Ims. Figure 4.4 outlines three crystdine regions of elongated grains
oriented radially outward from their respective nucleatia points (denoted by an ). This
presents a major di erence in the nucleation and growth kirtees between the 10 mTorr

(anatase) and 2 mTorr (brookite + anatase) Ims. The pure antase Ims show a high rate
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Figure 4.2: Phase identi cation of the two types of crystalkation observed in this study. Ex-
situ (A,D) bright- eld STEM and (B,E) selected area electrondi raction from crystallized
Ims. Films deposited at pO, = 10 mTorr form into phase-pure nanocrystalline anatase wha
those deposited at p@ = 2 mTorr crystallize into a mixture of brookite and anatase \ith
needle-like crystallites of preferred orientation. (C) A D pro le integrated from (B) shows
a qualitative t to the anatase structure. (F) A 1-D pro le int egrated from (E) indicates
a mixture of needle-like brookite with [100] and [001] needlaxes along with peaks likely
associated with anatase.
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Figure 4.3: Lattice-resolution TEM micrograph of the boundey between the crystalline
growth front and amorphous phase in a Im deposited at p@= 2 mTorr. Lattice planes
corresponding to brookite (022) (green) and (111) (purplegre observed. Angles at which
these planes are oriented strongly indicate a preferred grtth direction of brookite [100] for
the crystallization front. Brookite (100) planes are showrn orange in the crystal models.
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of nucleation and low growth rate, resulting in a nanocrystane microstructure with average
grain size on the order of 5-10 nm. Conversely, the brookitentaining Ims crystallize with
a low nucleation rate, but signi cantly higher growth rate. The resulting microstructure
consists of elongated needle-like grains expanding ratiadutward from a few well dispersed
nucleation sites, reminiscent of spherulitic growth. Coupd with the observation that the
brookite-containing Ims nucleate at lower temperatures wh respect to the pure anatase
Ims, these results may indicate an increased driving forcéor crystallization as oxygen
content in the amorphous precursor decreases. Furthermorte potential for controlling
both microstructure and phase formation through amorphougrecursor engineering could
provide new avenues for enhancing or targeting desirablegperties in the nal crystalline
products.

Quantifying crystalline growth kinetics of these thin Im systems was done using the
JMAK equation. Kinetic variables such as reaction rate and thé\vrami exponent, which
relate to the mechanism and dimensionality of crystallizain respectively, were established
from measurements of the fraction of crystallized area ovéime. In its simplest form, the
JMAK equation assumes the crystallization experiment is condted isothermally, nucle-
ation is random and homogeneous, growth rate does not depeod fraction crystallized,
and growth occurs isotropically. For the in-situ experimets conducted in this study, crys-
tallization takes place at a single temperature and precurs Ims are assumed not to contain
any inhomogeneities that would cause preferential heterageous nucleation. Because we are
only interested in relative changes in the kinetic variabkbetween the various precursor Ims,

we assume the simplistic JIMAK equation is su cient for these gystallization experiments:
X{t)=1 exp[ (kt)"] 4.1)

where X is the fraction crystallized, k is the reaction rate, which includes kinetic contribu-

tions from both nucleation and growth, andn is the Avrami exponent. Rearranging this
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Figure 4.4: Overview of an intermediate point of the crystattation process of a Im deposited
at pO, = 2 mTorr. Three distinct crystalline regions (colored) comprised of needle-like grains
are observed originating radially outward from nucleatiosites located at each corresponding

(green and red are outside of the eld of view). The dark backgund (molybdenum
carbide) and array of lighter colored squares (silicon nitte) are both part of the in-situ
MEMS heater chip.
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equation yields the more useful form for determining botk and n:
In[In[1=1 X (t))]] = nin[K] + nIn[t] (4.2)

Plotting experimental data in this form (see Figure 4.5 ins&) gives a linear trend with
the slope equal ton and the y-intercept equal tonin[k]. Both kinetic variables can therefore
be extracted from a linear t to the data in this form. Crystallization kinetics for the Ims
deposited at 10 mTorr and 2 mTorr were evaluated using thesavd forms of the JMAK
equation (Equations 4.1 and 4.2). The theoretically predied and experimentally observed
crystallization rates are shown in Figure 4.5. Both Im typesexhibit an Avrami exponent,
n, reasonably close to 2, which is expected for the two-dimémsal growth observed in thin
Im systems [112]. The reaction rate,k, is notably di erent between the two Ims. For
the more oxygen de cient 2 mTorr precursor Im k = 0.017 0.0005), the reaction rate
is approximately three times greater than that of the 10 mTar precursor Im (k = 0.006

