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SUMMARY

Atomic layer deposition (ALD) is avidely employedchemical vapor deposition
(CVD) technguedesignedo growthicknesscontrolledandhighly conformal thin films
ALD can be used to functionalize surfaces, build rdalger thin film stacks, or develop
nanostructured composites. As such, ALD is a crucial thin film deposition process suitable
for application in semiconductor processing, microelectromechanicalrsy$MEMS),
stabilization of photovoltaics and energy storage devices, and development of catalysts and
sensors.The defining feature of ALD is the sdifniting chemistry and surface half
reactions that, followed by sufficient inert gas purges, can ensafermal, pirhole free
thin films. Once process is tailored to ensure ideal ALD behavemosited film properties
are primarily governed by process temperature, substrate, film thickness, precursor
selection/film impurities, and plasma enhancemaervtiich cause changes in the- as
deposited structure and result in shifts in electrical, optical, chemical, and mechanical

properties.

In vapor deposition literature, tiapingement flux of the gaseous precursor on the
growing film is a key parameter ensuring depositing film quality and propertiBsit in
ALD literature,the emphasis on sdifniting surface half reactions, precursor chemistry,
andindustrial requirements to reduce total process time baseured the potential for
structural rearrangeent during/after the ALRycle.As such, the purpose of this work is
to improve understanding of @eposited film structure anidtroduce cycle time and

atmosphere selection as ALD process parameters
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Selecting titanium dioxide (Ti&) as the model matai system, firstl study the
effect of lowtemperature posieposition annealing on amorphousdaposited TiQ
ALD thin films. Resultant TiG-anetasegrain size is found tde dependent on ALD
deposition temperature and not jpostdeposition annealing temperatufiéis implies a
structure differencen asdeposited amorphous fisras a function of ALD deposition
temperaturePostdeposition annealing (PDA) is performed to study the amorphous to
anatase phase transformation kicee Anatase is found to form via a twitimensional
growth mode. Th@hase transformation reaction rate is deconvoluted into nucleation rate
and growth rate. Nucleation is found to be the -liatéing step for the phase
transformation.Further the nuclation rate frequency factor is found to increase with
increasing deposition temperature, implyiggnorphousfilms deposited at higher
temperature have increased vibrational motielevelop a modeior understandindhe
resultant microstructure witlthanges indeposition temperaturaucleation rateand grain

growth rae.

Second] studywhat is limiting crystallization during ALD of Ti© ThermatALD of
TiO2 films from the alkyl amide precurs@nd water chemistrgrow amorphoudor
depositiontemperatures up to 22W while TiO> films from ALD of the chlorinated
precursoiare crystalline ageposited above 150 °Cintroduce an intermittent controlled
atmosphere (ICA) annealing step during fieD cycle to encourage growtlof fully
crystalline TiQ thin films at 180 °C and less than 50 mss-deposited films without the
air anneal are amorphous and exidized while those with then situ air anneal are
crystallinewith fewer T#* states Additionally, | vary process conditiont highlight the

effectiveness of atomic rearrangement during the ALD cycle compaganhstbulk

XX



diffusion during PDA. Finally, | present results regardihg importance opurge time
during ALD for crystal formation andegarding TiO2-brookite formation with post
deposition annealing (PDAPDverall, a PDA method is developed to probel@gosited
amorphous film structure, an ALIprocessvariation (ALD-ICA) is introduced to
encourage phase transformation during deposition,| gmmdpose that oxition state is
limiting TiO2 crystallization during growth from tetrakis(dimethylamjtitanium(lV)

TDMAT /H20 thermalALD.
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CHAPTER 1. INTRODUCTION

1.1 Atomic Layer Deposition (ALD)

Atomic layer deposition (ALD) is a thin filrdeposition techniqueidely employed
industrially to grow conformal thin filmgith subnanometer thickness contrédlLD is a
vapor phase deposition technique in which sequentialliseling reactions arexecuted
in vacuumchambergo deposit thin filng on agivensubstrate. ALD is uniqgueompared
to physicalvapor depositio(PVD) methods, such as evaporation and sputteiang,
chemicalvapor depositioCVD) methods, because its séthiting reaction chemistry
ensures deposited films ardrinsicaly conformal as dictated by the presence of surface

active sites on the substrqfg.

1.1.1 Process

ALD is defined by sequential, sdlfiting surface reactions. These surface reactions
are generally -redetrwitkens hafireactions beihgarégdired to
complete an ALD cycldn acommonhot-walled, fow-tube reactoconfiguration an inert
carrier gas, typicallynitrogen (\2) or argon (Ar), is used to dosea precursoiinto the
chamberln practice, he chamber commonly has a steady state pressur@ d@bfr. The
precursomwill physisorb then chemsorb to reactive surface sites on the substrate to deposit
one monolayer. Then, the chamber will be purged witloiNAr to remove reaction by
products andinreacted precursok co-reactantcommonly an oxidizers then introduced
into the chambeto fully react with theactive substrate surfacdhe chamber is purged

againto removeany reaction bproducts and unreactem-reactant Following the ce



reacant dose and purge, the initial substrate surface chemistry is resticrethat active
surface sites willeact with the precursor dodaring the next ALD cycle. This process is

depictedn Figurel.1.

b)

a)
L3

— <ag¢ TN /3838
YY¥ | ¥ ¥

Figure 1.1. Schematic of the ALD processin a) precursor molecules react with active
surface sites, b) purging removes reaction bBgroducts and unreacted precursor
molecules, c)co-reactant molecules reach with active surface sites, and d) purging
removes reaction byproducts and unreactedco-reactant molecules.Adapted from
Parsonset al (2011)[2].

The selflimiting nature of these surface ha#factions enable conformality and
control over deposited material thickness and composiltiterature eviews[3-7] and an
up-to-date online database [DOI: 10.6100/alddatabase] catalogue the materials that have
been grown by ALD. Many ALD processes have been adapted from CVD processes to

form the desired materials at lower temperatuxe®50 °C) than C\D, which makes ALD

compatible withsomepolymers and other temperatigensitive substratgg, 8].



ALD is selected ovePVD (evaporation, sputteng) and CVD processes for the
conformality, thickness control, andineablecompositionof asdeposited fiimg7]. ALD
can achieve conformal deposition ihigh aspect ratio structures and thd@aensional
materials due to the sdlfniting nature of the surface haléactions. With sufficient
chemical precursor exposure times, the precursor can diffuse in the vapor phase and react
with all available surfee sites, enabling coverage of the entire suyfasseen inFigure

1.2[9].

S4800 1.5kV 5.6mm x12.0k SE(M) 4.00um

Figure 1.2. Conformality in ALD thin films. SEM micrograph of a cross-sectional
image of a conformalGexSheTes ALD film [9]. Reprinted with permission from Pore,
V., et al. (2009).fAtomic layer deposition of metal tellurides and selenides using
alkylsilyl compounds of tellurium and sdenium.o Journal of the American Chemical
Society131(10): 34783480.Copyright 2009American Chemical Society

1.1.2 Applications

Due to the wide range of materials that ALD can deposit, including metal oxides
such as Zr@and Y-0z3 and noble metals like Pt, ALD cdoe incorporated inta variety

of technologie$7]. Originally called atomic layer epitaxy (ALE), ALD was introduced by



Suntola and Antson in 1977 to deposit ZnS for flat panel displEgsOnce deposition
broadened to include metal oxides and methis materialsdepositedwere no longer
exclusively epitaxiahnd the process became more commonly known as ALD. Now, ALD

is widely usedo depositmetal oxids, metal nitrides, metal sulfides, and pure elements.

There are significanapplications for ALD processesn microelectronics and
photovoltaic applications In microelectronics, ALD is used to depoginholefree,
conformal films with a high dielectricconstant. In the transistor gate stack in
microelectronic devices, the higghgate oxides need to be pinhdteeto prevent leakage
current through the gate oxidé]. Additionally, gate oxides deposited by ALD have
decreased the equivalent necessary gate oxide thicknggsotovoltaic devices, ALD is
used to deposihe rear contact passivation layer to prevent recombination in dye sensitized
solar cells and creatbe transparent conducting oxide lay&t]. Onepromising area of
research is tause ALD to control the omposition of amulticomponent film for
photovoltaicgo varytheband gap, densityand morphology7]. With the development of
smaller, three dimensionally structured devices, fabrication via Aagihe potential to

meet thedemand forcomplex,thicknesscontrolled thin fims.

The remainder of this ltapter will presenALD theory andfundamentalsa review
of crystallinity in thin filmsgrowthby ALD, and introduce the material of interest: titanium
dioxide (TiO2). Selflimiting surface chemistrysaturation,and the ALD window are
central to understandinghat occurs during laydsy-layerdepositionandarethe primary
theories for describing ALD surface dynamic&n overview of classical phase
transformations theory in addition tbe theory for growth of crystallinebinary metal

oxide ALD thin films will be presentetb give context fothin film phase transformations.



ALD processing methods to achieve film crystallinity will discussedFinally, titanium

dioxideis described andn ALD-TiO: literature review is presented.

1.2 ALD Theory

1.2.1 Selflimiting Surface Chemisyr

One of the key aspects performingALD is ensuring that precursor chemistry and
process parametemlow the quintessentiaelf-limiting surface haHreactionsto occur
properly. To deposit a compound by ALEhere is a limied choice of precursoend ce
reactantsthat meet process requirementsusk temperatureyolatility, and reactivity.
However, a long as thé\LD reaction cycle goes to completion, small changes in process
temperature, precursor pressurgd exposure timgenerallyshouldnot alter the growth

per cycle(GPC)[12].

ALD surface chemical kinetics areniversally described as the adsorption of a
gaseous precursor A on a surface site ||*, where the asterisk indicates the active surface

species. For this model, the primary assumptiong3re

1. Maximumnumberof adsorbed species is a monolayer (i.e. chemisorption)
2. Adsorption sites are equal in surface area and reaction prohability
3. Adsorbed species do not interact with one another (so wagging of one site would

not causea neighboring adsorbed spediede desorbgd

Upon substrate saturation, all active surface sites are occupied by adaftenghe
precursor reacts with the suizde to form a complete monolayer, the ALD cycle can

continue to the purge stepurging the process chamber remawesreactiorby-producs



and unreactegdrecursor molecules. Ding inert gas purgingthe chemisorption coverage

of the substrate monolayshouldremain constant. Whehe caereactanis introduced, it
reacts with grface activeises,growinga new layer of material. This monolayer formation
follows the same process previously described: the fraction of ocaipfadeactivesites
specis goes from zero, at the start of the exposure, to one, by the end of the eXposure.
Equationl.1, the|| designates the substrate surface anddtezisk(*) identfies the active

site for the adsorption reactiofhe chemistry is as followsvhereA refers to the precursor

andB refers to the coeactant

rz "= O 1 "z Equationl.1

Purging is employed after tha-reactanis dosedo removereactionby-products and any
unreactedco-reactantmoleculesfrom the reaction regionlhis resets the surfa@etive
sites to prepare for another cyadle previously presented Figurel.l, the full ALD cycle

is described: dose precursor / purge / doseeactant purge

To illustrate the halfreactions of aTiO> ALD process,here | present the
tetrakis(dimethylanmo)titanium(lV) (TDMAT, Ti(N(CHs)2)s) / water (HO) systend
which is the ALD chemistrgmployed throughout this thesiquationl.2 and Equation

1.3 present the chemistry of the surface raHctions,

g (¢ 4E 60 COs/ 4E 60 =z
Equationl.2
(#(  C



§ 4E 60 z (/] COs/ 4E/ (
Equationl.3

o. (#( C
Equationl.4 describes the overall reaction chemistry for this process as,

4 E 60 C (/ CO4E 1. (# C Equationl.4

Following each precursor dose, therfaceactivesite is a hydroxyl group arfdr each

seltlimiting, half reactiondimethylamine (DMA, NH(CHy) is thereaction byproduct.

This section has described how substrate sulfafeeactions govern ALD
layerby-layer growthunder ideal coditions. The next section will expand this

discussion to include the conceptpoécursodoséexposurdime.
1.2.2 ALD Cycle Dose Timeand Purge Time

In consideringvapor kinetics for ALD characteristic times includél) the time
required for a precursor to diffuse to the substrate, (2) the saturation time at each surface
site, (3) the dose time required to fully saturate the substrate, and (4) the purge time required
to remove unreacted precursor and chemisorpti@cticn byproductd1]. The time
required for a precursor to diffe to the substrate and foractionbyproducts to be
removed is dictated by reactor design and governing gas kinBtiesaturation time at
each surface site amidedose time required to fully saturate geerned byhe precursor
partial pressure anm@action probabilit with the substrate surface active sitdsminally,

on an atomicallyflat silicon (Si)wafer substrategrecursor diffusion ansurfacesaturation



will occur immediately upon dosingiven enough precursor is dosedhjle the purge tne

is less welldefined beingprimarily reactor and temperature dependent.

To describe the required ALD dose time for saturati®ordonet al in 2003
derived a simple formula for precursor exposure time to ensure surface satjirgtion
SubsequentlyYanguasGil developed a dosime equation considering the dwton of
surface coverage and sticking coefficient (reactiorbabdity) with time [1]. As time
increases, the surface coverd@geor fraction of surface sitesccupied,goes tounity and
thesurface coverage reaches saturation. Like the surface covémageadtion probability
evolves with time such that the surface asymptotically becomeseactive as the
exposure time increasasdsurfaceactivesites are quenchedlowever saturatioris not
only dictated by the number of active surface sites, but also by the steric hindrance of the
ligands of adsorbed surface spedie. ALD precursors with bulky ligandsay prevent
complete saturation of all active surface sjte3. In general the hgher the precursor
partial pressure, the faster the saturating time. Similarly, the greater the bare reaction

probability, the faster the saturating time.

In practice, precursor doses are on the orddemd of seconddue to electro
mechanicatommuni@tions and reactor geometi®ecently,YanguasGil and Elam have
demonstrated the ability to train neural netvgotl predict saturation times for reaetor
specific geometrywithout consideringsurface kinetic§15]. The key model parameters
include growth temperature, precursor pressure, sticking probability, GPC, and the
corresponding dosetenl n ALD | it er at ur esaturationécervexas emmo n t
function of time for each component of the ALD cydigure 1.3 presents the expected

saturation cwves for a thermafALD process.For precursor and eceactant dosing,



saturation is confirmed experimentally by constant GPC with increasing doselrtime.
practice, dose time is often varied to discern the shortest reliable dose time yielding self
limiting growth [16]. Then, hert gas purging is required after the dose step to remove
excess precursor and formed reactiorpbyducts and to ready the substrate surface for the
next ALD half cycle. Purge time is the longest step of the ALD cycle and requires

minimization toshortenthe time duration of the complete ALD cycle
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Figure 1.3. Schematics of typical saturation curves for thermaALD showing (a)
precursor dose time as a function of GPC, (b) precursor purge time as a functiaf
GPC, (c) coreactant dose time as a function of GPC, and (d) e®actant purge time
as a function of GPC

1.2.3 TheALD Window

The AALD wi ndomgurel4dpswelayemploged in ALD literature

to describe the region afhtermediateprocess temperatures whegewth per cycle is



consistentsuch thatnearly ideal ALD behavior is exhibiteld2, 17, 18]. Outside the
temperature range of ideal behayitire GPC will vary and is indicative ohortideal

growth modesAt lower temperatures, surface reactions may narmrgetic enough to
occurleading to no growth per cycle (GIP@rthe precursors may condense on the surface
causing over deposition. For higher processing temperatures, the precursor may decompose
on the surfacen CVD-like growthsuch that additional adrption occurs, and the GPC is
elevated. At higher temperaturédse GPC can be too loWsurface species desdsbcause

of being too energetitHowever, he GPC of a process does meicessarilyneedto be
constant over a temperature rangemgure selfimiting reaction condition$19]. While
selflimiting growth persistsGPC can change due to temperatilependent changes in

the number of reaction sites on a substrate surface and due to changes in the reaction

pathway of the precurs¢t9].
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Figure 1.4. A plot of ALD growth per cycle versus temperature, demonstrating the
ALD Window and the potential unwanted precursorsubstrate interactions that may
occur outside the ALD Window. Adapted from George (2010]17].
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The ALD window is closely related to theffect of dosetime and purge timen
GPC.By varying exposure time and purge time in ALD processes, experimentalists can
determineex situif the ALD process conditionand selected growth temperata@hieve
saturatbn. As stated earlier, to ensure proper substrate surface saturation, the precursor
exposure mudirst yield enough moleular concentratioto occupy all surface siteand
any surfaceactivesites must be res#irough inert gas purgingeforeco-reactam dosing
These studies can also be perfornmreditu with a quartz crystal microbalance (QCM),
ellipsometry,or FTIR, to identifytime tosurface saturatiofil9]. Via QCM, mass uptake
during the ALD cycle is recorded. With ellipsometry, changes in depositing film thickness
are recorded. And with FTIReaction chemistry can be visualized to ensure surface active

species are quenched.

Selflimiting surface chemistry, ALD cycle time, and the ALD window define the
necessary requirements for ideal lapgtlayer growth.However, these concept® not
describe how the adeposited structure dependswvamying parameters, including growth

temperature and total cycle time.