0.0001). Reaction rate follows an Arrhenius dependence witBmperature and relates to

the overall activation energy for crystallization throughthe following equation:
k= koexp[( Ec)=(kgT)] (4.3)

where kg is the frequency factor,E. is activation energy for crystallization, kg is the
Boltzmann constant (8.62x10° eV/K), and T is the temperature in Kelvin. Comparison of
activation energies relative to one another can be made ugithe reaction rates calculated
previously. A frequency factor of 18 s ! was used for both Ims based on typical values
for similar crystallization experiments [101, 113]. A deemase in activation energy for crys-
tallization of approximately 12% was calculated for the mar oxygen de cient precursor Im
deposited at 2 mTorr when compared to that of the precursor rh deposited at 10 mTorr.
We therefore claim that the magnitude of energy required farystallization is largely in u-
enced by the extent of oxygen de ciency in the amorphous presors due to deposition pQ@

being the only major di erence between the two Ims.
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Figure 4.5: Crystallization kinetics as a function of deposon pO,. Fraction of crystallized

Im over time for Ims deposited at (A) pO , = 10 mTorr and (B) pO, = 2 mTorr. Insets

show the data plotted in the linear form of the JIMAK equation whee the slope is equal to n
and the y-intercept equal to nin(k). Reaction rate (k), whit represents both nucleation and
growth kinetics, increases by a factor of 3 with the decrease the pO, during deposition

and thus variations in the oxygen content of the amorphous pcursor Im.

Thin Im deposition rate has also been shown to in uence thergstallization pathways
in amorphous materials [54]. To further investigate the dwving force for crystallization as
a function of deposition conditions, in-situ annealing wasonducted on Ims deposited at
two di erent laser pulse rates, 10 Hz and 40 Hz, at a constant depition pO, of 2 mTorr.
Figure 4.6 shows the evolution of the crystalline growth frarover time for both Ims. As
expected, the resulting crystalline microstructure in bdt Ims corresponds to that seen in
the previous Ims deposited at pQ = 2 mTorr. However, the growth front velocity in the
40 Hz Im is approximately ten times greater than that seen in he Im deposited at 10
Hz. Note that the crystallization temperature for the 40 Hz Im dso decreased to 225C as
compared to 270 C for the 10 Hz Im. For Ims grown at higher pulse rates, we hypthesize
that each deposited layer has less time to structurally rekavia surface di usion before the
next layer is deposited. This results in a greater degree asidual strain in the amorphous
precursor Im, pushing further from a lowest energy state aoparative to those deposited at

lower pulse rates. Consequently, the driving force for criglization would increase, leading
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to signi cantly faster growth rates and lower nucleation tenperatures { both of which were

observed in the Im deposited at 40 Hz.

Figure 4.6: In-situ crystallization experiments as a funatin of deposition rate with constant
deposition pG, = 2 mTorr. Snapshots of the crystallization process are showat various

timesteps for both Ims; (top) 10 Hz pulse rate, (bottom) 40 Hz pise rate. Scale bar for all
micrographs measures 200 nm. Note, that the time scale for td® Hz Ims is an order of
magnitude faster than those for the 10 Hz Ims. An increase in &r pulse rate from 10 Hz
to 40 Hz results in noticeably elevated kinetics. Crystallia growth front velocity speeds up
by an order of magnitude while nucleation temperature deases from 270C to 225 C.

Relative reaction rates for the two Ims deposited at 10 Hz and0 Hz pulse rates can be

determined from its mathematical relationship with the inerface growth velocity:
k / VZNArea (4.4)

wherev is the interface growth velocity andN 4.4 iS the area nucleation density [114, 115].
From ex-situ micrographs of total crystallized area (Figurd.7), nucleation densities for these
two Ims were determined to be nearly equivalent. Thus, a faor of 10 increase in growth

velocity would result in a 100x increase in reaction rate. Bm this, a decrease in acti-
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vation energy for crystallization of approximately 21% is aculated, suggesting yet another

variable of the amorphous state that can be manipulated to inence crystallization kinetics.

45 Discussion

In our previous studies on the in uence of p@on TiO, polymorph formation in these thin
Im systems, the driving force for crystallization was hypthesized to be in uenced by the
degree of undercooling, a concept derived from glass sceefit04]. Degree of undercooling
in the amorphous precursor Im can be manipulated through vging parameters of the
deposition process, such as oxygen pressure and laser prtdase as shown here. Ultimately,
these changes contribute to the internal energy of the amdrpus thin Im system through
strain and/or Ti{O polyhedral con guration arising from ox ygen de ciency and unrelaxed
microstructures. Greater extents of these potential eneygraising attributes push the system
further from its lowest energy state, thus increasing the dring force for crystallization.
When the crystallization temperature is reached during anrading, enough thermal energy
is provided for recon guration of the higher energy amorphgs structure into a resulting
crystalline phase. In this study, three factors of the crystlization process are in uenced
by the potential energy of the amorphous precursor structer{ nucleation temperature,
growth rate, and phase stability. As potential energy for crstallization increases, nucleation
temperatures decrease, growth rates increase, and the fation and retention of metastable
phases becomes possible.