1.3 Crystallization in ALD Thin Films

ALD can be used to deposit amorphous and crystalline thin filmaLD, the
depositedfilm structure is dictated bydeposition temperature,precursor selection
substratesurface chemistry, substrate structupgesence of impuritiespresence of
mechanical stress or straanddepositingfilm thickness.The phaseof the depositingilm
dictates thenaterial properties anapplications. Amorphous films aselectedor barrier

and cladding layersvhile crystalline films ar@sedfor their specific electricaloptical,or
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chemical propertie$4]. Amorphous TiQ is preferred for diffusion barrierf20] and
corrosion preventiof21]. While crystalline TiQ-anatasgreferred for photocatalysjig?2)

and gas sensir[@3], and crystallineTiO.-rutile is preferred for high applicationg24).
1.3.1 Thermodynamics dthase Transformations

From classical thermodynamics, the equilibrium state is the lowest energy state in
which no driving forces are acting on the system to cause a clidBgeAs suchi,it is
unchanging with timg-or a given systenthere may be ber atomic configurationshich
may lie in a local minimum in free energy phase transformatiowill occur if the initial
state is unstable relative to the final statee Gibbs free energ@, is defined to determine
the relative stability dr phase t@mnsformations occurring at constant temperature and

pressureGibbs free energyG, is defined as:

o ( 43 Equationl.5

whereH is the enthalpyT is the temperature, ar®is the entropyEnthalpymeasures the
heat content of the system, and is determined by the internal energy, pressure, and volume.
Entropy is a measure of disorder in the syst&imce equilibriumis defined to be
unchanging with timeit can mathematicallybe describedy the chage in Gibbs free

energy

A" m Equationl.6

Further, br a system with more than one conceivable configurationetjudibrium

configuration is the one with the lowest Gibbs free enérpis is graphically described in

12



Figure 1.5, where Arrangement 1 presents teguilibrium atom¢ arrangement and
Arrangement 2 presents the metastable atomic arrangermiehtlies at Gibbs free energy
local minimum but isnot the lowest possible free energy positidior a phase
transformation to occur from Arrangement 2 to Arrangertetite folloving relation must

be satisfied:

y 0 O 1 Equationl.7

Gibbs free energy, G

A J

Arrangement of atoms

Figure 1.5. Graphical schematic demonstrating relationship of atomic arrangement

with Gi bbs free energy. Arrangement 1 has the
the stable equilibrium arrangement. Arrangement 2 is a metastable equilibrium

position with locally minimized Gibbs free energy[26].

Severalphasesare known to exist for titanium dioxide at standard pressure and
temperaturgseeFigurel.6). Themost observediO. polymorphs are anatagetragonal

l14/amd, brookite (orthorhombi¢c Pbcg, and rutile (tetragonal P4/ mnm). The

13



arrangement of Ti©octahedra determiséhe resultant polymorplthe common structures

can be differentiated by their vertedfge sharing ratio where rutile is 4, brookite is 2, and
anatase is 127]. The amorphous phase is a disordered arrangement efo€i@hedrh

units, with a computionally modelledrertex/edge sharing ratio of 2[27]. At standard
pressurerutile and anatase are the dominant polymorphs. Anatase is stable up to 600 °C
and rutile is stable greater than 600,°&s seen irigure 1.6a. As seen inFigure 1.6b,
brookite is amothermetastable polymorpliavorablebelow 700 °CRutile is recognized as

the equilibrium phasg2§]. Literature regardinghe ALD of TiO2 is reviewed inSection

1.4 Titanium dioxide (TiQ).

a) b)

S . . S Y S — e
70j F 70

TiO-1I + rutile
60

TiO.-Il TiO,-l

Rutile

Rutile

Pressure (kbar)
Pressure (kbar)

Brookite

S S ——

Temperature (°C) Temperature (°C)

Figure 1.6. Non-equilibrium temperature-pressure phase diagrara for pure TiO 2.
Reprinted with permission from Murray, J. and H. Wriedt (1987). iT he OT1 Ti

(oxygentitanium) systemo0 Journal of Phase Equilibria 8(2): 148165. Copyright
1987 Springer Nature.

1.3.2 Kinetics ofPhase Transforntaons

Kinetics is necessary to evaluate the questionhofv quickly a phase
transformation occursDuring thin film deposition, film crystallizationfrom the

amorphous phasean be favorable when surface diffusion of adsorbed atorrst@aus)
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outpaces the rate of thin film deposition. Kinetically speaking, thin film crystallization can
be described by thdohnsorMehl-Avrami-Kolmogorov (JMAK) theory [29-31]. The

generallMAK equationfor isothermalransformatioris presented ifcquationl.5 [26],

80 p A@PED Equationl.8

whereX(t) is the fraction transfored, t is time,k is the reactiorrate,andn is the Avrami
exponenta numerical exponent ranging from 1 to 4 that is temperature indepenhdent.
reaction ratek, isa system specific value depending on nucleation and growtharades
sensitive to temperaturdhe Avrami exponentn, characterize the mechanism and
dimensionality of the phadeansformation.Gutzow(1995) includes a table for values of
the Avrami exponenm, and the reaction ratk, for different dimensions of growth and
morphology of clusters for the forming phak®?]. The generali € u r shape for

experimental data fittingquationl.8 is presented ifrigurel.7a.

The JMAK equation as presentedHouation1.8 is linearized to the following

form:
11— &0 el EquationL.9
P ®O
In plotting] 11 +—— vs.1 b, the slope of this line is equal to the Avrami exporent

and the yintercept is equal to 1 T1Q As such, the linearized formed presenteBduation
1.9is used to determine the dimensionality of tingstal nucleation and growth, and the

reaction ratek. Figurel.7b presenta schematic of the graphical formBduationl.9.
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Figure 1.7. Graphical schematic shiawierng fa) dhar

phase transformed versus time and b)inearized form of the fraction transformed
curve to extract calculated reaction ratek and Avrami exponentn.

From the JMAK equation, the reaction rate can be studied as a function of
temperature to determine the combined activation energy for nucleation and Jrogvth.
reaction ratek, is determined by the nucleation rate, and the linear graintigrewd the
geometrical shape factor for the growing pH&2. The reaction ratkis found to follow

an Arrhenius elationship, giving:

. O Equation1.10
E QzA0PD———
%) Y
In Equation1.10, O is the activation energy for crystal nucleation and growth,

Q is the Boltzmann constart,is the temperaturet which phase transformation ocgurs

and’Q is a matenl-dependent frequency factor. The linearized forrEqiationl.10 is:

o O o Equation1.11
a £Q = = P aeqQ 9
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The linearizedquationl.11for reaction ratek, can be applietb make an Arrhenius plot
This enablesolving forthe activation energy farombinedcrystal nucleation and growth

and the reaction rafgre-exponentiafrequency factarQ.

To deconvolute nucleation and growth, each component needs to be studied
separatelyAs stated earliek is determined by nucleation raté ), linear grain growth
rate (), and a geometric shape factor. For-swmmensional crystl growth, reaction ratle

is defined as follows:

0 ; 50 Equationl.12
Nucleation rate0 , can be determined experimentally by counting the nucleation events
prior to the nuclei impingingNucleation ratealso follows an Arrhenius relationship, so
critical Gibbs free energy for nucleation cha determined from these measurements.
Linear graingrowth rate,b, can be measured directhjth in situ transmission electron
microscopy (TEM),or another microscopy technique, which enables imaginthef

growing crystal with time (m'$.

In determining theisothermal phase transformation kinetics ultiple
temperatures, the phase transformation carepeesented in a TTT (tirmiemperature
transformation) diagranidere, the fraction transformed is plotted as a function of éinake
temperature, resulting in a roathp for the given phase transformoatiat different
temperaturegtigure1.8a depicts how th8MAK equationdetermined at temperatures T
and T enableplotting of the TTT diagram ifrigure 1.8b. As helpful as a TTT diagram

can be irreporting phase transformations, it is not a construction commonly used in ALD

17



literature. Instead, it is common to repbaw X-ray diffraction scansor Raman spectra,

vary with deposition temperatito illustrate the phaspsesent in asleposited ALD films.
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Figure 1.8. a) The fraction transformed versus time for different annealing
temperatures,where times t1, 100 and ti, 99% are for isothermal annealing temperature
T1 and t2, 106 and t2, 99% are for isothermal annealing temperature . b) a Time-
Temperature-Transformation (TTT) diagram describing the amorphous to
crystalline phase transformation for the ALD thin film with pog-deposition anneaing
(PDA). Adapted from Rupp et al [33].

1.3.3 Crystal Growth in ALD Thin Films

For ALD, temperature is often designated as the significant processing factor for
dictating thin film structure. Higher deposition temperatures supply species with more
energy, enabling faster diffusion tostaable crystalline siteand therebyiucleationand
grain growth However, higher deposition temperatures cannot always be accessed during
ALD due toprecursor decomposition arstibstrate/device stack limitation3eposition
temperatureffectscrystalnucleation rategraingrowth rate, the overlap of diffusion fields
from nearby transformed volumes, and tbsultanimpingement of adjacent transformed

volumes[26]. So while the ALD window describes the regime of consistémt growth,
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it does not discern how film microstructure and resultant propertievargnat those

deposition temperatures for both amorphous and crystallidessited films.

In 2017, Piercyet al reported howdensity and optical polarizability vary in
amorphoudiO:films from TiCls/H20 chemistryln 2019,DeCosteet al reported therma
conductivitydependean growth temperature in amorphous@d and TiQ 50 nm films
[34]. For the model deposition of AD3z from TMA / H2O, Puurunenet al. report that
growth temperature can be used to systematically vary the density of amorpbOgis Al
films [35] sincethe thermally-activated reaction from thel,O half cycle[36] caugs
differences in the adeposited microstructarTherefore, it is important to develagbetter
understanding of structure in amorphouslaposited ALD filmssince the properties vary

as a function ofleposition conditions even when the phase remains constant

Crystallization in ALD is recognized tccur from the bottorup once a seed
crystal has nucleate@urrently, three schemes have been identified to describe the initial

stages of nucleation and growth in AIL&]:

Scheme I: an initially amorphous film grows, and crystalline nuclei form
randomly (black shaded regionskigurel.9) i as more material is deposited on crystal
nuclei, crystalline grains will grow while the initially amorphous regions and any

material depositing on these regions remain amorphous;

Schemelt an initially amorphous film grows, and crystalline nuclei form
randomly (black shaded regionskigure1.9) i as more material is deposited on crystal
nuclei, crystalline grains will grow, and the-a@eposited amorphous film next to existing

crystal grains will crystallize (grey shaded regiongigurel.9);
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Scheme llI: cry&lline nucleiwill form specificsurfacesites crystalline nuclei
andcrystal grains will grow from the initial nucléblack shaded regions Figurel.9) as

increasng materialis deposited.

As seen irFigurel.9, for Scheme I, regions of film close to the substrate are
primarily amorphous and the film crystallinity tends torease with increasing film
thicknessThis was nitially proposed by Hausmann and Gordon in 200&nf
experimental results afrO, and HfQ ALD films grownfrom alkyl amideprecursors
andsupportedy X-ray diffraction XRD), transmission electromicroscopy TEM), and
atomicforce microscopfAFM) [37]. For £heme II, while the growth ade is initially
amorphous, the final film structure can become fully crystalline. The resultant crystalline
structures like that of asdeposited amorphous filntikansformed into crystallingarough
high temperature annealinigor Scheme lll, only partfdhe substrate is covered with
deposited material during the initial growth stage. As more material is deposited on
crystalline nuclei, the grain will grow, coalesce, @atentally form a continuous

crystalline film.
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Figure 1.9. Crystal growth schemes in thin films deposited by ALD[4]. Reprinted
with permission from Miikkulainen, V., et al. (2013).iCrystallinity of inorganic films
grown by atomic layer deposition: Overview and general treds.0 Journal of applied
physics113(2): 021301Copyright 2013 AIP Publishing.

In addition to the identified growth schemes, there sseeralaccepted trends
regarding the likelihood of crystal development in thin fillnsgeneral, higher deposition
temperature will result in crystallinity, in addition to a reductiomimpurities. Film
impurities resuling from the incomplete reaction tife ALD precursor with the-reactant
areproposed to hindesrystallization Nb.Os and TaOs dopants in TiQ thin films have
been used as heterogeneous nucleation sites to cause explosivgrdargenatase
crystallization upon annealinf®]. Additionally, the substrate surface determines how
growth initiates and, in some cases, can determine whether a filns gr@am amorphous

or crystalline phase.

Thin film thickness will also affect the crystallinity. Very thin films
(< 1015 nm) often appear amorphous using standard characterization methods as any
potential crystallites are too small to meaqdieAs such, it is often reported that thinner

films appear amorphous and transition to crystalline after a given critical thickness.
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Additionally, thicker films are repted to crystallize at lower temperatures, possibly
because thicker films have a higher likelihood to contain seeds to originate the nucleation
[38]. However, the effect of film thickness on crystalliniitg can difficult to isolate from
temperature: Aarilket al reported for Zr@ deposited by ZrGl/ H2O chemistry that

crystallinity is observed at 100 nm for a 1&5deposition temperature, while this can be

reduced to 1 nm for a 60C deposition temperatuf89].

Surprisingly, h ALD, the effect of time on crystallinity is leegplored However,
the effect of ALD purge timbas beeprobed inZnO-ALD literature Zinc oxide thin films
typically crystalline even when deposited at low temperat@aziewiczet al.varied the
purge time in ZnO films deposited from 90 to 2afrom 8s to 20 sand found that short
versus long purge timdsias crystallographic orientation in the-@deposited filmq4Q].
Subsequetly, Wojcik et al depositedZnO filmswith varying purge time from 1 sto 5.5 s
with zinc acetatéd>O precursorchemistry Wojcikdb s r esul t s wefoued consi
thatpurge time had a significant effect on film orientation film quality for deposition
temperatures less th&30°C. They reported that preferential growth masiebserved at
lower deposition temperatures bngtheningpurge time andenabling surfacepecies
diffusion[4]]. Even so, he 2013Miikkulainen et al. review on crystallinity of inorganic

films grown by ALD does not identify process time as influencing thin film crystallinity

[4].

1.3.4 PostDeposition AnnealingPDA)

Typically, postdeposition annealing (PDA) issedto transform the amorphous-as

deposited ALD film into the desired crystalline phd@@Ai s a @ b ultéclnigeen ne al i
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wherethe thin film and the substrate dreated to a higher temperature then [pieoch to
cool such that the film structure can relax and rearraonge more thermodynamically
favorable stateOften,annealing is performed at high temperatgmregter thad 007 600
°C) for a short period of time (5 mitkesto 2 hourg to achievgohase transformatian as
deposited amorphous thin filmsower temperature annealingglow 300°C) can also be
performed to protecthermally sensitive substrateprevent modification of othefilm-
stack layers, or to prevent the growth ioferfacial layers.One example of lower
temperature annealing is a studyMgccoet al. on thepostdepositioncrystallization of
hydrogendoped indium oxide (kD3:H) at 1507 200 °C for varying time up to2 h;

however, for these filmsheas-deposited structure at 13G is mostly crystalling42].

There are some literature reports probing ALID®: film structure with post
deposition annealing (PDA24, 43-45]. PDA temperatures are typically higher than those
used for the ALD growth processmorphous asleposited films are crystallized to anatase
at PDA temperatures of 70Q or lower. PDA of films at temperatures ranging from 300
to 800°C have been reported to decrease impurity concentrations and increase crystalline
phaseg46]. Annealing atmosphere is also significavibst TiO-ALD annealing studies
have been performed oinfis deposited from TiGIH>O chemistryAarik et al. found that
annealing amorphous films at 400 in air and N for 6 hours did not cause a phase
transformation, attributing this to chlorine residue in the {#§]. Jogiet al found that
annealing at 75€C in 1 atm Qfor 10 min promoted crystallization into the anatase phase
[24]. While Luka et al. performed the most comprehensive PDA study ati1820°C on

thick films (4000, 7000, and 10000 ALD cycles) in dhvironment Luka foundthat

23



anatase regions grow into the surrounding amorphous regions to transform the films during
PDA. In 2015,lancuet al did performannealingon 30 nm amorphous TigZXilms from
TDMAT/H20 andfound that @ PDA greater tharr00 °C was more effective in forming

rutile than N PDA [47]. As such, oxidizing atmosphere appe@arde more favorable in

forming TiO, crystalline phases.

1.3.5 PulsedHeating ALD (PHALD)

Pulsedheating ALD (PHALD) is an in situ layerby-layer heating technique
typically employed as a method to improvedegposited film densitgnd to decrease film
impurity contentWith this techniquean annealing step is integratefier the ALD co-
reactant purge timsuch that heat pulses are interleaved with ALD cy@&sALD can
be usedas an alternative to pedeposition annealing?DA) and is a good example of a
thermalALD process medicatiomo use the purge time as an active period of crystal

growth.

In 2004, Conleyet al.introduced this methodsmodulated temperature annealing
(MTA) with rapid thermal lamp annedts deposition oHfO2and HfAIO thin films. This
techniquedevelogd denr films with a lower leakage current than acheefer films
deposited by ALD followed by a PDMS8, 49]. The pulsed anrading was conducted at
420 °C, which is belowthe temperature required for POi&p to 850°C). This higher
densification and improvement of electrical propetisgsotentially the result of successful
removal of excess ligands after each ALD cycle, wloahnot be done by PDA alone.
Further, in 202, Piercyet al reported on the use of PALD to grow heteroepitaxial ZnO

thin films onc-plane sapphir€sQ]. In contrastfilms deposited by thermaLD only are
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randompolycrystalline and films deposited by thera#dlD with aPDA at 900°C achieve
only partial epitaxy witha different inplane orientatior]50]. As such, PHALD is a
promising deposition process methodglagtroducing how ALD purge time can be used

as a period for active crydtgrowth.

It is important to note that RHLD adds significant time to the AL cycle. The
minimumALD cycle time required to includeubstrate heating and cooling can be on the
order of minutes while ALDas a vapor deposition proceissalready the mostime-
consuming.Here, flasHamp annealing (FLA) can be used as an alternative method to
deliver energy to the surface of the filkvith FLA, a short burst of light from a xenon
flash lamp irradiates the sample surfacausing the substrate surface to heat up to
temperatures exceeding the deposition temperature depending fiash parameterin
2012, Langstoret al. reported FLA ALD as anethod todirecty grow crystalline TiQ
films by facilitating surface diffusiorfor crystallization while maintaining the low

deposition temperature required for detiiting surface reactiongb]].