Further studies are necessary for a deeper understandingTo© , polymorph selectivity
arising from variability in the amorphous precursors. Paidistribution function analysis,
a technique for probing the structure of amorphous materig) can be utilized in this work
to characterize local atomic structure and Ti{O polyhedralcon guration of the amorphous
precursor Ims by backing out the ratios of corner- and edgsharing octahedra as well as
titanium coordination number. Studying changes in these #&ibutes as a function of deposi-

tion conditions, namely oxygen de ciency, will provide keynsights into the polyamorphism
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Figure 4.7: Overview micrographs of total crystallized are&kom in-situ annealing experi-
ments on Ims deposited with laser pulse rates of (A) 10 Hz and{) 40 Hz. Deposition pQ
was kept constant at 2 mTorr.
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in uencing crystallization behavior in the titania system

4.6 Conclusions

Understanding the role of processing variables during the riyesis of amorphous pre-
cursors provides an opportunity for tuning the energy landsipe for crystallization in your
favor. The potential for this has been shown here in TigQ but this capability for targeted
crystallization can be extended to other material systemshere polymorph selectivity and

microstructure control can be harnessed to achieve the optal properties and performance.
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CHAPTER 5
EXPLORING AMORPHOUS STRUCTURE OF TITANIA THIN FILMS BY
ELECTRON-BASED PAIR DISTRIBUTION FUNCTIONS

5.1 Abstract

Pair distribution functions were measured for thin Ims of anorphous titanium oxide
using electron scattering techniques in the transmissiodeetron microscope. Variations in
local atomic structure and octahedral con guration was stdied as a function of oxygen
pressure during pulsed laser deposition of the titania thinms. A greater ratio of edge-
to corner-sharing Ti{O octahedra was observed in the amorplis precursor to the anatase
phase (pQ = 10 mTorr) as compared to the amorphous precursor to the rue phase (pQ =
0.01 mTorr), a trend which is consistent with the octahedraton gurations found in the bulk
crystalline polymorphs. More disorder was observed amongke octahedral con gurations
in the amorphous precursor to the brookite phase (pO= 1 mTorr), which is also consistent
with the greater variability of octahedral arrangements sn in bulk brookite compared to
anatase and rutile. These results suggest the possibility preferential nucleation as a route
for polymorph selectivity by way of decreasing the activatin energy for nucleation through
structural similarities on the local atomic scale betweenmorphous precursors and their re-

sulting crystalline phases.

5.2 Motivation

Previous work conducted in the polymorphic TiQ system demonstrated phase selectivity
through manipulation of the amorphous thin Im precursors pior to crystallization [51, 104].
Several pulsed laser deposition parameters - oxygen prass(pO,) in the chamber, Im
thickness, deposition rate - were shown to guide crystakition processes resulting in both

pure and mixed phase samples containing the rutile, brookit and anatase polymorphs.
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Changing pG was shown to directly in uence the stoichiometry of the amghous precursor
Im, resulting in higher degrees of oxygen sub-stoichiomet with decreasing pQ [104]. It is
possible to preferentially target each of these three crydline TiO, polymorphs through only
changes in amorphous precursor stoichiometry, suggestiagnajor role of oxygen de ciency
in directing crystallization pathways.

Removal of oxygen from the amorphous precursor system alkehe bonding between Ti
and O due to there being less oxygen anions present to screée tepulsive electrostatic
forces between Ti cations. This results in a recon gurationf Ti{O octahedra to an overall
structure that minimizes the free energy of the system. We pythesize this rearrangement
of the amorphous structure to consist of a mixture of cornerand edge-sharing octahedra,
with the ratio of the two being dependent on stoichiometry. Rtile, brookite, and anatase
each have distinct ratios of corner- to edge-sharing octadra [116]. An amorphous pre-
cursor structure exhibiting strong similarity to one of thecrystalline phases could promote
preferential nucleation and growth of that particular polymorph over the others [32].

Probing the local atomic structure of amorphous materialsan be accomplished through
pair distribution function (PDF) analysis. Though typically done with X-ray or neutron scat-
tering techniques, pair distribution functions calculatd from transmission electron di rac-
tion patterns have also been shown to be capable of discemitihe local structure of amor-
phous materials [117]. Figure 5.1 shows a pair distributiomrction calculated from a 25 nm
thick amorphous titania Im. The rst peak in the PDF around 1.9 A corresponds to the
average Ti{O bond distance making up the individual Ti octalkedra. The second and third
peaks correspond to the average distances between the cahiii atoms of two neighboring
octahedra. Edge-sharing octahedra contribute to the peakaund 3.0A and corner-sharing
octahedra contribute to the peak around 3.&\.

A plethora of quantitative information about the local atomic con guration is contained
within a pair distribution function. Peak positions, intensities, and shapes reveal structural

characteristics such as atom-pair separation distancestomic coordination numbers, and
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Figure 5.1: Pair distribution function calculated from a 25 m thick amorphous titania Im.
The rst three peaks correspond to Ti{O rst coordination shell distance (1.9A), Ti{Ti
edge-sharing octahedra distance (3A), and T{Ti corner-sharing octahedra distance (3.8

A), respectively.
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degree of disorder [118]. By inspecting di erences in the FDof amorphous precursors as a
function of deposition conditions such as p§) we may gain insight into how the amorphous
structure in uences crystalline polymorph formation. Forexample, structural similarities
on the size scale of single unit cells or just a few intercoroted octahedra could guide pref-
erential crystallization through lowering the activationenergy for nucleation of a particular
phase relative to the others - i.e. a nucleation catalyst [h6
The primary goal of this work was to assess the potential forsing pair distribution func-

tions calculated from electron di raction patterns to investigate the local atomic structure
of nanoscale amorphous thin Ims. Electron diraction-basd PDF (ePDF) methods holds
several advantages over conventional X-ray or neutron scattng techniques. Speci cally,
the capability for calculating PDFs from nanoscale thin Ims(<2100 nm) is made much eas-
ier by electron-based scattering, as complex measuremeatups at beamlines are required
for X-ray and neutron scattering due to extremely small samplvolumes. Furthermore, with
Ims being deposited directly onto heater chips, in-situ TB crystallization experiments can
be conducted and observed on the exact spot in which the lo@bmic structure was probed
using the ePDF technique. The combination of these techniga will be advantageous for
experimentally studying the e ects of processing paramete on amorphous structure in con-
junction with their subsequent in uence on crystallization behavior and polymorphic phase

formation.

5.3 Materials and Methods
5.3.1 Thin Film Growth

Titanium oxide Ims were deposited by pulsed laser depostn at room temperature from
a TiO, target (99.998% Materion) directly onto both Corning EagleXG r glass substrates
and the 50 nm thick amorphous SiN window of the in-situ heater chips provided by Hum-
mingbird Scienti ¢ (HBS 5029). A Lambda Physik KrF laser was sed with a laser repetition

rate of 10 Hz and an energy density of approximately 2.2 J/ctn Thin Ims were deposited
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at multiple chamber oxygen pressures (p) of 0.01 mTorr, 1 mTorr, and 10 mTorr. The

Im thickness of these were determined by ellipsometry to bé3 nm, 56 nm, and 73 nm,
respectively. These oxygen pressures and Im thicknessesres speci cally chosen as they
were shown in previous studies to preferentially crystatie the rutile, brookite, and anatase

polymorphs, respectively [51, 104].
5.3.2 Ellipsometry

Film thicknesses and approximate atomic densities were dataned by ellipsometry mea-
surements and modeling. A J.A. Woollam M-2000 Spectroscopidligsometer was used to
collect polarization changes as parameterized by the antplile component, , and phase
di erence, . Films were measured in a re ection geometry at & , 70, and 75 for a dwell
time of 12 seconds at each angle. Backside re ections werdlired by adhering opaque
tape to the bottom of the glass substrate. Optical constanisefractive index and extinction
coe cient, and Im thickness were determined by modeling tle measured and spec-
tra with a Tauc-Lorentz oscillator function using a least-guares minimization procedure.
Atomic density was approximated based on the work of Otternmn [119], who showed the

density of titania thin Ims was linearly proportional to refractive index.
5.3.3 Pair Distribution Function Calculated from Electron Di ractio n

Selected area electron di raction patterns were collectday a FEI Co. Talos F200X TEM
on a FEI Co. Ceta 16M pixel CMOS camera from the titania thin Ims deposited on the 50
nm thick amorphous Sil, window of in-situ heater chips provided by Hummingbird Scidhc
(HBS 5029). Electron diraction patterns were also collect from the bare SiN¢ window
to be used for background subtraction prior to PDF calculatin. Objective lens strength,
condenser lens strength, and screen current (60 pA) were keptinstant for all collected
di raction patterns. A camera length of 660 mm, spot size 3, rad selected area aperture
40 ( 5 m diameter) were used for all acquisitions. For every acqitisn, the electron

beam was centered with both the selected area aperture ancetbetector. Two-dimensional
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electron di raction patterns were azimuthally integratedinto 1-D di raction pro les using

the radial pro le plug-in for ImageJ [120]. Diraction intensity from the SiNy layer was
subtracted out and the remaining background was modeled byGhebyshev polynomial [121]
to be subtracted out for PDF calculation. Pair distribution functions were calculated using
the SUePDF software developed by Dung Trung Tran [117] as welk personally written
Mathematica script. The background subtracted intensity po le, 1(Q), is rst converted

to a structure function, S(Q), and then to a reduced structue function, F(Q), using the

following equations:

I (Q) h f (Q)2| composition
hf (Q)I (z:omposition

F(Q) = QIS(Q) 1] (5.2)