1.4 Titanium dioxide (TiO?2)

Titanium dioxide (TiQ) is awide-bandgap semiconductor with phatependent
high refractive index and high dielectric constgsf, 53]. The anatase phase is preferred
for photocatalysid22] and gas sensinf23]. Rutile is preferred for highk dielectric
applicationg24]. Amorphous TiQ is preferred for diffusion barrief20] and corrosion
prevention[21]. TiO2 has also been applied in hanolaminates wit#DAIn optical thin
film applicationg 54, 59|, and with HfQ for increased dielectric permittivity in capacgor

[56]. Many applications require uniform T#@hin films that are conformal with precise
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thickness contro[57]. As such, undetanding TiQ phase control in ALD films is

important.

Titanium dioxide can be grown by ALD using a variety of precursors and
deposition conditions. Depending upon the precursor chemistry, deposition temperatures
below 150200 °C results in amorphous filmgyhile higher temperatures can access the
anatase phase. Howevergtlemperature and crystallinityary depending upon the
selected precursoAdditionally, thetemperatureseportedfor achieving crystallin€liO2
asdeposited filmsvary from reactor to reactor in the reported literature. For methoxide,
ethoxide, and isopropoxide titanium precursors, crystalline anatase with the amorphous
phase is recorded at 280, while films deposited below 20C remain amorphoy$8-

60] The ramainder of this chapter will discuss crystallization behavior for, T films
deposited fronTiCl4/H>0 and TDMAT/HO precursor chemistrigs detail, as these are

the chemistries of interest for this thesis

1.4.1 ALD ofTiOz from TiCW/H20 chemistry

TiO2-ALD has been studied extensively using Tié@hd HO as cereactantg24,
43, 44, 46, 61-74). For TiCl/H20 ALD chemistry, films are typically reported as being
amorphous when deposited at temperatures less than 150 °C, with the onset of anatase
phase crystékation around 150 °Q24, 43, 68] and rutile phase crystallization requiring
temperatures of 350 °[@3, 62 or greatef24, 75]. Crystal growth in TiQ arises from the
formation of crystalline grains within/on top of the amorphoi@;@uring depositiof76].
At lower deposition temperatures, nucleation is sparselewdti higher deposition

temperatures increased nucleation resulssnall, densehpacked grain§68].
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Titanium dioxide can present arteresting microstructure wherein the lateral size
of its crystalline grains is greater than the film thickness. Fromy/H&D chemistry, Lee
et al report that TiC/H-O films deposited from 150250°C have an Aunconyv
temperaturel e pendenceo with grain size dg8,reasin
identifying the greatest grain size of 200 nm for a 1000 cycle (#3) film. Additionally
with a TiCk/ H2O process, Piltavest al describe the ability tohangeanatase grain size
from 70 nm up to 1 pnvia four parameters: substrate, deposition temperafi@®, film
thickness, and thickness of 8k buffer layer béween the substrate and Bi{7 3]. Plate-
like anatase crystals with lateral size exceeding film thickmessalso reported by
Mitchell et al. [66] and Puurunest al [77], as occurringvith Al2Os nanalayering oron
an AbOzfilm substrateLargegrained anatase & industrial interest because it is better
suited for photoelectrochemical performan§é5 and photocatalytic activity22, 78].
Further, growindow-defectJargegrain anatase at temperatures beld®@ Z is of interest
to reduce the growth of interfacial Si oxigethe fabrication of ALD TiQ photoeletrode
coatings for photoelectrochemical applicatipf§]. Thislargegrain anatasphenomenon

has yet to be reported using TDMATR®Ichemistry for TiQ-ALD.

1.4.2 ALD of TiQ from TDMAT/H20 chemistry

Fewer studies have reported on the ALD of JiOfrom
tetrakis(dimethylamino)titanium(lV) (TDMAT) with kD as the oxidari79-82]. TDMAT
can be preferred as a precursor over 4 tle to lack of cldrine contamination in the
deposited film80, 83 anditssec al | ed fAel ecHr pc ¥eHowedyer,a ky Ti
TDMAT/H20 films are nearly always amorphousdeposited 83, 85|, given that the

acceptable ALDdeposi ti on temperatur e window is
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decomposition temperature of approxima@®p °C [86]. Studies on ALD TiQdeposited
from TDMAT/H20 report a variety of electronic propert|@4, 87], inspiring a report from
Babadiet al. probing the gas phase reactions and ALD cycle {i&@8. However, few
studies exst on posdeposition crystallization TDMAT/BD-based ALD TiQ thin films

[47, 89, 90], and these studies ot go into microstructural detail at low temperatures.

The ALD window for TiQ depositionfrom TDMAT/H20 was first published by
Xie et al in 2007[85]. Xie et al determined crystallization temperature to be dependent
on both tle film thickness and impuritgontent andeported that the GPC decreased with
increasing deposition temperatufdis GPC trends contrary to expected behavior within
the ALD window Dendooveret al studied the initial growth of TDMAT / #D ALD on
different substratesand foundthat TDMAT growslinear on thermally grown SiJ82].
Abendrothet al presented amvestigation of deposition temperature and the resulting

microstructure for up to 700 TDMAT /4@ ALD cycles deposited between 120 to 330
they concludd that at 25C°C andwith a 10 nmfilm, anatase crystalsannucleateg[79].

Finally, Dufond et al reported a coprehensive studto conclude that TDMAT ligands
are easily removed durirfgm growth and attributd the observeddecreasing GPC with
increasing deposition temperaturediecreasing hydroxyl group coverage on J[91].
With these prior literature reports @PC initial ALD growth, and crystallinity there is
still a gap in the literature with regard to crystallizing Tidms from TDMAT/H20 at

lower-temperatures and during the Aldbocess.

1.5 Thesis Aims

1.5.1 Statement of Purpose
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Phase transformatignin thin films are governed by temperature and time.
Generally diring thin film growth, depositing species will adsorb to thiesttate surface
and adatoms with moreenergy will diffuse faster to lower energyften crystallinesites
In atomic layer deposition (ALDijterature, this potential for surface diffusistructural
rearrangement after saturation has been obscured by (1) emphasisliomtseifsurface
half reactions and (2) the industrial need to minimize purge time and improve deposition
rate.As such, arrent ALD theory does not bridge the gap betweenlggifing surface

chemistry and resultant-aeposited film structure.

This presents a challenge given thiah properties have been shown to vary with
ALD growth temperature whiléhe phase remainamorphous In the case ofitanium
dioxide (Ti®) grown byALD, density, optical polarizabilityand thermal conductivity
have been measured to vary in the amorphous phase as a function of deposition
temperature. Aditionally, electrical conductivityhas ben shown to vary as a function of
precursor chemistrySo herd questionhow to understand and describe these structural

differences in amorphous-dgeposited TiQ@thin films grown by ALD?

Further, titanium is a group 4 transition metal, sharifanaly with zirconium and
hafnium. Ti, Zr, and Hf all have +4 states and readily oxidize, although titanium is distinct
due to its smaller size and additional, wagfined +3 chemical state. In terms of ALD with
alkyl amide precursors and water as theeactant, zirconium oxide (Zepand hafnium
oxide (HfQp) readily crystallize during deposition between 150 °C and 300 °C. However,
TiO2-ALD from the alkyl amide precursor and waterchallenging to grow crystalline
given the onset of the TDMAT decompasit temperature As such, thermalLD

crystallization kinetics are wetlocumented for Zreand HfQ but have not been studied
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for TiO2 from alkyl amide and water chemistry. From a thermodynamics perspective, TiO
crystallization is favorable at ALD tem@ures and pressures, with pi@natase growing
asdeposited during ALD greater than 150 °C from chlorinated precursor chemistry and
water. So heréquestion: what is limiting Ti@crystallization during thermaALD from

alkyl amide precursor chemistrycmwater?

In this thesis, laim to improve understanding of amorphousdeposited film
structure andunderstand phase transformation kinetics in3QD films from alkyl
amide precursor chemistry and water. First, | probe the effect ofdmperature pas
deposition anneals on-d@eposited, amorphous TiG@ilms to discern the effect of ALD
process temperature on pratacleatioCHAPTER 3) This study examines Tiganatase
crystallization kinetics by posteposition annealing (ALD) at common ALD process
temperatures and introduces the possibility for atomic rearrangement during the ALD cycle
versus bulk diffusion during PDANext, | develop a kineticd9ased model to demonstrate
how reaction rate frequency factor, nucleation rate, and grain growth rabe emed to
predict resultant film microstructure after PD8econd, | leverage the purge time as an
active stage in the ALD cycle by changing the process atmosphere to encourage TiO
anatase nucleaticffCHAPTER 4). Here again, process conditions are ganehighlight
the effectiveness of atomic rearrangement during the ALD cycle compared bulk diffusion
during PDA in growing crystalline Tigxhin films. Finally, | present observations on the
effect of ALD cycle time on Ti@deposition and conditions of Tibrookite formation in

ALD TiOz thin films (CHAPTER 5.
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1.5.2 Goals and Objectives

The primary goal of this work is tonderstandmorphous agleposited TiQfilm
structure andhe conditions for theamorphous to anatase phase transformation in-TiO

ALD. This study addressesetifiollowing main objectives:

1. Develop a method for studying the amorphoudesosited film structure from
TiO2-ALD thin films

2. Deconvolutenucleation and growth kinetics in ALDiO2 thin films duringthe
amorphous to anatase phase transformation usingdppssition annealing
(PDA)

3. Introduceintermittent controlled atmosphere (ICA) annealiodALD process
to encourage anatase nucleatiom asdeposited TiQ@ films at lower
temperatures and thicknesshan previously reported

4. Demonstrate the significance ALD process parametelisicluding cycle time
and atmosphere selectiomn the asdeposited TiQ film structure in

determining resultant phase and crystallization kinetics

In accomplishing these objectiveg will be possible to understand subtle
differences in asleposited am@hous film structureand to document fundamental
kinetics values fothe amorphous to anatase phase transformation dhi¢ALD. This

work broadens the ALD process design space to include cycle timatarusphere
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selection tocontrol amorphous film poperties or establish crystallinity in-deposited
TiO2 films. Practically, this work addresses temperature limitations in depositing
crystallinethin films by introducingprocess atmosphere as an ALD parameter to encourage

nucleation and crystgrowth.

1.5.3 Methodology of Thesis

The structure of this thesis follows the order of the thesis objectives outliBedtion
1.5.2Goals and ObjectiveCHAPTER 2outlines the materials and methods used in this
work, while additional detail as applicable is included in subsequent chaPARTER
3 focuses orlow temperature posteposition annealing (PDAgmployedto study the
phase transformation kinetics for amorphous 2Tig@gown by ALD. CHAPTER 3
introduces a model to descrilzad predict the resultant microstructure from aaae
nucleation and growth in amorphous i@Ims during postdeposition annealing.
CHAPTER 4leveragesanatase nucleation findings froBHAPTER 3to develop and
introduce an intermittent controlled atmosphere (ICA) anweaing the ALD cycle.
CHAPTER 5presents a body of work studying the effects of ALD cycle time on fhi@
film structure and phas€onclusions and significant findings atetailed inCHAPTER

6.
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CHAPTER 2. MATERIALS AND METHODS

2.1 Atomic Layer Deposition (ALD) Reactor

All ALD processingwas conducted in a honfriild, hotwall, flow-tube style
reactor with schematic presented kigure2.1. Purified nitrogen gasdn Site Model Pro
N-8TGNPSA Nitrogen GeneratoNewington, C) was flowed through an ©Opurifier
(SAES Pure Gas) to remove any residual water and oxygen impurites\b Mes then
delivered through a gas manifold, splitting the sourcefiméogas lines: oxidant, precursor,
bubbler 1, bubbler 2, and bubb& Eachgas linewasmetered using a mass flow controller
(MFC, Alicat MC Serie} andset to maintain constaribfv and a chamber pressure dfé.
Torr. For this thesis, oxidant, precursor, and bubbler 3 were the only gas lines actively
utilized to run ALD processvith each gas line containintd.O, zero grade airAirgas),
andtetrakis(dimethylamino)titanium(IV) (TDMAT)espectivelyThe chemical precursors
and oxidantsveredeliveredinto the N gas streamising pneumatically actuatestainless
stee| high-speed diaphragm sealedalves (Swagelok (Cleveland, OH, USA)6LVV -
DPFR4-P-C). These gas linewere introduced to th@rimary reaction of the tube via a
wye. The reaction tubhe2 @D, was 24 inchesn lengthto promote uniformcoating and
laminar flow in the deposition regioA. Pirani convection gauge (Kurt J. Lesker Canyl
an MKS728B Baratron capacitance diaphragm gawngeeinstalled at the chamber tube
outlet to measure procepsessure downstream. Prior to fh@rocarbonLesker RvV224
(Kurt J. Lesker Co.yotary vane vacuum pump, two stage Mas¥ac MV Multi-Trap
(MassVac Inc.)was installed wittammoniasorb and activated carbon filtecsneutralize

unreacted precursor and depositiorpbgducts
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Figure 2.1. Schematic for hotwalled, flow through style ALD reactar.

Stainless steelrpcess lineson the flowtube reactomwere resistively heated to
bet ween 810 eid heatrtaghe controlled by external PID controllers (Omega
CN7800) This heat tapavas insulated with fiberglass wrapping and aluminum fbiile
chamberwas also wrapped withhigh-temperature heat tapéberglass insulation, and
aluminum foil and controlledby PIDsto reach the target deposition temperat(iee
chamber operation, ALD recipes, and pressure profile with time reconsasgontrolled

with a custom LabVIEW software systd8?)].

2.2 Materials and Processing Methods

TiO2 thin films were grown on ptype <100> Sitest gradevafers wih ~1.8nm
native oxide layer.Silicon wafers are cleged with a Bminute air plasma treatment
(Harrick Plasma) just prior to loading in the deposition chan#fesr loading the substrate
into the ALD chamber, Mvas pumped down to base pressure and then purged unfier N
3600 s prior to the start of theL® process.TiO2 deposition using a TDMAT / D
chemistrywas performed in2-inch diameter hetvalled flow tube ALD reactorThe
TDMAT precursor process lingas maintained at 80C andthewater vapor process line
is held at 110 °C. Deposition temperature is varied as specified.

Tetrakis(dimethylamino)titanium(IV) (99%, TDMAT) is from Strem Chemicals, Inc.
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(Newburyport, MA). TDMAT was maintained at room temperature athosed into the
reaction chamber using 850 mL Strem electropolished stainless steel bubfdatalogue
fandwas maintained a23 °C. In 50 nm ALD TiQ thin films, the thickness uniformity
across the deposition region was significantly improwgdn controlling the water
tempeatureto 23 °C which resolvedvariations in dosing influenced by changes in lab
temperatureHigh purity nitrogerwas used as the process gasaasi further purified with

a downstream ©purifier (SAES MicroTorr). Mass flow controllers (MFCajere setto

maintain constant flow and a 6.Torr chamber pressure.

The standard@iO2 ALD processwas as follows: 1.0 s TDMAT dose / 5 s purge /
0.4 s HO dose / 85 s Nourge.The recipe was originally developed at a 180 °C deposition
temperature, and was fod to remain suitablor deposition temperatures as low1®0
°C given the length of th, purgetime following the HO dose TDMAT dose time was
determineds sufficient for substrate saturatimnvarying dose duration and checking the
resultant growt per cycle (GPQ)Figure2.2a). H-O dose time was determined as sufficient
for complete oxidatiomy alsovarying dose duration and checking the resultant growth per
cycle (GPC)Figure2.2b). The 5 s N purge following the TDMAT dose was minimized
by surveying growth per cycle as a function efaurge timeup to 45 sthe GPC remained
constant throughout this rangéhe 85 s M purge following the HO dose was maximized
following a report from Babadit al [88] discussing the significance afrig purge times
in preventing the subxidation of ALD TiG thin films deposited by TDMAT/ED
chemistry Further, GPC was found not to vary with incread\agurge timeafter the HO
dose.TiO: films included InCHAPTER 3were deposited with 1120 cycles of ALD
ranging in thickness from 50 nm %8 nm as deposition temperatutecreases from 160
°C to 120 °CTiO2 films studied ifCHAPTER 5were deposited with 1120 cycles of ALD

approximately 45 nm growiat a deposition temperature of 180 °C.
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Figure 2.2. GPC curves for(a) TDMAT dose time and (b) H20 dose time.

In CHAPTER 4 the standard Ti®ALD processwas modified toincorporate ain
situ air anneal during the ALD cycléermedhereas intermittent controlled atmosphere
(ICA) air anneal The total process purge timess heldat 90 s, but aiflow was added to
the postH>O dose N purge.As such, the standard Ti@LD in situair annea(ALD -ICA)
processwas: 1.0 s TDMAT dose / 5 sayurge / 0.4 s kD dosée 15 s N purge/ 35 szero
grade & dose /35 s N purge Further, he effect of each purge steyss studied by

increasing the time of each purge and characterizing the resultant thin film microstructure.

Prior to selecting postleposition annealing as a necessary path to study
crystallizationin CHAPTER 3 TiO2 films up to 1800 cycles (~70 nm) were deposibed.
ray diffraction (XRD) scanning electron microscopy (SEMhd atomic force microscopy
(AFM) were performed on these films to deterenihany crystalline phase was detected
andto evaluate morphologyEven in 70 nm TiQ films deposited from TDMAT/HO
chemistryat 180 °C no crystalline phase was detectEmjure2.4). Figure2.3 presents the
SEM micrographs for a (d)120 cycle thermafLD TiO2 film (45 nm)and (b)1800 cycle
thermalALD TiOz film (70 nm). Additionally, Figure2.3 presents the AFM micrographs
for a (c) 1120 cycle therm@LD TiO2 film (45 nm) and d) 1800 cycle thermahLD TiO
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film (70 nm). The number and size of the white, nudike features increase with
increasingALD cycle numberAs suchthese features grow with subsequent ALD cycles
as is consistent witthe 3-dimensional crystal growth Scheme 1 presentefigare 1.9
from Miikkulainen et al, and it is reasonable to conclude these are growing crydials
However, theseproto-crystals are far lesser in number density at lower deposition
temperaturesggre smalleand do not impart a crystalline phase signablk measurement
techniquesAs discussed itsectionl.3.3Crystal Growth in ALD Thin Filmghe effects

of increasing ALD cycle numbeamnd increasing deposition temperatarecrystal growth
are weltstudied However, for this workl studycrystallization atlepositiontemperatures
below 200 °C While TiO2 films deposited from TiGIH>O chemistryare reported to be
crystallineat 150 °C and highefliO> films deposited from TDMAT/HO chemistryare
not reportedto be crystalline below 200 °C As such, postleposition annealingvas
selectedto stud/ crystallizationin TiOz films from TDMAT/H2O chemistrydeposited
between 120 °C and 160 °C
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Figure 2.3. SEM micrographs for TiOzthin films deposited at 180 °Cfrom (a) 1120
cycles thermatALD and (b) 1800 cycles thermalALD. AFM micrographs for TiO 2
thin films deposited at 180 °C from (a) 1120 cycles thermaiLD and (b) 1800 cycles
thermal-ALD.
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Figure 2.4. GIXRD scans for (from bottom to top) Si wafer substrate, 1120 cycles TO
from thermal -ALD, and 1800 cycles TiQ from thermal -ALD .

38



Postdeposition annealing (PDAYas performedn an oven in air undeambient
conditions.Oven emperaturavas verified byreadingtwo thermocouples placedn an
aluminumplateinside the oven and an internal thermometéD; thin films were also
placed on the aluminum plai&hen the oven temperatuses raised to 220 °Ghe Kapton
tapeholding the thermocouples to the wafer stagatedoutgasing and these products
condensed onto the anniegl TiO> films over time This condensationid not affect the
TiO2 nucleation and growthktudies presented in thisesis however itwas noticeale in
someSEM images for TiQ films annealedt highertemperature for londuration Figure

2.5 labels one of these condensed products.

Figure 2.5. Surface contamination on annealing film at 220C from Kapton tape.

2.3 Characterization Tools and Methods

2.3.1 Spectroscopic ellipsometry (SE)

Spectroscopic ellipsomet(alphaSE, J.A. Woollammeasures opticgroperties
and film thicknesses for transparemtd absorbinghin films. Ellipsometry measures the
change in polarization of liglas it is transmitted or reflectétbm a sample surfacfo3].

The polarizationchangein the light is described bthe phase differencep and the
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amplituderatio, d. The change in polarizatiae dependent on the optical properties and
the thickness of the measured filifhe change in polarization can also be applied to
measure composition, roughness, and dopant concentrations, among other thin film

properties [93].

For this work,the presenteanodel was developed by makingriable angle
spectroscopic ellipsometrgneasurements at 70° and 75° and fitting a model to the
experimentally collected] a n.dn thip thesis, | usellgpsometry to determinethe
depositedriO: film thicknessandtheindexof refractionn at 550 nmTo account for TiQ
absorption in the UV range,CodyLormodelwasused to describe the TiCayer on top
of the native oxide laydr1.76 nm)n a Si substratélsing a CodyLor model ensuréue
KramersKronig relations were metnd that the real and imaginary parts of the refractive
indexshould be reliableThis model remaiedapplicablefor both standard, thermalLD
andin situair anneal ALD(referred to as ALEICA) with mean square enrdMSE) values

less thar8 for all experimental sets.

2.3.2 Scanning electron microscof$EM)

Scanning Electron Microscopy (SEM) scans the sample surface with a focused
high energyelectron beam to provide high resolution imagivigere thecollected signal
intensitymodulates the image pixfd4]. As such, the lectronsample interactions yield
an SEM micrograpSEM microgr@hs can contain information includisgrface texture,
composition, and crystalline struceufor this work, secondary electrorgenerated from
inelastic scattering eventprovided the primary source of information from topew

imaging.A Hitachi SU823 field emission SEM (FSEM) operated at 1 kV accelerating
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voltage and 120 pA emission curremivas used to image microstructure and crystal
growth from the secondary electron (SE) sighld.surface coatingr other preparation
was performed prior to iaging. Given the gentle beam current, charging was not a
significant issugalthough beam damage could occur on amorphous or verfcgtimm)
films. In these SEM micrographsamorphousliO: regions appear dark while crystalline
TiO2 regions tend to appediright Neighboring grains were differentiated signal

intensityand grain boundaries were readily visible.

In CHAPTER 3 a film was annealed and then removed from the oven for SEM
imagingex situ For each conditiom CHAPTER 3 at least two TiQfilms were prepared
and imaged, andt least threémages were takefiom top-down view at three different

lateral locations on the film surface.

2.3.3 ImageJ Analysis and the JMAK Equation

To quantify thecrystalline fraction, SEM micrographsere opened in ImageJ.
Noise reduction auto brightness/contrast, and thresholdwas performed to isolate
amorphous regions aghite and crystalline regions as blaénalyze > Analyze Particles
was performed over iSEM selection arda determine the crystalline area fractiBatch
processing was preferentially usededuce human errpthenchecked by hand to ensure
proper processingn mostimages, the amorphous and crystalline phases were distinct and
automaic thresholding effectively differentiated the phasdsing the JohnsorMehl-
Avrami-Kolmogorov (JMAK) equatiorfEquationl.8), the film fraction transformeuhto
the crystallinephased® 0 over PDA timeo was plotted to extract fundamental kinetics

values: the Avrami exponemt and the reaction ratk. The Avrami exponent was
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calculated to determine the mechanism and dimensionalityrystallization via low
temperature annealingind reaction ratesvere compared across film deposition

temperatures and annealing temperatures.

2.3.4 Atomic force microscopy (AFM)

Atomic force microscopy (AK®) measures surface topography with-samometer
resoltion. Surface topography was mapped by scanning the sample surface with an
oscillating probe tipln tapping mode, the cantilever oscillates near its resonance frequency
andthis motion isaltered by interactions with the sample surfg@§. In keeping the
amplitude of the tapping constant, the sample surface topography is &kagedker Icon
AFM (Bruker, Billerica, MA, USA) was used in standard tapping mode with-&i tip
(MikroMaschHQq:XSC11/A.) with a resonant frequency of 155 kHg scan rate of 0
Hz was used with scanning area betweeh 1 . Im this thesis films werecharacterized

for surface roughness andcrostructurevasevaluatedn support of SEM imagingesults

2.3.5 Ramanspectroscopy

Raman spectroscopy is a vibrational spectroscopic technique. During Raman
spectroscopy, a high intensity laser light source will irradiate the samplinesample
molecules will scatter the ligif6]. Raman scattering describglsotonsinteracting with
sample molecules argtattering at a diffrent frequency than the incident photdrhen
the photons interact with the sample molectie molecule may be excited to a higher
energy state. When the molecule relaxes to a l@mergy level that is higher than the
beginnng state, a photon with a different energy is produced. The difference between the

incident photo energy and the scatterpdoton energy is the Raman shift. Overall, Raman
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spectroscopyneasures changes in the polabitity of mdecular bondsRaman active
modes refeto when a change in polarizability occursnolecular bonds at spéc energy
transitionsRamarspectroscopy is commonly used to study crystallization, identify phase
and identify polymorphism and can be particularly useful for studying inorganics and
oxides[96]. The Raman spectra not grprovides information on chemical structure and

phase, but alsonintrinsic stress/strain and the presence of impurities.

In thisthesis Raman spectroscgpvasused tadentify TiO, anatasghasewhere
possible, given the occasional constraint of lichitidm thickness(< 25 nm). To perform
Raman spectroscopy,Renishaw InVia Qontor Raman Microscopas used with 488
nm laser with 10% power, 1200 I/mm grating, and 2 s acquisition Tihie.film surface
was carefully brought into focuRaman spectroscopy measurements were made in at least
three different lateral locations @i cm x 1 cm TiQfilm. Multiple TiO2 films for each

processing condition were measured.

2.3.6 Grazing incidence Xay diffraction (GIXRD)

Grazing incidence »ay diffraction (GIXRD) is employed toidentify the
crystalline phas@resentin the titanium dioxide thin films.In X-ray diffraction (XRD)
incident Xraysinteract with a sample resulting in constructive interfereand diffracted

X-rayswhen condi ti onav(Esumation24)f9]: Br aggbds L

¢ _ ¢Qi Q¢ — Equation2.1
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In Equation2.1, ¢ is the order of the reflection, is the X-ray wavelengthQis the crystal
interplanar spacing,and —is the incident angle.XRD is commonly used fophase

identification determining grain size, and texture analy3g.

Throughout this thesisGIXRD was used over bullkKRD to improve signal
collection from thin films. Inhe grazing incidence, aldmown as the glancing angle,
configuration, the Xay sourceiskegita | ow fi xed angl e thinto il |
film and less of the substraendt he det ect or IGBKRBwascpntductedhr ou g h
on a PANalytical Empyrean systaming Cuk U r adi at i on, a BBHD so

PI1Xcel 2dimensional detectoRg-w scans (corresponding ¢p2q geometrywere taken.

2.3.7 Grazing Incidence Wide Anglerdy Scattering (GIWAXS)

Grazing incidence wie angle Xray sc#étering (GIWAXS) is an extension of
GIXRD, wherethe xray beam impinges the sample at a shallow angle with respect to the
surface plan§97]. Here the wde-anglescattering is measuretihe beanwavelengthand
the small angle of incidencenable a long penetration path inside the thin film and
collection of statistically significant informatid®7]. GIWAXS was used tadentify the
initial crystal growth hpaseand to complement the phase identification from Raman
spectroscopy and GIXRDWhile the TiO2 anatase crystalline phas@&s measurable by
GIXRD for a 50 nm film close to full crystallization was important to determine that the
initial crystal phasewas anataseMeasurements were performed at the Soft Matter
Interfaces Beamline at the National Synchrotron Light Source Il with an incident energy
of 12 keV and an incident angle of 0.15 degrees. Scattering patterns were recorded on a

Pilatus 900 KHW detctor, consisting of 0.172 mm square pixels, mounted at a fixed
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distance of 0.29 m from the samplposition.The range of scattering angles was acquired
by moving the detector horizontally on a fixed arc and-postessing the images using

Xi CAM software [98]. The sample holder and detector were enclosed in a vacuum
chamber.TiO2 thin films measured were 0.5 cm x 1 cm with varying thickneasels

processing parameters

2.3.8 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPiS)a surfacesersitive characterization
technique wherea sample is irradiated with-Kays and the kinetic energy of emitted
electrons is measurg@9]. If the X-rays are of sufficient energglectrons in the sample
from bound states Wi be emitted and their kinetic energy will bmeasured.The

mathematical expression ¢alculate the bindig energy othe emitted photoelectron: is

600 ® VO B Equation2.2

In Equation2.2, 6 Qs the binding energy of the emitted photoelectifn,s the xray
energy KE is thekinetic energy of the emitted photoelectmmeasured during XR&nd

B is the work function of the spectromef@€]. Since thebinding energyf the emitted
photoelectron is inherent to the mater@iotoelectron peaks from XPS measurements are
labeled with theelement and orbital from where they originat&®S is typically used to

probesurface chemistry, elemental composition, and cherstas[100.

In CHAPTER 4 XPS was conducted with Bhermo Scienfic K-Alpha system
using a monochromatic Al X-ray source (1486.6 eV) with ®@®Bincident angle and a

0° photeemissionangle, both measured from sample nornBdth survey and igh-
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resolution scans were takewith highresolution scans hang a 0.100 eV step size.
Elements of interest include titanium, oxygen, nitrogemj aarbon, where nitrogen
presence is indicative of incomplete reactioh TDMAT during deposition.Charge

correction was performed relative to the adventitious capleakat 284.8 eV.

2.3.9 Transmission electron microscopy (TEM)

Finally, transmission electron microscopy (TEMJas attempted.In TEM,
electrons are transmitted through the sangpld are focused and collected to form an
image[94]. TEM had the potential to verify the crystalline phase ofwthée nuclei here
called hillock,and verify the crystallinity of Ti@films less than 20 nnHowever, it was
surprisingly difficult to perform ALD on the TEM gridBoing TEM directly on the Ti@
film on Si would have requiretbcused ion beam (FIB) millingvith SEM imaging to
determine proper locatioithe TEM grids seleedfor top-down imagingverefrom EMS
Sciences (Hatfield, PA, USAyonporous silicon dioxide TEM window, 40 ntnickness,
catalogue number 76040. The amorphous silicon dioxide window is suitable for
matching the surface chemistry of tBewafer and esuring consistent ALD conditions.
However, it was difficult to deposit withotthe windows rupturing andwas unable to
isolate the cause of ruptuigilicon dioxide windowstability was improved aftdoading
the grid in a propefEM grid holder (Ted PelldRedding, CA, USA, catalogue820625)

before loadingnto the ALD reactor.
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CHAPTER 3. LOW TEMPERATURE PHASE
TRANSFORMATION KINETICS IN TIO 2 THIN FILMS

PREPARED BY ATOMIC LAYER DEPOSITION (ALD)

In this chapter, tletail work performedatmeasure and understand the F&morphous
to anatase phase transformation kinetics in amorphousgfé@n bythermalALD from
TDMAT/H20 precursor chemistrywith subsequent PDA in air. Here, | calculate
fundamental kinetics variables includitige activéion energy for nucleation and growth,
the Gibbs free energy for nucleation, the reaction rate frequency factors, and nucleation

andcrystalgrowth rates.
This chapter was adapted froomanuscript submitted for publication
3.1 Introduction

TiO2-ALD hasbeen studied extensively using Ti@nhd HO as cereactant§43,
61, 62]. For TiCl/H>O ALD chemistry, films are typicallyeported as being amorphous
when deposited at temperatures less than 150 °C, with the onset of anatase phase
crystallization around 150 °Q24, 43, 68] and rutile phase crystallization requiring
temperatures of 350 °Q43] or greater[24, 75]. ALD TiO> films deposited from
tetrakis(dimethylamino)titanium(lV) (TDMAT) and 4@ are wellstudied but to a leer
extent. TDMAT can be preferred as a precursor over sTdDe to lack of chlorine
contamination in the deposited fi|80, 83 and itssec al | ed el ectvori cal |
property[84]. However, TDMAT/RO films are nearly always amorphousdeposited

[83, 85, 101], given that the acceptable ALD deposition temperature window is limited to
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bel ow TDMATOGs decompositi oR0°Ce8A.pSudiesorur e of
ALD TiO2 deposited from TDMAT/HO report a ariety of electronic propertid21, 87],

inspiring a report from Babaeit al. probing the gas phase reactions and ALD cycle time

[88]. However, few studies exist on patgposition crystallization TDMAT/kD-based

ALD TiOz2 thin films[47, 89, 90], and these studies do not go into microstructural detail at

low temperatures.

Crystalline asdeposited ALD films often show columnar grains through the film
thickness. The grain size is typically less than the film tiesk given a high density of
nuclei during the initial stage of film growfd]. However, TiQ ALD films grown from
TiCl4/H20 chemistry have been shown to exhibit anatase crystals greater in diameter than
the film thicknes$73, 77, 102. Largegrained anatase is suitalibr photoelectrochemical
performancg75] and photocatalytic activitj22, 78]. A literature review of the crystal size
to TiO film thickness ratio as a function of deposition temperature fors/HgD and
TDMAT/H20O ALD processes is presented kigure 3.1. Reported larggrain TiQ
processes require deposition temperatures between 200 °C and 300 °C. These reports are
primarily for asdeposited films from TiGIH-O chemistry on both silicon and amorphous
Al>0s. Here the resultant TOanatase @in size to film thickness ratio for films on
amorphousAl03 [73, 77] is an order of magnitude greater than for films deposited on
silicon [44, 66, 68, 73, 77, 79|, with maximum reported ratio values of 40 and 5
respectively. Large anatase crystal growth is heavily subgfrgtand surface enerdg2,
107 dependent. This phenomenon has yet to be reported using TDMATAHD; as
such, inFigure3.1, | highlight thischapteb s contri buti on to for mir

from TDMAT/H20 chemistry by PDA.
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Figure 3.1. Literature review summary for anatase crystal size to TiQfilm thickness
ratio as a function of crystal growth temperature and precursor (deposited by
thermal ALD with water as the coreactant). Conditions reported include:TiCl 4/H20
on Si (black square), TiCl4/H20 on Al203 (green square), TDMAT /H20 on Si (red
circle), and TDMAT /H20 on Si results from this study (red star). PDA annealed
results are circled in blue.

Other reports have probed resultant AL film structure with postleposition
annealing (PDAJ24, 43-45]. PDA temperatures are typically higher than those used for
the ALD growth processsmorphous asieposited films are crystallized to anatasBDA
temperatures of 70T or lower. PDA of films at temperats ranging from 300 to 800
°C have been reported to decrease impurity concentrations and increase crystalline phases
[46]. Annealing atmosphere is also significant. Jetgal. found that annealing at 75C
in 1 atm Q for 10 min promoted crystallization mtthe anatase phaf24]. Luka et al.
performed the most comprehensive PDA study afi 1520 °C on thick films (4000, 7000,
and 10000 ALD cycles) in Nenvironment and proposeldat anatase regions in the as
deposited film grow into the surrounding amorphous regions to transform the films during
PDA. However, Aarilet al found that annealing amorphous films at 400n air and N

for 6 hours did not cause a phase transforma#ittrnibuting this to chlorine residue in the
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film [43]. lancuet al, annealing 30 nmamorphous TiQfilms from TDMAT/H20 found

that @ PDA at 700°C and higher was more effective in forming rutile tharPRDA [47].