S(Q) =1+ (5.1)

wherehf (Q)zimmposition and Hf (Q)i§omloosition are the compositionally-dependent averaged-
squared and squared-average atomic scattering factorsspectively [122]. A Fourier trans-
form is then performed on the reduced structure function toaculate the reduced pair

distribution function, G(r) using the following equation:
2 Z Qmax )
G(r)= - F(Q)sin(Qr)dQ (5.3)

Qmin
wherer is the real space radial distance. To allow for quantitativeesults such as bond

distances and coordination numbers, the pair distributioriunction, g(r), is calculated from
G(r) using the atomic number density of the sample,o, and the following equation:

g(r)=1+ 4G(r)

- (5.4)

Atomic number density for each Im is approximated from ellpsometry measurements

as stated above.
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5.4 Results

Electron scattering-based pair distribution functions wee rst calculated from the bare
50 nm thick SiNkx window of the in-situ heater chips on which the titania thin Ims were
deposited. These experiments on SiNwere conducted both as a preliminary test of the
PDF calculation process and to be later used for backgroundtstraction when calculating
PDFs for the deposited titania Ims. Electron di raction pat terns were acquired from the
amorphous SiN. window and azimuthally-integrated into a 1-D pro le. Backgound inten-
sity arising from incoherent and inelastic scattering was adeled by a Chebyshev polynomial
and subtracted out using the TOPAS software [121]. Figure 5.hews this data preparation
process and the nal calculated PDF from the amorphous SiNwindow.

Peak positions and relative intensities of the calculatedP®F of the SiNyx window are
reasonably comparable to those of PDFs reported in literatarfor amorphous silicon nitride.
The rst peak, which corresponds to the rst Si{N coordination shell, is approximately
0.2 A shorter than the literature value, which could be attributed to a di erence in SiN¢
stoichiometry [124].

For calculating PDFs of the deposited titania thin Ims, eledron di raction patterns were
acquired from the entire layer stack (SilN window + TiO x Im). Following integration into
a 1-D pro le, the diracted intensity from the SiN x window was subtracted out using the
background substracted SiN data from above, leaving only structural information from
the titania Im. Through knowledge from prior crystallization studies, amorphous titania
precursor Ims were deposited under three di erent oxygennessures chosen to preferentially
form the rutile, brookite, and anatase phases. These oxygenessures were 0.01 mTorr for
rutile, 1.0 mTorr for brookite, and 10 mTorr for anatase [104 Pair distribution functions
were calculated using the same methods as for the {iNhown above and the results are
shown in Figure 5.3.

Previous studies of pulsed laser deposition of titania thinms showed a correlation be-

tween oxygen pressure during deposition and oxygen cont@émthe amorphous precursor Im
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Figure 5.2: (a) Electron di raction pattern from 50 nm thick SiNx window. (b) Azimuthally-
integrated 1-D pro le of pattern from (a) with background madeled and subtracted. (c) Pair
distribution function calculated for amorphous Sil\ layer as compared to literature reference

[123].
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Figure 5.3: Pair distribution functions calculated from amgphous precursor Ims deposited
with oxygen pressures of 0.01 mTorr, 1.0 mTorr, and 10 mTorrDi erences in the ratio
of edge- and corner-sharing octahedra are observed as vagyintensities of the second and
third peaks, respectively.
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[104]. Lowering deposition oxygen pressure resulted in irasing degree of sub-stoichiometry
(i.e. less oxygen in the Im). Therefore, we expect the amohwus Ims analyzed with ePDF
in this work to exhibit decreasing amounts of oxygen contenn order. 10 mTorr > 1.0
mTorr > 0.01 mTorr. Quantitative results from these PDF measuremés are shown in
Table 5.1. Oxygen content slightly a ects the average Ti{O lbnd distance within the oc-
tahedral units, but remains close to the expected values of thocrystalline and amorphous
titania [32, 125]. However, changes in peak intensity are arsed in the second and third
peaks, indicating variations in the ratio of edge- and cormesharing octahedral con gurations
as a function of deposition oxygen pressure. The Im deposd at 0.01 mTorr exhibits an
edge- to corner-sharing octahedral ratio of 0.21 : 0.79, nhutower than that of the Im de-
posited at 10 mTorr, which exhibits a greater edge- to cornesharing octahedral ratio of 0.38
: 0.62. Octahedral ratios were calculated by measuring theeas under each edge-sharing
and corner-sharing octahedral peak. Prior literature [32,16] and computed PDFs from
bulk crystals (Figure 5.4) show that the rutile structure comains a lesser ratio of edge- to
corner-sharing octahedra compared to the anatase struceurThis trend aligns well with the
idea of preferential nucleation of crystalline phases viaracturally similar local atomic order
found in the amorphous precursors. The PDF from the amorphsiyrecursor Im deposited
at 1 mTorr, which has been shown to crystallize into the brodte phase, exhibits less re-
solved features in the 2.5 to 4 range indicating a more disordered octahedral arrangenten
relative to the other two Ims. This also agrees well with thegreater number of edge- and
corner-sharing octahedral con gurations found in the cryalline brookite phase, which can
be seen in the PDF calculated from bulk brookite in Figure 5.4More ePDF experiments are
necessary to determine if these features of the amorphous PBre mutual to all precursors

that crystallize into the brookite phase.
5.5 Discussion

It is apparent from the PDF calculations shown here that thinlm deposition conditions

in uence the local atomic con guration of amorphous precwsor materials. Deposition envi-
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Table 5.1: Quantitative results calculated from pair distibution functions measured from
amorphous titania precursor Ims as a function of depositio oxygen pressure.