Here, | describe the first detailed study of anatase formation in T films
deposited on a silicon wafer substrate from TDMAZMHthermal ALD and post
deposition annealing (PDA) irraThis study provides new information on BiCrystal
growth during postleposition annealing and challenges the present understanding of the
temperatures required for crystallization to occur. The temperdgpendent
crystallization kinetics presentade determined from an array of deposition and annealing
temperatures. Using the Johnddehl-Avrami-Kolmogorov (JMAK) equation, the
Avrami exponent is calculated and the {mmperature anatase crystal growth mode is
identified. Further, the activatiomergy for anatase nucleation and growth is calculated,
nucleation rates are determined, and the critical Gibbs free energy for nucleation is
deconvoluted from the activation energy for crystal growth. This study advances
understanding of the amorphous tgstalline phase transformation in ALD Ti@hin films
and identifies how the adeposited amorphous structure of a film can influence

crystallization kinetics and final film microstructure.

3.2 Experimental

3.2.1 ALD conditions

ALD was conducted in a hortmuilt, hot-walled, flowtube reactor with custom
LabVIEW control softwarg¢92]. Nitrogen (99.999% purity, Airgas) was used as the carrier
gas at a constant flow rate@J sccm, resulting in a chamber pressure b5 Torr. For all

ALD processing, theleposition region was held, as specified, at 120 °C, 140 °C, or 160
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°Candallgaspr ocess | i nes wer ®eposdionsvere perfamdedantl 1 10

cm x 1 cm Si substrates (WRS Materials, P/Boron<10&>,000, Tesgt Grade

Tetrakis(dimethylamino)titanium(lV) (TDMAT, 99% purity) from Strem
Chemicals, Inc. (Newburyport, MA, USAhd deionized water were used as the precursor
and cereactant for ALD of TiQfilms. TDMAT was dosed in a bubbler configuration with
delivery lines to the reactor heated to 82 EGch ALD cycle used a deposition sequence
of 1.0s TDMAT /5s Nz purge/ 0.4 s HbO / 85s Nz purge For all conditions, 1120 ALD
cycles were deposited to yield 50 nm to 60 nmzTilths. Growth per cycle (GPC) values
and refractive index valueare presented irrigure 3.2. For this study,deposition
temperaturesvere selectedto be below the TDMAT/KHO crystallization asleposited
temperaturg> 220 °C) but within the range of Ti@H2O crystallization asleposited
temperature (> 150 °CAnnealing temperaturesere selectedo match common ALD
process temperaturds learn aboutthe nucleation and growth that occurs at those
temperatures rather thahthe higher temperatures360 °C) typically used for PDAAs
detailed in Table 3.1, two experimental parameters weegplored: (1) varyingthe
depositiontemperaturebetween 120 °C and 160 °C af@) varying the ex situ post
deposition anneal (PDA) temyagure from 140 °C to 220 °C. PDA was performed in an

oven in air at atmospheric pressure.
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Table 3.1. The range of ALD temperatures (120 °C, 140 °C, and 160 °Cand
subsequent PDAtemperatures (140 °Cto 220 °C) studied in this work.

Deposition Temperature (°C) PDA Temperatures (°C)
120 180, 200, 220
140 140, 160, 180, 200
160 140, 160, 180, 200

3.2.2 Characterization

Spectroscopic ellipsometry (alpi&k, J.A. Woollam) was used to measure film
thicknessand index of refraction at 550 nrA CodyLormodel was used to describe the
TiO2 layer on top of the native oxide layer on a Si substfatazing incidenceX-ray
diffraction (GIXRD) was used toidentify the crystalline phaseof the deposited fins
GIXRD was conducted on a PANalytical Empyrean systesing CuK U r adi ati on .
BBHD source optic, and a PIXcelddmensional detectoRg-w scans (corresponding ¢t
2q geometry in other systemakere takenAdditionally, grazing incidenceiide-angle %
ray scattering (GIWAXS) measurements were performed on a fili® set for as
deposited, short PDA, and long PDA conditions. GIWAXS was used to verify that the
initial crystal growth viewed in SEM is indeed the Fi@nhatase crystalline phadet is
measurable by GIXRD upon further transformation. Measurements were performed at the
Soft Matter Interfaces Beamline at the National Synchrotron Light Source Il with an

incident energy of 12 keV and an incident angle of 0.15 degrees. Scatterimgspatiee
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recorded on ®ilatus900 KHV detector, consisting of 0.172 mm square pixels, mounted

at a fixed distance of 0.27n from the samplposition.The range of scattering angles was
acquired by moving the detector horizontally on a fixed arc anegprosessing the images
using Xi CAM softwarg98]. Both the samples holder and the detector were enclosed in a

vacuumchamber.

A Hitachi SU8230 field emission SEM (FEEM) operated at 1 kV accelerating
voltage and 120 pA emission current was used to image microstructure and crystal
growth from the secondary electron (SE) signal. In the images, amorphous regions appear
dark while crystalline regions tend to appear bright. For each condition, at least two TiO
films were prepared and imaged, and images were taken top down at three different lateral
locations on the film surface. Image analysis was performed with Imaggntify the
crystalline fraction transformed and to determine crystalline area density arfeirsatly,
atomic force microscopy (AFM) was used to evaluate surface roughnesangnd
differences in surface features after anneangruker Icon AFM (Buker, Billerica, MA,

USA) was used in standard tapping mode with tip (MikroMaschHq:XSC11/AL), a

scan rate of 08 Hz anda 12 seamarea.

3.3 Results and Discussion

3.3.1 Controlling grain size in postieposition annealed films

Figure 3.2a presentsrgwth per cycle (GPC) valudsr asdeposited 1120 cycle
TiO2 thin films. ALD deposition temperature was varied from 120 °C to 160 °C. With
increasing ALD temperature, GPC decreadenim 054 A/cycle to 044 Alcycle

representing a decrease in deposited thickness38mm to 50 nmThe GPC decreased
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with increasing ALD temperature, which is consistent with literature reports for
TDMAT/H20 therm& ALD [79, 91]. Figure3.2b presents index of refraction, values
measured atvavelength550 nm for the asdleposited and annealed films. éxd of
refraction increases with pedéeposition annealingp to 2.55 supporting transformation

to the TiQ-anatase phase where refractive index is approximately equal to 2.6 for an ALD
TiO2 film deposited at 400 °C71]. The refactive index for the adeposited, amorphous

films is greater than previously reported literature values for thermal ALD from/HiCl
chemistry[71] but similar to those previously reported for TDMABMIALD [9]]. The

greater variability in the refractive index measurement for films deposited at 160 °C and
annealed may be attributed to the decreased thickness and associated challenges in fitting

for thickness and refractive index in thinner films.

L=
—

3 56

> ===

s

[$)]

N
1

N
3
)]

Annealed:

B

e

a

o
|

-

As-deposited:

N
9]
o

Growth per Cycle (A/cy)
‘C) o
B B
[=2] o]

T T T T T T
120 140 160 120 140 160
Deposition Temperature (°C)

=
.Ip
Refractive Index, n (550 nm)

= =

<
~
N
1
N
I~
[

0.40

Deposition Temperature (°C)

Figure 3.2. a) ALD growth per cycle from 1120 TDMAT/H20 cycles for asdeposited
TiO2 thin films at ALD temperatures: 120 °C, 140 °C, and 160 °C. b) Index of
refraction, n, measured at 550 nm for asleposited and postdepostion anneal TiO2
thin films at ALD temperatures: 120 °C, 140 °C, and 160 °C.

Figure 3.3a presents SEM micrographs ofaeposited TiQ films compared to

PDA films. AsdepositedTiO: films appear grey in SEM. Small, white surface features,
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herein called nuclei, are routinely observed and mimic literature reports for very small
crystals in otherwise amorphous thin fili&3, 77]. Films deposited at 160 °C have a
higher density of these nuclei compared to films deposited at lower temperatures. Upon
postdeposition anealing (PDA) at 200 °C, films deposited at 160 °C develop a fine grain
structure with average grain size ofosdn, while films deposited at 140 °C and 120 °C
develop larger grains with average sip€4.2 umand 4.6um, respectivelyFigure3.3b
reports representative GIXRD data for thedaposited and PDA Tithin films,
confirming that agleposited films are amorphous and PDA films are the anatase crystalline
pha®. Note here that the small, white features in the amorphous film do not purport a
crystalline signature in GIXRD or in the GIWAXS data collected at a synchrotron light
source(Figure3.4). Nor do these small, white surface features seem to be correlated to the
subsequent crystal growth; i.there is nobneto-one matching between nuclei and grains.
This is unlike the report fronhuka et al that described TiQanatae expansion from
crystalline seedp4] or from Maccoet al that described hydrogatoped InOsz isotropic
crystal growth from a low density of embedded crystallites in a mostly amorphous film
[42]. Thus, these features may be-smibical nuclei or not nuclei at all, but they are clearly

different from prior repog.
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Figure 3.3. a) SEM micrographs for ALD films grown at 120°C, 140 °C and 160 °C
as-deposited (left) vs. postieposition annealed at 200 °C in air (right). Anneal times

to achieve apparent full crystdlinity are listed on micrographs. Note the scale bar is
different in the 120 °C PDA 200 °C micrograph to capture the large grain sizeb)
GIXRD scans for asdeposited and annealed (PDA &00 °Cin air) films deposited at

120 °C, 140 °C and 160 °C The three primary TiO2-anat ase peaks ar

25.3°, 37.8°, 48.0°.

Regardless, such large grain growth (i grain size in 50 nm thickfilms) has

not been observed before in ALD Ti@ms using the TDMAT/HO chemistry Further

it is surprising that the resultant microstructure variessigaificantly depending on

deposition temperaturgyith grain sizedecreasingrom 4.6 um to 540 nm with &40 °C

increasan temperatureTo provide further insights into this crystallizatioropessandto

determinewhy resultant annealedmicrostructure is determined by ALD temperafure

undertake a comprehensive thdependent study of the crystalline transformation kinetics

to understand the underlying activation energies.
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Figure 3.4. a) GIWAXS scans for films deposited at 140 °C: adeposited, PDA at 200
°C for 2 h, and PDA at 200 °C for greater than 95% X(t) transformed. b) GIWAXS
scans for films deposited at 160 °C: adeposited, PDA at 20 °C for 1 h, and PDA at
200 °C for greater than 95% X(t) transformed.

3.3.2 Amorphous to crystalline transformation kinetics

Crystallization kinetics are studied over a range of ALD temperatures and post
deposition annealing (PDA) temperatures. Specificall@, Tilms deposited at substrate
temperatures of 140 °C and 160 °C are annealed in air at 160 °C, 180 °C, and 200 °C, while
TiO2 films deposited at 120 °C are annealed in air at 180 °C, 200 °C, and 2&0v&@.
the time duration required for nucleation agrdwth to occur in the Tig¥ilms deposited
at 120 °C, thePDA temperatures were increased by 20 °C to make the duration of the
measurements more reasonableégure 3.5 presents a representative selection of
micrographs usetbr tracking crystal growth during PDA. Here, the brighter regions are
crystalline while the darker regions are amorphdéigure 3.6 provides a representative
crystal growth series for TigXilms deposited at 120 “Eigure3.7 presents an SEM image
and explains the ImageJ processing steps to quantify the percent crystalled-[guae
3.8 plots the crystalline fraction transformed determined from this image analysis for TiO

films deposited at 120 °C, 140 °C and 160 °C and then annealé® aC, 180 °C, 200
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°C, and 220 °C. These data series exhibit the expeetedv® shape and can be fit to the
JohnsorMehl-Avrami-Kolmogorov (JMAK) equation. The general form of the JMAK
eqguation Equation3.1) is applied to model the fraction transformed to the crystalline phase

® O over PDA timeo:

o p AGDPD Equation3.1

Here, Qs the reaction rate for combined anatase nucleation and growdhisatige Avrami
exponent, which often characterizes the mechanism and dimensionality of the phase
transformation. The JMAK equation as presentedEquation3.1 is linearized to the

following form:

Equation3.2

In plottingl TI +—— vs.1 b, the slope of this line is equal to the Avrami exporent

and the yintercept is equal t& 1 1Q Applying this linearization to both deposition
temperatures at each of the three PDA temperat&igsré 3.8), ‘Qand¢ are calculated
for each experimentally measured transformation cufhese values are presented in

Table3.2.
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Deposition T: 140 °C 160 °C

Annealing T
180 °C 200 °C

160 °C

Figure 3.5. SEM images for TiO2 films deposited at 140 °C and 160 °C and post
deposition annealed at 160 °C, 180 °C, and 200 °C for the specified time duration.

Deposition T: 120°C

Annealing T
200 °C 220°C

180 °C

Figure 3.6. SEM image grid for TiOz2 films deposited at 120 °C and anealed at 180
°C, 200 °C, and 220 °C for the specified time duration.
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a) Original

SUB230 1 OxV 3 8mm x 15 0x SE(U) 300um

Figure 3.7. a) Original SEM image and b) image after processing: auto
contrast/brightness, despeckle, threshold, area count. Irt) dark regions are
crystalline, white regions are amorphous.
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Figure 3.8. Amorphous TiO2 to anatase phase transformation curves for films
deposited at(a) 120 °C (solidsquare marker), (b) 140 °C (solid triangle marker) and
(c) 160 °C (solid circle marker) and postdeposition annealed at 160 °C (goldolored),
180 °C (bluecolored), 200 °C (ed-colored), and 220 °C (black-colored). The solid
lines are theX(t) model fit for the calculated reaction ratek and Avrami exponentn
values. Linearized form of the crystalline fraction transformation curves to extract
calculated reaction rate k and Aviami exponent n valuegor films deposited at(d) 120
°C, (e) 140 °C, and (f) 160 °C.

For the complete experimental set, the values for the Avrami exporeary from
2.31 to 3.39, with an average value®©f ¢& vThe experimental variation & may be
attributed to the nature of thes& situ SEM measurements: the film is removed for
imaging, which causes small deviations in time and temperature assdodgtatéhe cooling
and reheating of the film. The Avrami exponent should remain constant despite changes
in temperature given no apparent changes in the crystal nucleation and growth mode. Given
the similarity in crystalline microstructures, the crystatleation and growth mode at
these deposition temperatures appears to be constant. The value for the Avrami exponent
is dependent on the dimensionality of the product phase, the time dependence of the
nucleation, and the time dependence of the rate lighgiowth step. The raf@émiting

growth step for an amorphotiz-crystalline transformation is the interfacial reaction. Here,
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nucleation appears to occur continuously with film annealing, rather than all at once. Given
these conditions, an Avrami exponahbse to 3 is characteristic of a teanensional
growth mode, indicative of platée microstructure observed here where there are micron
sized grains of only 50 nm thicknef32, 103[75]. This postdeposition,ex situtwo-
dimensional grain growth is notably different than the growth mode often proposad for
situ TiO2 crystal growth during an ALD process, where nucleation of some crystals occurs
and growth continues vertically through the film thickness with subsequpositien

cycles[4, 68, 77].
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Table 3.2. Calculated Avrami exponent n and reaction rate k for each ALD and PDA
condition.

DepT PDAT Avrami exponent, Reaction rate,

(°C) (°C) n k
160 200 C® p 18T W pTT TIL P T
160 180 o w T8t Y C& pm TAEIMIYPT
160 160 ¢ v Tty T8 pm TEIT pPTI
140 200 P T8¢ T pmm TEIMT PTI
140 180 ¢ M w g pmm T8I PTT
140 160 og v T8IT P pTm TBITIULPT
120 220 GO T T8t oY pmm TEIT PT
120 200 Cd p T3r(Q C& pm TBIMMWPT
120 180 8 w TYrIT ™ pm TEIU PT

As shown inTable 3.2, the combined nucleatiegrowth reaction rat€Q is
temperature dependent, increasing with increasing PDA temperature. This result is
consistent with crystalline nucleation and growth being thermally activated processes.
Interestingly, at a given PDA temperature, the reaction @itereases with ineasing
deposition temperaturd@ his indicates that the akeposited amorphous structures vary at

the different deposition temperatures, leading to differences in the energy barriers to
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nucleation and/or growtln this study, these transformational reactiates are greater for
films deposited at higher ALD temperatures. As such, transformation from the amorphous
phase to the anatase phase is nkoretically favorable in amorphous TiQleposited at

higher temperatures.

To calculate the combined activatia@nergy for nucleation and growth, an
Arrhenius relationship is applied to the reaction r&t@gthin a given ALD deposition

temperature series as follows:

. 0O Equation3.3
E QzA0PD————
%] Y
In Equation3.3, 0 is the activation energy for crystal nucleation and groh,

is the Boltzmann constanty is the annealing temperature, aiil is a material

dependent frequency factor. The linearized forreqiiation3.3 is:

o O Ca Equation3.4
a£Q = - P aeQ 9

Figure3.9 applies the linearizetbrm Equation3.4 to make an Arrhenius plot to extract

the activation energy for crystal nucleation and growth and the reaction rate frequency
factor for ech ALD deposition temperature. As seerfrigure 3.9, the activation energy

for anatase phase nucleation and grofstheach deposition temperattise~1.5 eVK™?

atom, which is in agreement with reported literat(idd]. Surprisingly, this activation

energy is independent of ALD deposition temperatatd;20 °CO 1.46 eV

K1 atonm?, at 140 °CO 1.58 eV K! atom?, andat 160 °CO

64



1.40 eVK ! atom?. This result suggests that the change in the transformation process is the
result of the preexponential factorQ. To evaluationiQ, the activation energy is set to the
average value df.48 eV K! atan™ for all deposition temperatures and the intercepts are
evaluated. Tie reaction rate frequency fact®®, is a complex factor dependent upon the
vibration frequency of the atoms in thedgeposited structure. The reaction rate frequency
factor increaes with increasing ALD temperature® p 1 s?! for 120 °C growth
temperature¢® p 1 sfor 140°C growth temperature, amgk p 10 stfor 160°C
growth temperature. The frequency factor order of magnitude is close to that reported in
glass sciencerystallization kinetics literatur¢1l04 and agrees with expectations for

molecular vibration.