Expected . ]
Deposition pO, Crystalline Avgriz?:n;l'é{o Edgaéﬂ%orner
Polymorph
0.01 mTorr Rutile 2.02A 0.21: 0.79
1 mTorr Brookite 1.92A 0.33: 0.67
10 mTorr Anatase 2.10A 0.38 : 0.62

Figure 5.4: Pair distribution functions calculated from buk crystals of rutile, brookite, and
anatase showing the average intra-octahedral Ti{O bond dences around 2A and the
edge- and corner-sharing octrahedral con gurations arodr8 A and 3.6 A respectively. The
CrystalMaker® software was used to calculate these pair distribution futions.
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ronment plays a large role in determining the composition ¢fie amorphous precursor, which
in turn in uences local structure. In systems dominated byanic bonding and interconnected
networks of polyhedra, o -stoichiometry perturbs the idelastoichiometric con guration of
ions by compensating for charge imbalance and charge depshirough reorientation of local
atomic structure. These rearrangements lead to a structuréemplating scenario where the
local polyhedral con guration of the amorphous precursornefentially nucleates a crystalline
phase of similar polyhedral arrangement.

Nucleation of a crystalline phase within an amorphous precsor phase must overcome a
thermodynamic barrier consisting of a volume free energy ahge and an interfacial energy

change as shown in the following equation:
W=(4=3)r3 Gy+4r? (5.5)

where W is net change in energyr is the radius of a sphere of the nucleating crystalline
phase, Gy is the volume free energy change, andis the interfacial energy [57]. In the
scnenario of crystallization from an amorphous matrix, thewo components of Equation
5.5 counteract one another, with the G, term always negative and the term always
positive [92]. Previous studies of formation energies ofdhrutile, brookite, and anatase
polymorphs determined that they \are su ciently close that they can be reversed by small
di erences in surface energy" [20]. Furthermore, it has baecon rmed through experimental
and theoretical results that small variations in the intercial energy can lead to signi cant
changes in the probability of nucleating a crystalline phaswithin an amorphous matrix [3].
Therefore, lowering of the amorphous/crystalline interfeial energy term through similarities
between the local atomic con guration of the amorphous andrgstalline phases could play
a major role in directing the preferential nucleation of on@olymorph over another.

Density approximations from ellipsometry were used to assedi erences in free volume
between the amorphous precursors, which could provide mansight into the crystallization
processes observed throughout this work. Changes in depdietween precursors were seen,

but a notable trend was not found. Such density di erences ithe amorphous precursors
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could be inuenced by a number of convoluted deposition pamgeters including chamber
pO,, deposition rate, and laser energy. Therefore, more expeagnts with greater control
over deposition variables would be necessary to investigatrends in the density of these
amorphous precursors with crystallization behavior.

In the event that more than one crystalline polymorph nucles within the amorphous
precursor phase, the growth kinetics of each phase will det@ne the phase fractions of
the resulting crystalline product. Akin to the energetics ohucleation, the growth rates of
the crystalline polymorphs can be inuenced by structural ignilarities in the amorphous
precursor that lower the energy barrier for atomic recon gration from the amorphous to
the crystalline state. Growth rate, U, is dependent on Gy and the barrier energy, Gy,

for an atom moving across the amorphous-crystalline intexte [92]:
U/ [1 e Cv*T]e GCokT (5.6)

Again, Gy is similar between the three crystalline polymorphs. Thefere, reducing
Gy, for one polymorph over the others will result in an increasenigrowth rate of that
particular polymorph. Di usion or motion of atoms across tke amorphous-crystalline inter-
face would be easier from an amorphous precursor with locdbmic con guration already
similar to that of the growing crystalline polymorph, thus educing the energy required to
move from the amorphous to crystalline phase. This conceptamifests as low energy growth
directions where speci c planes of the crystalline polymph preferentially grow from the
amorphous phase due to a lesser energy barrier for those jparkar planes over others. This
was seen directly in the crystallization of brookite from te amorphous precursor shown in

Figure 4.3.