T it —E 1
9 deposition In (k) — A +InA
160 °C kg \Tepa
-10 - 140°C ,
=117
=
E’ 120 °C
= -12 1
134
14
-15 T T T T T T
0.0020 0.0021 0.0022 0.0023
1/Tppa (K)

Figure 3.9. Arrhenius dependence for reaction ratek, relating to the combined
activation energy for crystalnucleation and growth

To better understand how anatase nucleation and growth rates vary as a function of
ALD and PDA temperataey, | further consider how the reaction rdtdrom the JMAK

equation isdefined Equation3.1). Equation3.1 presents the generalized form of the
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JMAK equation. However, in considering a tdonensional transforming area with
continuous nucleation and growth, as is the case in tpisrienental work, the equation

can be given as:

wo p A@b = 00 0 Equation3.5

Here,U is defined as the nucleation rate arak the crystal growth ratéor this derivation,
it is assumed tht nuclei grow as twdimensional plates. For a nuclei that grows as a circle

from time zero, the fraction transformed is described by the area:

“00 Equation3.6

Here, zero time isand U is the grain growth rate. For a nuclei that does not start growing

unt i |l ti me U, the area i s:

0O “Uu 0 z Equation3.7

For short anndimg times, where the growing nuclei do not impinge, the fraction

transformedd is:

" o v . , .. O Equation3.8
(] 0 “0UL 0 z ¢ “vvu 5
As such, the reaction rakas defined as follows:
0 —50 Equation3.9

al
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Recall that the reaction rakds determined experimentally from the slope equal itolQ
in the linearized JMAK equatiorEQuation3.2). By deconvoluting the reaction rate into
nucleation rate and crystal growth ratecan separate nucleation kinetics and crystal

growth Kinetics.

To accomplish this deconvolution, crystal nutiea rate O is independently
determined from short PDA times, prior to impingement of growing crystals. The number
of crystals per area in the SEM images are counted at these short PDA times to give a
nucleation rate of number ofystals n¥ s*. The instantaneous nucleation rétés plotted
on a log scale against PDA temperature as a function of deposition temper&iigteen
3.10a. For a given annealintemperature at a given deposition temperaturejs
approximately constant. Nucleation rates increase by just under an order of magnitude with
each 20°C increase in PDA temperature. Films deposited at IGMhave the greatest
nucleation rates and thogeposited af20 °C have the slowesThe nucleation rate( ,

can be described by an Arrhenius relationship:

v YO Equation3.10
0 0 ADGB—— q
QY
In Equation3.10, YO is the critical Gibbs free energy for nucleatid®, is the
Boltzmann constant)Yis the PDA temperature, and is the nucleation exponential

prefactor. Equation3.10is linearized to:

g<‘t:

o & O P 8 E0 Equation3.11
’?’Q uY
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Here,U is equal toQ 29 whereQ is a frequency factor for the phase
transformation an@d is the concentration of heterogeneous nucleation sites per areal
density The nucleation frequency factor includes the vibrational frequency of the atoms,
the area of the critical nucleus, and an activation energy for atomic migf26johis
Arrhenius relationship is plotted Figure3.10b to calculaté/’Q . As presented iffable

3.3, the critical free energy for nucleatiodi® , for films deposited at 160 °C is32 eV

K1 atont?, for films deposited at 140 °6 1.35 eV K! aton?, and for filmsdeposited at

120 °C is 141 eV K! atom?. Considering the error presentedTiable 3.3, these critical

free energy values for nucleation are roughly equivalent.

As seen inFigure 3.10b, the yintercepta €0 increases with increasing
deposition temperature. Therefore, the nucleation frequency fagior, , also
increases, s with the reaction rate frequency fact@®. This increasednucleation
frequency factor athigher deposition temperatures is consistent and designates a
fundamental difference in the structure between theepssited ALD TiQ thin films.
Previous studies have reported property variations in amorphousilfi®©as a function
of ALD temperaturehat could be indicative of thin film structural differences. Piertcy
al. found ncreasingdensity in amorphous Tgrom ALD temperatures 38 °C to 150
°C[74] and DeCosteet al. found thermal conductivity also increased with increasing
deposition temperature for amorphous Fi@hin films [34]. Increasing thermal
conductivity is indicative of increasing vibrational modes in the material. From the present
study, an increased nucleation frequency factor indicates that there is a greater frequency
of attempts to form anataseuclei of critical size, therefore aligning with increased

vibrational motion at higher deposition temperatures. This result could also inform a recent
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literature report that describes how increasing the ALD growth temperature from 100 to

150°C enables th formation of highquality, protective anatase Ti©oatings at decreased
annealing temperatur@45]. The amorphous Tigroating deposited at 15C may have a

higher degree of vibrational motion causing a greater number of critical nuclei formed per

attempt frequency, enabgrphase transformation to occur at lower temperature.
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Figure 3.10. a) Loglinear plot of nucleation rates as a function of postleposition
annealing (PDA) temperature for ALD-TiO2 thin films deposited at 120°C, 140 °C
and 160°C. b) Linearized nucleation rate equation for films deposited at 120C, 140
°C, and 160 °Cwith linear regression line of best fit.

Experimentally determined values for reaction kaed nucleation rat) are used
to calculate the crystal growth rate for each deposition and annealing condition. For two
dimensional, platéike growth, Equation3.9 can be solved for crystal growth rateas

follows:
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- Equation3.12

Here, the reaction rate and the average nucleation rate at a given deposition temperature
and annealing temperature are used to calculate each crystal growthTlhrase
instantaneousrystal growth rates are plotted against deposition temperatufFéginmre

3.11a. The annealing temperatures present&iyure3.11a are limited to those applicable

to all three deposition temperatures andrigmire3.11a only includegrystalgrowthrates

for 180 °C and 200 °@DA. Crystal growth rates are the highest for films deposited at 120

°C, while those for 140 °C and 160 °C films are relatively similar. The crystal growth rate

is a stronger function of deposition temperature than PDA tenuperat

Next, | apply the nucleation rate analysis structure to crystal growth rate. Here, the

Arrhenius relationship for crystal growth rate is given as:

O Equation3.13
0 0APPb—
U O0AQO R
With the linearized form:
_— 0O (O Equation3.14
I = |1
0 ) ~ o]

In Equation 3.13 and Equation 3.14, 'Q is the Boltzmann constantYis the PDA
temperature, and is the exponential préactor. PDA temperature is usediquation3.13

and Equation3.14 because that is the temperature at which the isothermal grain growth
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occurs Figure 3.11b includes theArrhenius plot for crystal growth rate for Ti@ilms
deposited at 128C, 140 °C and 160 °Gvith a linear regression line of best fit witi ./

as the abscissa

To verify grain growth rate and PDA temperature are not correlategort the p
values forl 10 vs. 17Y per deposition temperatuie Table 3.4. Here, the null
hypothesis is that no significant correlation exists betwe&n and1/'Y per deposition
temperaturgsuch that the slope is equal to Othé pvalue is less than the significance
l evel U = 0.05, t hen t he andthe rll hggothesisiis i s
rejectedHowever, if the pvalue is geater that, then the null hypothesis is acceptEde
p-values for the correlation between dnfstal growth rate,0) and 17Y for films
deposited at20°C, 140 °C and 160 °Gare 0.809, 0.129, and 0.379 respectively. As such,

the correlation h&veen crystal growth rate and PDA temperature for a sampling of this
size and variation is not statistically significant and so the slepe——— s effectively

0. However, even ifi disregard this poor correlation and proceedcatculating the
activation energy for crystal growtd, , from the linear regression line of best

fit, the values araeearzero: 0.01 eV K atom*at 120 °C deposition temperature, 0.1 eV

K atom!at 140 °C depositiotemperature, and 0.05 eVi#atom! at 160 °C deposition
temperatureThus, | conclude that the crystal growth process is not strongly thermally
activated, therefore the crystal growth rate does not vary with increasing PDA temperature.
Table3.3 andTable 3.4 report the statistical significance with the 95% Critical Vales of
the Sample Correlation Coefficient Table P e arrvaluesfér £ach correlation in this
report are calculated in OriginPro and compared to the appropriate critical value in the table

for U = 0. 05. Statistical correlation is
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Table 3.3. For each dataset, reported Pearsonos
the correlation is statistically significant

Dataset Deposition | PDA | Pe ar s| Critical | Statistically
T (°C) r value Values | correlation?
T (°C)

T T e s B 120 180 | 0.994 +0.250 | Yes
i1i— vsi B 120 200 0.996 +0.195 | Yes
1T e vs B 120 220 |0.995 +0.195 | Yes
i1 — vsi ® 140 160 0.986 +0.159 | Yes
T e vsi B 140 180 |0.972 +0.250 | Yes
iTi— vsi B 140 200 0.996 +0.159 | Yes
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Table 3.4. For each dataset, reported Pearsonos
the correlation is statistically significant (continued).

Dataset Deposition T| PDA | Pe ar s| Critical | Statistically
(°C) r value Values | correlated?
T (°C)

i1 — vsi b 160 160 | 0.972 +0.232 Yes
i1 —— vsi ® 160 180 0.989 +0.288 Yes
i1 —— vsi ® 160 200 0.986 +0.195 Yes
a & vs. 1Y 120 N/A | -0.945 +0.288 Yes
a &) vs. 1Y 140 N/A | -0.908 +0.423 Yes
a & vs. 1Y 160 N/A | -0.964 + 0.468 Yes
1 10 vs.11'Y 120 N/A | -0.037 +0.288 No
1 10 vs.11'Y 140 N/A | -0.351 +0.423 No
1 10 vs.1/Y 160 N/A | -0.236 +0.468 No
1 TQvs.1rY 120 N/A | -0.999 +0.878 Yes
1 TQvs.1/'Y 140 N/A | -0.999 +0.878 Yes
1 TQvs.1r'Y 160 N/A | -0.999 +0.878 Yes
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Calculated values fdahe critical Gibbs free energy for nucleatidfid , and the
combined activation energy for nucleation gnawth, O , arereportedm Table
3.5. Anatase nucleation has a significant energy barrier at these lower temperatures and
composes most of the combined nucleation and growth activation energy barrier. In fact,
the critical Gibbsree energy for nucleation is within error of the activation energy for
nucleation and growth for each deposition temperature’@2040 °G and 160 °CThis
result informs why the nucleation rates are a strong function of annealing temperature while
the crystal growth rates are not. Since crystal growth rate is not found to be correlated to
annealing temperaturegxpect minimal activation energy for crystal growth. In contrast,
the critical Gibbs free energy for nucleation is much higher and regigr@fcant energy
input for the phase transformation to occur. Thus, nucleation is thémétag step for

this transformation process.
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Figure 3.11 a) Crystal growth rates plotted as a function of depsition temperature
for ALD -TiO2 films deposited at 120°C, 140 °C and 160°C. b) Arrhenius plot for
crystal growth rate for TiO 2 films deposited at 120C, 140 °C and 160 °Cwith linear
regression lines of best fit and 95% confidence intervals.
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Table 3.5. Calculated fundamental activation energies: critical Gibbs free energy for
nucleation and combined nucleatiorgrain growth for each ALD temperature, and
reaction rate frequency factor.

Deposition ?—nf odL I o4 »- o «| Reaction rate frequency factor
Temperature
(eV K*atont’) | (ev K atorm?) (sh
(°C)
120 P8 p ™AL Y P8 @ 18T @ P pm TEIT P T
140 P L TP UL P® Y 18T O G pm ™ pT
160 PB ¢ TP T pg8 T T¥T O 0 pm T PpTI

3.3.3 Controlling microstructure

The above analysis deconvolutes the amorphous to anatase phase transformation
reaction rate into separate nucleation and growth rates apply this understanding of
these fundamental kinetics to understand why the crystalline microstructures after PDA

vary with ALD deposition temperature.

Figure 3.12 presents the calculated grain size, determined using the triple point
method[105, as a function of the ALD temperature and the juegiosition annealing
(PDA) temperature. The grain size after annealing is a strong function of the deposition
temperature, increasing almost an order of magnitude with each 20 °C decrease in
deposi i on temperature. Since the Gibbds free
activation energy for nucleation and crystal growth do not change considerably with

deposition temperature, the pEgponential factors dominate the rates at which the phase
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transformation occurs. Because the amorphous Tii@s deposited at 160 °C have an
order of magnitude higheeaction rate frequency factoompared to amorphous TiO
films deposited at 120 °C, more nucleation occurs in the film. This results in a greater
nucleation density and a faster time to complete transformation. As such, films with a
higher frequency factoofm a greater number of crystal nuclei causing a densely packed,
fine grain structure (< 1 um), while films with a lowfeequency factoform fewer crystal

nuclei, resulting in a large grain structure (> 1 um).

To discern the contribution of the crystal growth rate to final grain kaenpare
the crystal size of films deposited at 160 °C and annealed at 180 °G18QDPC / PDA
180 °C) to thosdeposited at 140 °C and annealed at 200 °C (A4D °C / PDA200 °C).
Referencindrigure3.10a, the nucleation rates for these films are roughly equal, while the
gran size for ALD-140 °C / PDA200 °C films is double that of ALR260 °C / PDA180
°C films. This is because the crystal growth rate for AL4D °C films is greater than for
ALD-160 °C films Figure3.11a), resulting in more rapid crystal growth that prevents as
much nucleation from occurring. And since the crystal growth rate is not strongly thermally
activated, for a given deposition temperature, the grain sizedeshpases modestly with
increasing PDA temperature. Sdyile raising annealing temperature changes the reaction
kinetics and decreases the time to transformation, it does not affect the material frequency

factor and so it does not dramatically alter thalfcrystalmicrostructure.
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Figure 3.12. Calculated grain size from SEM micrograph analysis as a function of
ALD temperature (120 °C, 140 °C, and 160 °C) and posteposition annealing
temperature (160 °C,180 °C, 200 °C, 220 °C).

| conclude thissection with a comment regarding the surface roughness of these
TiO2 films as measured with Atomic Force Microscropy (AFMyure3.13presents AFM
height sensor micrographs films deposited at 160 °C with (a) amorphous and (b)-post
deposition annealed at 200 °C. There is little observable climamy@&FM before and after
annealing. The Rq for the amorphous film is10.%5m and for the crystalline film is 0.533
nm. So even with the phase transformation, the film surface roughness remains roughly
identical. | believe this result is consistent with the tdimensional growth mode
determined experimental by the Avrami exponétere the crystals nucleated and grew
laterally rather than nucleating and growing verticallertical crystal growthvould result

in surface roughening.
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a) as-deposited, Dep T 160 °C

b) Dep T 160 °C, PDA T 200 °C

XD
.S ‘ - ~

Height Sensor 200.0 nm Height Sensor 200.0 nm

Figure 3.13. AFM height map for 1 € probed area on (a) asleposited amorphous
TiO2film with 160 °C deposition temperature and (b) posdeposition annealed (PDA)
crystalline TiO2 film with 160 °C deposition temperature and 200 °C PDA
temperature.

3.3.4 TimeTemperaturelransformation (TTT) diagrams for plal&e anatase crystal

growth

With the presented phase transformation study fop Thd films, isothermal time
temperaturdgransformation (TTT) diagrams can be developed to describe the TiO
amorphous to anatase sefithte phase transformation via pdsposition annealing
(PDA). TTT diagrams can offer useful information for metal oxide thin films where the
crystallization is heatingate dependent and occurs in the solid sta8 Figure 3.14
includes TTT diagrams for 5%, 50%, and 95% Jf#&Datase transformation at ALD growth
temperatures a) 120 °C, b), 140 °C, and c) 160 °C. Lower ALD temperatures suppress the
amorphous to anatase phase transformation and require additiorel far the
transformation to occur; this is evident from the shifting in the percent crystallized curves

to longer required annealing times. Higher deposition temperatures enable faster
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transformation to the anatase phase at each isothermal PDA tengpefdtese TTT
diagrams for amorphous thin films crystallizing via isothermal PDA provide a guide for
evaluating deposition temperature effects on the nucleation and grain growth kinetics of

amorphous ALD thin films.

a) ALD T: 120 °C b) ALD T: 140 °C c)ALD T: 160 °C
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Figure 3.14. Time-temperature-transformation (TTT) diagram sfor TiO 2 amorphous
to anatase phase transformatiowia isothermal postdeposition anneals for 1120 cycle
ALD films deposited at temperatures: (a) 120°C, (b) 140 °C, (c) 160 °C.
Transformation curves are labeled for 5%, 50%, ad 95% transformation to the
TiO2-anatase phase. The abscissa axis is in bdselog time.

3.4 Conclusions

| report an atomic layer deposition (ALD) procesth a PDA step to grow large gna
TiO2 anatase on a Si substrate from TDMAT@Hchemistry. The TiQALD is deposited
from 120 °C to 160 °C witkex situannealing in air from 140 220 °C. A detailed SEM
study of the TiG-amorphous to Ti@anatase phase transformation is presented tactxt
fundamental nucleation and growth kinetics values and to highlight structural differences
in the asdeposited film structure as a function of deposition temperaiire.JMAK
equation is used to determine an average Avrami expotoaa to3 for thetransforming
volume, consistent with a twadimensional, platéike anatase growth mode with

continuous nucleation. The critical Gibbs free energy for anatase nucleali@®i$.41
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eV K atom and the combined activation energy for nucleation and grisxtk0i 1.58

eV K aton?, while the activation energy for crystal growth is near zero. Thus, nucleation

appears to be the rdieniting step. Interestingly, in studying the nucleation rate at different
PDA temperatures as a function of ALD temperaturdentify the nucleation frequency
factor, not the activation energy, as the differentiating quantity between-tepasited

TiO2 films. Amorphous TiQ films deposited at higher temperatures have an increased
nucleation frequency factor compared to thdeposited at lower temperatures, potentially
indicating a greater degree of shahge order in the adeposited structure that enables
more vibrational modes to attempt nuclei formation. The ALD deposition temperature has
a significant effect on the saltant grain size, with 20 °C increases in temperature
decreasing the grain size bynast an order of magnitude. Finally, a tintemperature
transformation (TTT) diagram architecture has been applied to highlight the differences in

crystallization behawar between ALD temperatures.
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CHAPTER 4. CRYSTALLINE AS -DEPOSITED TIO2 THIN
FILMS PREPARED BY IN SITU AIR ANNEAL PROCESS

DURING THERMAL ALD

This chapter introduces intermittent controlled atmosphere (ICA) anneating
modification to thermaRALD to grow anatas@iO; at lower temperatures and thicknesses
than previously reported from TDMATAD chemistry.This work highlights how am
situair anneal during the ALD cycle can quench"Btates and enable anatase nucleation
during the deposition proceskhis provide a pathway for further exploration as to how
ALD atmosphere can be toggled to encouragestalline growth and/or crystal phase

control.

4.1 Introduction

As discussed irsection1.4.1 ALD of TiO2 from TiCKW/H20 chemistryand Section
1.4.2 ALD of Ti2 from TDMAT/H20 chemistry TDMAT/H20O chemistry grows
amorphous Ti@ films at deposition temperatures high as 20-250 °C [79], while
TiCl4/H20 can deposit Ti@anatase at deposition temperatures as low as 15@GFEere
| question what is limiting crystallization during ALD in TiGilm deposited from
(TDMAT) and HO. Studies on amorphodsO2 have shown increased conductivity in
films deposited by TDMAT compared to those deposited fromsTB2. In 2019, Nunez
et al. compared amorphotBO- films from TDMAT and TiCk and found that increased
electical conduction in TiQfilms grown with TDMAT/HO chemistry is consistent with

a Tt defectmediated transport mode as opposed to conduction through either the valence
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or conduction banfB4]. Indeed, the most common Ti@efect is oxygen vacancies which
create unpaiielectrons or P centerd106. The report from Nunegt al.indicates that

the increased electrmnconductivity for TiQ from TDMAT compared to amorphous TiO
films grown from other titanium precursors is governed by an inherent structural
difference. In 2021, Babaét al. sought to link the electronic conductivity of ALDO2

thin films with the ga phase chemistry in ALD from TDMATA® [88]. Babadiet al.
found that the reaction byroduct from the TDMAT/HO proces, dimethylamine (DMA),

can act as a reducing agent, and correlated the presenct okidiation state with an

increase in the fi[Bhsd el ectrical conduct.

Literature repod has shown that TiQthin film reduction can be counteracted with an
additional oxidation step, using pagposition annealing (PDA) at temperatures ranging
from 400 °C to 1000C as a method to control the electronic properfded. In the
vanadium oxidgVOy) by ALD material systemWeimeret al. have demonstrated the
ability to tune the oxidation state of a growing vanadium oxide thin film by using a second
nortmetal ALD precursor in addition to the primary-actan{107]. Here,| similarly
modify the TiQ ALD growth process to consider the effect of an anneal during the ALD

cycle to encourage stoichiometric Lifeposition.

In this chapter | describe the first use of am situ air anneal during the ALD cycle
for TiOz-anatasehin film growth. | term this process variation as atomic layer deposition
with intermittent controlled atmosphere annealing (AIKIA). ALD growth per cycle is
measured using spectroscopy ellipsometry (SE).. Ti@stalline phase is verified by
Raman spectgzopy. The effect of deposition temperature, film thickness, and cycle time

during ALD-ICA process are all probed by comparing resultant microstructures in SEM
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micrographs. In measuring the Bi@Im surface chemistry with Xay photoelectron
spectroscopy (XPS), this study corroborates that-deposited TiQ@ films from
TDMAT/H 20 have more Pf chemical states compared to those deposited with situ

air anneal every cyclé suggest the presence of'Tchemical states, indicative of oxygen
vacancies, ihibits TiO;-anatase nucleation in thegown thermalALD films, given that
these films readily crystallize during AL-BCA when oxidizing atmosphere is introduced.
Finally, thein situ layerby-layer annealing in the ALIDCA process is compared to
thermalALD with ex situpostdeposition annealing (PDA) to demonstrate how this fayer

by-l ayer annealing varies from fAbul ko anneal

4.2 Experimental

4.2.1 ALD conditions

As previously discusse ALD processing was performed in a hoimdlt, hot
walled, flow-tube reactor with custom LabVIEW control softw§®&]. Purified nitrogen
gas On Site Model Pro BTGNPSA Nitrogen GeneratoNewington, CT) was used as
the carrier gasvith achamber pressure of1b Torr. The chamber deposition region was
held at 180 °C, 200 °C, or 220 d4hd allgasprocess lingemperaturesvere maintained
between 82 @ndl 1 0. Tige@LD deposition temperatureaw not raised above 220 °C
to prevenfTDMAT decompositiof86]. Depositions were performed on 10 cm x 1 cm Si
substrated{niversity Wafer P/Boron<100>1-1000hm-cm, Test Gradeand the Si wafer

was diced into 1 cm x 1 cm coupons for analysis following ALD.

Tetrakis(dimethylamino)titanium(lV) (TDMAT, 99% purity) from Strem

Chemicals, Inc. (Newburyport, MA, USA) and deionized water were used as the precursor
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and cereactant for ALD of TiQ films. TDMAT was held at room temperature and was
dosed into the reactn chamber in a bubbler configuration with fiow. The TDMAT
delivery lines to the reactor were heated to 82 °C. The standard ALD cycle included 1.0
TDMAT dose/ 5sN2 purge/ 0.4 s HO dose/ 85s N2 purgefor deposition TiQ reference
films. For theALD -ICA cycle, anin situintermittent controlled atmosphere (ICA) air (Zero
Grade Air, Airgas) anneal was included to increase the chamber process pressure from 1.16
Torr to 445 Torr for the specified time duratiérthis is referred to the air anneal.
Including the air anneal, the standard ALLDA process sequence is: KODMAT /5s

N2 purge/ 0.4 s HO / 15s Nz purge/ 35s zero grade air / 35 s[gurge. As in a typical
thermalALD process, the bpurge following the TDMAT dos®as intended taemove

the reaction byproducts and any unreacted precursor from the first ALIyieddf from

the reaction chamber. Likewise, the purge following the HO dosewas intended to
remove the reaction byproducts and any unreacted oxidant from the reactidrechia

this work, the purpose of the air anneads to provide oxidizing atmosphere during the
ALD cycle. The purpose of the last [durge in the cyclevas to remove all air from the
reaction chamber, to not adversely affect thelseiting surface hdlreactions between
TDMAT and HO, and to restore process pressure to 1.16 Fayure 4.1 presents the
chamber pressure curves for two cycles ALD process (bottoralivéwo cycles ALD

ICA process.Maintaining the TDMAT and ED dose times constant throughout this
chapterthe ALD-ICA process is abbreviated as follows to only includeNhpurge time

and air anneaequence in seconds15/35/35s.
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Figure 4.1. Chamber pressure curve comparison for ALD process (bottom) versus
ALD -ICA process. Highlighted sections include the TDMAT dose, ¥D dose, and
intermittent controlled atmosphere (ICA) air anneal.White background indicates No

purging.

4.2.2 Characterization

Spectroscopic ellipsometry (alpisk, J.A. Woollam) was used to measure film
thicknessand the index of refractiom, A CodyLormodel, for films with UV absorption,
was used to describe the Bifayer on top of a 1.76 nm native oxide layer on an Si wafer
substrate. Raman spectroscopy (Renishaw InVia Qontor Raman Microscope) was
performed for TiQ phase identification using a 488 nm laser with 10% power, 200
grating, and 2 s acquisition time.lRan spectroscopy measurements were made in at least

three different lateral locations on the 1 cm x 1 cmTilDn.

Scanning electron microscopy (SEM) is used to image the resultant TiO
microstructure as a function of process conditions. It was perfoomedHitachi SU8230
field emission SEM (FESEM) at 1 kV accelerating voltage and 20 pA emission current.

In mixed phase Ti®@films, amorphous regions appear dark andJa@atase crystals
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appear bright. In films appearing fully crystalline, there is intagdrast such that different
grains are distinguishable. For each condition, at least twefilids were imaged, with
top-down images taken at three different lateral locations on the 1 cm x 1 cm film surface.

ImageJ analysis was employed to quantifydiystalline fraction and crystal size.

X-ray photoelectron spectroscopy (XPS) is used to study the chemical state of TiO
thin films to probe T oxidation state as a function of ALD process conditions. XPS was
conducted on a Thermo ScientificMphaXPS coupl ed with a monoc
(1486.6 eV) Xray source. This system usas X-ray incident angle of @ from sample
normal andthe photoemissioangle isO° from sample normal-or eachTiO> thin film
analyzed, a survey spectrum wasasuredmdhigh-resolution elemental scans for C1s,
O1s, N1s, and Ti2p were collected with a 0.100 eV stepRimepresenteldigh-resolution
scans are averaged froB* data collection scans. Binding energy calibration was
performed based on the adventitious carbbs @ak at 284.8 eV. Jpz2 and TRp12 were
peak fitted to discern Tifrom Ti** states. Applied constraints were selected based on TiO
referenceg108 109. To study surface roughness and topographgruker lcon AFM
(Bruker, Billerica, MA, USA) was used in standard tapping mode with-&i tip

(MikroMasch Hq:XSC11/A.), a scan rate of 08 Hz, andscan area ranging from4
£ M

4.3 Results and Discussion

4.3.1 In situ, layerby-layer air anneal by ALEICA

Figure 4.2 presents SEM micrographsom a) asdeposited TiQ thin films

deposited from the standard, therrA&lD process, and b) Tigxhin films deposited from
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the ALD-ICA 5/15/35/35 s process which includes a 3b situ air anneal. The time per
cycle between these two ALD processes renminstant at 91.4 s. TiOthin films
deposited from TDMAT/HO chemistry at 180 °C, 200 °C, and 220 °C show a uniformly
amorphous microstructure except for white hillocks.first discusd-igure 4.2a, the as
deposited TiQ thin films gpear amorphous from SEMith no crystal grains present.
However, he previously discussed white hillocks are presentCHAPTER 3 |
demonstratethat these hillocks do not purport a crystalline signature from grazing
incidence XRD, Raman spectroscopy, or grazing incidence wide asrgle scattering
(GIWAXS). Further, fom the extensive postleposition annealing (PDA) study,
demonstrated that these hillocks do not serve as seduigfdimensional crystal growut

[4, 68]. However, given the result presentedSection2.2 Materials and Processing
Methods it is reasonable to assume that these white hillogksld grow three
dimensionally into crystals with subsequent ALD cyclesferring toFigure 4.2b, the
ALD-ICA 50 nm TiQ films are very differeré exhibitinga polycrystalline microstructure
with grain size decreasing froapproximately 1.2 um to 500 nm dsposition temperature

is increased from 180 °C to 220 °C.
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Figure 4.2. SEM micrographs for a) asdeposited film morphologies at ALD
temperatures increasing from 180 °C to 220 °C with 1120 ALD cycles from
TDMAT/H 20 chemistry a 91.4 s per cycle. b) SEM micrographs forALD -ICA film
morphologies attemperatures increasing from 180 °Go 220 °C with 1120 ALD cycles
from TDMAT/H 20 chemistry at 91.4 s per cycle, including a 35 s in situ air anneal
per cycle

Figure4.3 presents Raman spectra to identify theslpBase in films deposited at
a) 180 °C, b) 200 °C, and c) 220 °C. For each deposition temperature, spectra are presented
for (i) 50 nm TiQ ALD-ICA 5/15/35/35 s, (ii) 25 nm Ti©ALD-ICA 5/15/35/35 s, and
(i) 50 nm TiO, ALD films. For all deposition temperatures, the therABD 50 nm films

do not exhibit any Raman vibrational modes other than the Si substrate signal at’521 cm
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(Figure4.3a-c, iii), therefore confirming the amorphous structitetably, all 50 nm ALD
ICA TiO2 films exhibit Raman signal consistent with the anatase crystalline (ffigsee
4.3ac, i). As such, including ann situ air anneal during the ALD cycle enables
crystallization to occur, resulting in an afeposited, Ti@anatase crystalline
microstructure from TDMAT/HO chemistry at the lowest reportedmperature in

literature.

For the 50 nm ALDBICA films deposited at 180 °C and 200 °Eidure4.3ab, i),
the spectra indicate presence of theviBration mode (145m?, 636 cm') and the By
(394 cm?) vibration mode for Ti@anatase. The gpeak is caused by the symmetric
stretching vibration of @ Tid O and the By peak is caused by the symmetric bending
vibration of @ Tid O[110-117. The A peak for TiQ-anatase at 514 chis not visible
due to the Si substrate vibrational mode in the same spectral regigutas.3c, (i), the
50 nm ALD-ICA film deposited at 220 °C shows a weaket, &till present, anatase signal.
In Raman spectroscopy, the signal intensity is proportional to the population of bonds
contributing to the vibrational mode. For this readdrelieve the 50 nm ALBCA films
deposited at 220 °C to be more defective ti@nlower temperature (180 °C and 200 °C)

films, butto still have the anatase phase present.

Figure4.3a-c, (ii) presents Raman spectra for 25 nm AITA films depos#ted at
180 °C to 220 °C. Uniformly, thegiand Ay peaks have decreased. While these spectra
still demonstrate the presence of the JF@Datase phase in these thinner films, the intensity
is decreased due to the reduction in film voluméhedetection imit is approachedt is

difficult to comment on the percent crystallinity of each of these deposited films, however
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these Raman spectra can indicate the degree of crystallinity retative film deposition

conditions.
a) 180 °C b) 200 °C c) 220 °C
3.0F ¥ =
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Figure 4.3. Raman spectra for ALD and ALD-ICA TiO 2 films deposited at a) 180 °C,
b) 200 °C, and c) 220 °C. For each deposition temperature, (i) 50 nm ALICA
5/15/35/35 s, (ii) 25 nm ALBICA 5/15/35/35 s, and (iii) 50hm thermal ALD spectra
are presented.Spectra are normalized to the Si peak at 521 cf TiO2 stretching
modes are labeled as §&*) and Bag (*).

To characterize how intermittent controlled atmosphere annealing (ICA) alters the
ALD growth processkigure4.4a reports deposited film thickness as a function of ALD
ICA number of cycles for 180 °C, 200 °C, and 220 °C deposition temperdiigese4.4a
also presents the thermralD film thickness for TiQ grown at 180 °C, 200 °C, and 220

°C from 1120 cycles. Films deposited at 180 °C and 200 °C by-KtAhad similar
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growth per cycleGPC) at 0.046 nm/cycle and 0.047 nm/cycle, respectively. This implies
that the characteristic ALD sdimiting surface chemistry is stable for these processes
even with the addition of the intermittent controlled atmosphere (ICA) annealing. The 180
°C and200 °C ALD-ICA films are about 6 nm and 10 nm thicker than their thershdb
counterparts. This behavior matches literature reports describing GPC higher for
crystalline asdeposited films compared to amorphous fi[#4]. The decreasing GPC for
thermalALD films deposited at temperature increasing from 180 °C and 200 °C, is 0.041
nm/cycle and 0.038 nm/cycle respectively; these values are in good agreement with

literature for TDMAT/H20O chemistry at temperatures around 20Q7€; 79].

However, films deposited at 220 °C by AHBA exhibit an increased GPC at
0.053 nm/cycle. This increase in growth per cycle accompanies the decrease-in TiO
anatase signal in the Raman spectra. TDMAT-gesse unimolecular decomposition
occurs above 200C, due to the low binding energy of theNibond; further, TDMAT
decomposition in the ALD chamber is pressure and suttagelume ratio dependefit6,
86]. Here, | suspect TDMAT decomposition is incraag the GPC. The ALBCA film
deposited at 220 °C is 16.5 nm thicker than the theAhal film grown at 220 °C. In the
vapor deposition chamber, TDMAT decomposition occurs by both activated adsorption to
the chamber walls and thermally activated unimolcdecompositiof86]. It is likely
that both of thesprocesses are occurring during theituair anneal step. As such during
ALD-ICA, | propose ongoing TDMAT decomposition under the oxidizing air anneal
atmosphere increases the film growth rate and causes a lower quality crystalline film to be

deposited.
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Figure4.4b presents the refractive index &t 550 nm) for 50 nm thermal ALD and
ALD-ICA TiO2 films. TiO2 thermalALD films have refractive indices varying from 2.26
to 2.43. These values are in agnemt with 2.3 for amorphous Tidrom TiCls/H20
chemistry[71]. TiO2 ALD-ICA films have refractive indices varying from 2.52 to 2.55.
These values are close to literature reporting for refractive index for annealeanttase
from TDMAT/H20 chemistry at 2.5f91], and close to B for asgrown, high deposition
temperature anatase from TiE>0 chemistry[71]. Refractive index is documented as an
accurate indicator of the quality of Ti@hin films [91]. These ALDICA TiO: thin films
with refractive index values approaching those measured for bulk anatase indicate

increased thin film density and improved anatase crystal quality.
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Figure 4.4. a) Measured thickness from spectroscopic ellipsomet§aE) for ALD -ICA
cycles increasing to 1140 1120 cylesat deposition temperatures: 180°C, 200°C,
and 220°C. Thickness for thermalALD TiO 2 films deposited from 112Qcycles at180
°C, 200°C, and 220°C included as hollow, crossed symbolb) Index of refraction (n)
at 550 nm for 50 nm TiQ thin films deposited at 180 °C, 200 °C, and 220 °C by both
thermal-ALD and ALD -ICA 5/15/35/35 s processes.