5.6 Conclusions

Local atomic structure of amorphous precursors can be manigted and potentially en-

gineered through the process in which they are synthesizdtlwas shown in this work that
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changing oxygen pressure, and therefore Ti{O stoichiomegirduring pulsed laser deposition
of amorphous TiG thin Ims results in precursor Ims with varying local atomic and octa-
hedral con gurations. Using electron scattering in the TEM pair distribution functions were
calculated to directly observe di erences in local structte as a function of deposition oxygen
pressure. Variations in average T{O bond length and the r& of edge- to corner-sharing
octahedra were observed to change with deposition oxygerepsure. Amorphous precursors
predicted to crystallize into the rutile (pO, = 0.01 mTorr) and anatase (pQ = 10 mTorr)
polymorphs exhibited Ti{O octahedral con gurations in ther PDFs similar to the crystalline
phase expected to form from them. The amorphous precursorpiesited under a pQ of 1.0
mTorr that is expected to crystallize the brookite phase exhited more variable T{O oc-
tahedral con gurations relative to the other two precursos, a trend also seen in the bulk
structures of the crystalline phases. This suggests the dslity for structural templating on
the local atomic scale in the amorphous phase as a route foratiting polymorph formation
via lowering of the activation energy for nucleation of a paicular crystalline phase over its
counterparts.

Furthermore, this electron-based PDF analysis can be concted in concert with in-situ
annealing experiments to directly observe the crystallizan process in the TEM. Under-
standing the atomic structure before and after crystallizizon as well as the kinetics and mi-
crostructure evolution of the crystallization process pnades a level of insight necessary for
revealing the underlying mechanisms of polymorph formatoin the TiO, system. It would
also be worthwhile to conduct in-situ crystallization expements while acquiring di raction
patterns throughout the amorphous to crystalline transfamation to investigate local atomic

con guration as a function of temperature and time.
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CHAPTER 6
SUMMARY AND OUTLOOK

6.1 General Summary

An investigation of the underlying mechanism(s) for the formtion and stabilization of
the metastable TiO, polymorph, brookite, is contained in this dissertation. Frther, a more
inclusive examination of TiQ, polymorph formation as a function of the amorphous precurso
state, which studies the rutile and anatase phases in additi to brookite, is conducted to
provide a more thorough comprehension of the energetics dinig amorphous to crystalline

transformations in the TiO, phase space.
6.1.1 Crystallographic Relationships Amongst TiO » Polymorphs

Transmission electron microscopy characterization of cstalline thin Ims containing
both brookite and anatase was conducted to probe crystall@phic relationships between
the two polymorphs to understand their stability with respet to one another. A site-specic
technique for preparation of TEM specimens was developeding correlative Raman spec-
troscopy and focused ion beam to target brookite-anatase gte boundaries in the bulk of
the Ims for nanoscale imaging and analysis. A single brodkianatase phase boundary tar-
geted with Raman spectroscopy and light microscopy was tikeed down to the nanoscale for
atomic scale crystallographic analysis using transmissi@lectron microscopy. A crystallo-
graphic orientation relationship between the two polymorps, in agreement with prior TiO,
literature, was observed directly. This information is inghtful for further understanding the

stability and delicate energetic interplay between Ti@ polymorphs.

6.1.2 Amorphous Precursor Engineering for Selective Synthesis of TiO > Poly-
morphs

An extensive study on how oxygen de ciency and Im thicknessfoamorphous titania

thin Ims in uences resulting crystalline TiO , polymorph formation was carried out. Stabil-
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ity regimes outlined in the oxygen stoichiometry{ Im thickness phase space for thin Ims of
brookite, anatase, and rutile were determined. These retsere the basis of a hypothesis
stating that the internal energy of an amorphous precursoram be controlled through non-
equilibrium processing parameters, which then provides ahdle for crystalline polymorph
selectivity. The amorphous Ims studied here were compareid vitreous materials, which
have been studied extensively by the glass community. Crgdlization kinetics and behavior
of vitreous materials are known to be heavily in uenced by ta attributes of the amorphous
glassy phase { thermal history, defects, composition all  major roles in the crystalliza-
tion process. The concept of undercooling from glass sciensas recontextualized for the
amorphous TiO, system studied here to better interpret the internal energyf amorphous

precursors and its e ect on the selective crystallizationforl'iO , polymorphs.

6.1.3 In-Situ TEM Investigation of Selective TiO > Polymorph Crystallization
via Amorphous Precursor Engineering

The hypothesis of amorphous precursor internal energy gung crystallization pathways
was tested through in-situ crystallization experiments irthe TEM to directly observe the
crystallization behavior of amorphous precursor Ims of wying oxygen de ciency, i.e. in-
ternal energy. Precursor Ims synthesized under conditianthat drive them further from the
thermodynamically favorable state were seen to crystalézhigher energy polymorphs as well
as exhibit signi cantly faster nucleation and growth kinetcs. Greater degrees of undercool-
ing correlate to an increase in the potential energy for criallization, ultimately providing

routes to metastable polymorph formation and ampli ed cry&llization kinetics.

6.1.4 Local Structure of Amorphous TiO > Precursors and its Role in Crystalline
Polymorph Formation

Pair distribution functions were calculated for thin Ims of amorphous titanium oxide
using electron scattering techniques in the transmissiodeetron microscope. Variations in
local atomic structure and octahedral con guration was stdied as a function of chamber

oxygen pressure during deposition of the titania thin Ims.Atomic-scale structural similar-
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ities, especially pertaining to edge-sharing to corner-ahng octahedral arrangements, were
observed between amorphous precursors and the Ti@olymorphs they were predicted to
preferentially crystallized. These results suggest the psibility of preferential nucleation as
a route for polymorph selectivity by way of structural simiarities on the local atomic scale

between amorphous precursors and their resulting crystalé phases.

6.2 Recommendations for Future Work

Although the work contained in this dissertation adds a wealtt of knowledge to amorphous-
to-crystalline transformations and polymorphism in the tiania system, there is certainly
more that can be done in this topic of research. First o, a commuation of the in-situ
TEM studies discussed in Chapters 4 and 5 covering a more exseze range of amorphous
precursor processing parameters would be a productive andifful endeavor.

To gain more quanti able insight into the energetics of crymllization, a series of di er-
ential scanning calorimetry (DSC) experiments can be condted as a function of various
properties of the amorphous precursor state such as oxygdnishiometry. Crystallization
temperatures and enthalpy of the amorphous-to-crystalla transition can be determined
from DSC measurements. Observing trends in these variablesth respect to both the
amorphous precursors and crystalline polymorphs they formiill be valuable information for
better understanding the complex energy landscape presentthe titania system.

Alongside in-situ TEM and DSC experiments, ellipsometry shad be used to track vari-
ations in density, free volume, and Im thickness between #hamorphous precursors as well
as the crystalline products they form.

Theoretical and computational studies would be a bene ciahddition to this research
as well. Molecular dynamics simulations with computatiodamodeling can provide an ac-
companying method for probing the local atomic structure o¥arious amorphous precursor
states. For example, crystalline supercells of rutile, bakite, and anatase could be heated

above the melting temperature and subsequently quenchedwarious cooling rates to achieve
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solid amorphous structures. Pair distribution functionsalong with a number of other prop-
erties, can then be calculated from these quenched structsrand compared to those of their
crystalline counterparts. It may also be possible to simula systems with varying degrees of
sub-stoichiometry in the initial state and observe di ereges in their quenched amorphous
structures. Computational studies similar to these have le® conducted previously, but have
not been based on hypotheses pertaining to structural siraiities between amorphous states
and the crystalline polymorphs [125, 126].

Throughout the course of this research, a few bulk synthesssudies were conducted in
attempts to stabilize the brookite polymorph in a powder mqgvhology by utilizing knowledge
and insight gained from the thin Im research discussed préwsly. Powders of TiQ were
synthesized via sol-gel methods resulting in both pure Ti{Qystems and those doped with
trivalent cations such as S and Fe*. Doping with acceptor ions should induce oxygen
vacancies to create an oxygen de cient system similar to théound in the thin Im systems.
All powders synthesized resulted in anatase, rutile, or conmations of the two after annealing
at a variety of temperatures between 150-45Q and various annealing atmospheres, both
reactive and inert. Raman spectroscopy was used to deterrainvhich phases crystallized.
Looking back at the work presented in Chapter 3, it is not sumsing that brookite did
not readily crystallize in these bulk powder studies due tour observation of a very narrow
stability window between the rutile and anatase phases.

Future work regarding the synthesis of brookite TiQ through sol-gel methods should
involve a more extensive range of dopant concentrations aglivas extending acceptor ion
incorporation to more elements and looking into the e ects o anionic substitutions such
as N and F. Sol-gel processes can also be used to create thinslby spin coating the gel
onto substrates prior to drying. Careful control of the spincoating process should allow
for synthesis of sol-gel-prepared Ims with similar thickesses to those grown by physical
vapor deposition methods. Studying the crystallization beavior of spin coated Ims versus

deposited Ims of the same thickness and nominal oxygen vawzy concentration could pro-
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vide a great deal of insight into the mechanism by which the veus TiO, polymorphs are
stabilized.

Lastly, this concept of amorphous precursor engineering Wdd be extended to other
material systems with the intention of selectively crystdizing higher energy polymorphs
that would be dicult to synthesize otherwise. Material sysems that can handle o -
stoichiometry, speci cally oxygen de ciency, would be stiable candidates for future studies
of phase selectivity through amorphous precursor enginegey. Binary oxide systems that
may show promise are vanadium oxide, manganese oxide, andeesgly zirconium oxide.
Polymorph stabilization in the zirconia system has been th#ocus of a signi cant number
of studies, but few involve a purely Zr{O phase space (i.e. ngtria stabilization). The
experiments and ideas discussed in this dissertation areaddly adaptable for an extensive
study of amorphous precursor engineering for directing psa formation of crystalline zirco-
nia phases. Finally, provided a comprehension in binary ox@d is reached, these concepts
could be extended to ternary oxide systems where the comgasi variable gains a new level

of complexity, but, in turn, added potential for control ove the crystallization process.
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