In using SEM imaging tstudy grain structure and Raman spectroscopy to identify
the TiQ-anatase phase, thehaptemreports that including a 35is situ air anneabduring
the ALD cycle enables the growth of crystalline Ti@m ALD-ICA. Figure4.5a presents
SEM micrographs for th&LD -ICA processleposited at60 °C with Figure4.5b showing

the ALD-ICA film deposited at 180 °@r comparisonThe film deposited at60 °C
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demonstrates that the 5/15/35/35 s AITA process is not optimized teposit a fully
crystalline film at this lower temperature, althoughded demonstrate that nucleation and
growth is possiblat temperatures less than 180 T@e remainder of thisork will focus

onthe processes run at 180 °C and highéer reported film thicknesses indicate ideal
ALD behavior at 200 °C and lower and measured refractive indices match literature values
for anatasel. propose that thm situair anneal in ALBICA provides an additional source

of oxygen to fill the TiQ vacanes in the agleposited film and encourages pi@natase
nucleation that is otherwise challenging from TDMAZ@Hprecursor chemistrgvidence

for this claim s provided irthe followingsections.

a) 160 °C, ALD-ICA b) 180 °C, ALD-ICA
< kTR o :

Figure 4.5. SEM micrographs for ALD -ICA film microstructures deposited at (ajl60
°C and (b) 180 °Cwith 1120 ALD cycles from TDMAT/H20 chemistry.

4.3.2 Probing ALDICA growth parameters

This study presents a modified ALD technique to grow crystallirgepssited TiQ
films less than 50 nm in thickness. This section will vary AIKIA growth parameters to

investigate effects of deposition temperature and film thickmesstu ALD-ICA layer-
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by-layer annealing versiex situpostdeposition annealing (PDA), cycle timeyddALD-

ICA atmosphere.

a) 114 cycles b) 409 cycles c) 444 cycles

d) 568 cycles e) 800 cycles

Figure 4.6. SEM micrographs for films deposited at180 °C from the ALD-ICA
(5/15/35/35 s) process from (a) 114 cycles, @8)9cycles, (c¥44cycles, (d)568cycles,
(e) 800 cycles, and (f) 1120 cycles.These number of cyclescorrespond to
approximately 5 nm, 18 nm, 20 nm, 25 nm, 36 nm, and 50 nm film thickness
respectively.

First, ALD-ICA films were grown at thicknesses ranging from 5 nm to 50 nm at
the following deposition temperaes: 180 °C, 200 °C, and 220 °C. These films were
imaged with SEM tofown view to evaluate the percent crystalline grain regions versus
amorphous regiong&igure4.6 presents the SEM micrographs for Zifdms deposited by
the ALD-ICA 5/15/35/35 at 180 °C frorB nm (114 cycles) to 50 nm (1120 cycles). For
ALD-ICA films deposited at 180 °C with increasing number of cycles, there is a

progression from Ti@anatase crystals dispersed in an amorphous mégnd9 cycles
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18 nm TiQ thicknessto forming a fully crystaline anatase film b800 cycles 086 nm

TiO2 thickness.

a) 114 cycles b) 227 cycles c) 341 cycles

d) 444 cycles e) 568 cycles f) 1120 cycles

S

Figure 4.7. SEM micrographs for films deposited at 20 °C from the ALD-ICA
(5/15/35/35 s) process from (a) 114 cycles, (b) 227 cycles, (c) 341 cydeé44cycles,
(e) 568 cycles, and (f) 1120 cyclesSThese number of cyclescorrespond to
approximately 5 nm, 10 nm, 15 nm, 20 nm, 25 nm, and 50 nm film thickness
respectively.

Figure4.7 presents the SEM micrographs for Fifdms deposited by the ALD
ICA 5/15/35/35s procesat 200 °C increasingrom 5 nmto 50 nmfilm thickness The
behavior is consistent with that of ALITA at 180 °C, although crystallization onset for
films deposited at 200 °C occurs around 10 {@&7 cycles)compared to 18 nn409
cycles)for 180 °C ALDICA TiO2. This progression of micrographs demonstrdi€x
anatase crystals dispersed in an amorphous matrix eventually forming what appears to be
a fully crystalline anatase film at 25 nm thicknésgure4.7e). From &M imaging of at

least two TiQ coupons and analyzing the crystallinity with ImageJ, the percent
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crystallinity at 10 nn{Figure4.7b) is less than 1% while the percenystallinity at 20 nm
(Figure4.7d) is 97.5%. From toglown SEM, the 25 nr{Figure4.7e) and 50 nm(Figure

4.7f) films do not show any amorphous regions. In comparing the 18-igure4.7c) to

the 20 nm TiQ film (Figure4.7d), the 20 nm film has an increased ¢ayslensity and
increased crystal size, implying both nucleation and grain growth occur with subsequent

ALD-ICA cycles until the aerial density is fully crystalline.

a) 114 cycles b) 182 cycles c) 227 cycles

- "

d) 341 cycles

20 cycles

%) 1% 3

s \’/

Figure 4.8. SEM micrographs for films deposited at 220 °Cfrom the ALD-ICA
(5/15/35/35 s) processom (a) 114 cycles, (b) 182 cycles, (c) 227 cycles, (d) 341 cycles
(e) 568 cycles, and (f) 1120 cycles.

In comparing the SEM micrographs Figure 4.6 and Figure 4.7, increasing
deposition temperature increases crystal nucleation at equivalent filkmebges and
process times. This is consistent with literature reports for thermal ALD wihad the
oxidant[4, 68]. Figure4.8 includes the SEM micrograph series for ALDA process with

220 °C growth temperature and reports complete aerial crystallinipahi@ase thin films
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as thin as 10 nnfabout227 ALD-ICA cycles) Figure 4.9 summarizes the calculated
percent crystallinity with increasing film thickness for ALDA films deposited at 180

°C, 200 °C, and 220 °CHere it is clear that increasing deposition temperature increases
TiO2 anabse nucleation and growth, leading to decreased grain gideltionally,
increasing ALDICA deposition temperature decreasing the film thicknesses at which

crystallization occurswhich is consistent with typical ALD crystal growth behavior.

220°C 200°C 180°C
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Figure 4.9. Percent crystallinity determined from image analysis of topriew SEM
micrographs versus number of ALDICA cycles for films deposited180 °C, 200 °C,
and 220 °C

However,| acknowledge that these 220 °C ALDA TiO: films appear to be
defective anatase given the decreased Raman spectra signal. This defective structure could
result from improper ALD growth during the intermittent controlled atmosphere pulse
since this hesisdid not optimize air dose conditisnGiven the increase in the GPC for
films deposited at 220 Gt is possible thathis TiO, film hasgrown with trapped ligands
from decomposing TDMAT at this higher temperatuks. explained by Dufonet al.,

annealing a film with trapped ligands and voids would enable densification, manifesting as
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a decrease in film thickneater annealin§91]. In 2003, Richards also reported a decrease
in film thickness with annealing in TiJilms deposited byatmospheric pressure CVD
(APCVD) as crystalites 30 nm in lateral dimensiainterinto grains[113. However,
lancu et al reported a thicknessdreasefor films grown from TDMAT at200 °C and
annealed in @at greater than 500 °[@7]. They correlated this thickness increase waith
significant increase in the crystallinity of tHigm, while acknowledging that TEM results
indicate thatthe interfacial silicon oxide native layer thickesishigher temperatures as

well, thereby affecting their result

Tolearn more abouhe 1120 cycle ALDICA TiO: film structuredeposited at 220
°C, one of these filmsvas annealed in a box furnace at 550 °C. The oridii@s film
thickness wa$8.75 nm, with a modeled roughness 0801 nmandarefractive indexn,
at 550 nnof 2.52288. An SEM micrograph of this film is presentedrigure4.10a. After
annealing for a total of 5 h in air, Ti®Im thicknessncreased t6050 nm, with a modeled
roughness of 1.23 nm ararefractive indexn, at 550 nm of 2.5052 Here, no phase
transformation is expected to occur because the temperature is not high enough to induce
transformation to the rutile phasefinal anneal segment in air at 550 °C was penied,
such that after 28 h of PDA in air, the fimeasure®1.13 nm in thickness, with a modeled
roughness of 92 nm and a refractive index), at 550 nm of 2.53B. From the
measurements described, it is challenging to deconvolute increases in thiayaO
thickness versus increases in the Si@tive oxide layer thicknesgVith that said, iese
changes in thickness are not as significant in magnitude as those repoRezhéngls,
lancuet al, and Dufondet al and potentially do not represess sgnificant changes in

structure[47, 91, 113. The M micrograph for the 28 h annealed film is presented in
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Figure4.10b. Comparing before and after anneal at 550it@ppears that intergranular
rearrangement is oarring in the annealed film, as well as potential smoothing, although

AFM would be required to verify that clam.her e i sndét strong evid
These ellipsometrgnd SEMresults indicate that the ALICA film structure asdeposited

at 220°C is good enough quality to not undergo sintering with annealing, but that the
anatase structure can still improwes demonstrated by tlséight increag in refractive

indexwith PDA.

b) 28 h PDA 550 °C

y

_:-;_._,\)3,:; el S el

a) 0 h PDA 550 °C

Figure 4.10. TiO2 ALD -ICA film (a) asdeposited from 1120 cycles at 220 °@nd (b)
annealed in air at550 °C for 28 h.

Next the effect oin situALD-ICA layer-by-layer annealing on crystallinity versus
ex situ postdeposition annealing (PDA) has been evaluatgdure 4.11a shows the
microstructure for a 15 nm ALICA TiO: film deposited at 200 °C with 29% crystallinity.
This is a 5/15/35/35 s process with 341 ALDA cycles resulting in a total process time
of 8.66 h. To evaluate the effectef situPDA, this TiQ film is removed from the ALD
chamber and placed in an ovat 200 °C and annealed in air for 0.47 h. As seéiigire
4.11b, after annealing therés a slight increase in percent crystallinity wittrystals

appearing largein sizeand potentially additional nucleatiatcuring. To evaluate if the
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ALD-ICA process is more effective at increasing percent crystallinity thardppsisition
annealing, then situ, layerby-layer air anneal times increasedrom 35 s to 40 sThis
increase in ALBICA cycle time increases ttetal process timdérom 8.66 hto 9.13 h A
total ALD-ICA 5/15/40/35 s process time of 9.13natchesthe total time aR00 °Cas in
Figure4.11b. Figure4.11c shows the resultant microstructure for a 15 nm ACB TiO>
deposited at 200 °C with 5/15/40/35 s process.mioeostructire inFigure4.11c is very
different from Figure 4.11a andFigure 4.11b; from topdown SEM imaging, the film

surface appears fully crystalline, with no clear amorphous regions.
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a) 5sN;/15sN,/35sair/35sN;
8.66 h process time
. [ ]

b) 5sN,/15sN,/35sair/35s N,
8.66 h process time + 0.47 h ex situ PDA

c) 5sN;/15sN,/40 s air/35s N,
9.13 h process time

Figure 4.11. SEM micrographs to comparein situ layer-by-layer anneal (ALD-ICA)
vs. ex situ PDA air anneal. (a) 15 nm ALDICA TiO 2 deposited at 200 °C with
5/15/35/35 s process, or 8.66 h total process time. (b) 15 nm ALTA TiO 2 deposited
at 200 °C with 5/15/35/35 s process (8.66 h total process time) timag0.47 h post
deposition anneal (PDA) in an oven in air at 200 °C. (c¢) 15 nm ALICA TiO 2
deposited at 200 °C with 5/15/40/35 s process, or 9.13 h total process time.

As previously discussed fBectionl.3.4PostDeposition AnnealingPDA), PDA

is typically used to transform amorphousgdagosited ALD films into a crystalline phase.
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Here,l regard PDA as a bulk annealing technique where the deposited film and substrate
are heated to a higher temperature for a specified time duration to enablelépesised

film structure to rearrange andlax into a more energetically favorable phase. For the
comparison betwedrigure4.11b andFigure4.11c, the selected processing and annealing
temperature is equivalent at 200 °C and the time at temperature is equivalent at 9.13 h total.
However, the ALBICA TiO: film presented irFigure4.11c sees 5 s more of air exposure

per ALD cycle and is not posteposition annealed. ALIBCA compared to typical ALD
causes a dramatic increase in anatase nucleationattabute toin situlayerby-layer air
annealing. During typical TipthermatALD from TDMAT/H.O, Ti** states are formed
under the presence of the surface-nadction byproduct DMA and are buried, with the
amorphous structure, by subsequent ALD cycles. These th&domalliO» films require
postdeposition annealing (PDA) to attain ciaitization. By providing air as an additional
oxygen source during the AL-BCA cycle and in making purge times long enough,
hypothesize that suktoichiometry in the upper ALD layers is resolved during the air dose
time, given the chemical and physicahdability of O, (gas). As such, the presence of Ti
states decrease as a result of the Haydayerin situair anneal, and results in the growth

of TiO. anatase adeposited. This hypothesis will be further discussatiemext section

As seen wheromparingFigure4.11a to Figure4.11c, increasing the ALBCA
air dose tine from 35 s to 40 s increases the crystallinity fromdown SEM imaging
significantly. The average crystallinity increases from 29 % to greater than 99%. This
behavior of increasing crystallinity with increasing cycle time is transferrable to thinner
films as well. Includedh Figure4.12is an 8 nm ALDICA TiO: film deposited at 220 °C

with increasing air dose time from 35 s to 40 §Tc. In this demonstratigthe percent
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crystallinity determinedrom top-down SEM imaging and image analysisreases with
increasingair anneatime, although transformation to full crystallinity may be limited by

the film thickness.

Figure 4.12. SEM micrographs for increasing in situ air anneal timein the ALD-ICA
cycle at 220°C. ALD-ICA process is (a) 5/15/35/35 s, (b) 5/15/40/35 s, and (c)
5/15/57/35 s.

This work has already demonstrated that running a thermalAlLO process from
TDMAT/H20 chemistry in an Blatmosphere alone will not enable Pi@natase crystal
growth Figure4.2). Additionally, Figure4.13 presents SEM micrographs of the thermal
ALD TiO250 nm film deposited at 160 °Eifure4.13a), annealed in Nat 180 °C for 18
h (Figure4.13b), and annealed in air at 180 °C for 14-g(re4.13c). While the air PDA
enables growth of large grain, Ti@natase, the Nanneal only allows the previously
discussed hillocks to increase in sikégure 4.14 presents the same dataset for films
deposited at 180 °C, annealed infbr 22.5 h, and annealed in air for 22 F-fgure4.15
presents GIXRD scans for each of the films fréigure 4.14 to confirm that the as
depositedriO> film and the TiG annealed at 188C in N> remain amorphous, while the
anatase phase starts growing with PDA inaaid80°C for 22.5 h.Comparing the &
deposited filns, there is an increase in the number deraitygt sizeof the white hillocks

with an increase in deposih temperatureRegardless, fahe films deposited dtoth 160
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°C and atl80°C, PDA in N> does not enable anatase nucleation and tirow this time
scale, whilePDA in air does. This implies that air provides a more effective atmosphere
for TiO2 anatase nucleation and growilhe final ALD-ICA growth parameter investigated

is the controlled atmosphere selection.

a) thermal-ALD b) thermal-ALD, N, PDA c) thermal-ALD, air PDA

Figure 4.13. a) 50 nm TiOz thermal-ALD film deposited at 160 °C,b) post-deposition
annealed(PDA) in N2 at 180 °C fa 18 h, andc) postdeposition (PDA)annealed in air
at 180 °C for 14 h.

a) thermal-ALD b) ALD, 22.5 h PDAin N, c)ALD, 22.5 h PDAin air

Figure 4.14. a) 50 nm TiO; thermal-ALD film deposited at 180 °C, b) postdeposition
annealed (PDA) in N at 180 °C for22.5h, and c) postdeposition (PDA) annealed in
air at 180 °C for 22.5h.



*

22.5 h PDA in air
400 ”“ ‘A" o T |

22.5 h PDA in N,

200 -
thermal-ALD

Intensity (a. u.)
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Figure 4.15. GIXRD scans for from bottom to top: Si wafer substrate, 50 nm TiO2
thermal-ALD film deposited at 180 °C, postdeposition annealed (PDA) in Nat 180
°C for 22.5h, postdeposition (PDA) annealed in air at 180 °C foR2.5h. Labeled
peaks for anatase phase 2d = 25.3A and

Herel consider if resultant microstructuckangesvhenthe time added to process

is varied between the different purge steps: the-He®tdose N purge, the air anneal, or

the postair N> purge.Figure 4.16a shows the resultant microstructure for the standard

4 8 .

ALD-ICA 5/15/35/35 s process deposited from 341 cycles at 200 °C. With 341 cycles and

200 °C remaining constarfigure4.16b shows the resultant microstructure for ALCA
when 5 s is added to the pé$tO N. purge (520/35/35 s).Figure 4.16c shows the
microstructure when 5 s is added to the air dose @M3F s).Figure4.16d shows the
microstructure when 5 s is added to the faosN2 purge (5/15/3%10s). Adding 5 s to the
air dose in the 5/15/40/35 s ALITA process results in a fully crystalline film, while
adding 5 s to either the pedbO N> purge or the postir N> purge results ina
microstructure with few remaining amorphous regions, recognized here asohigast,

dark regions. While increasing either [Hurge time still increases the crystallinity,
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attribute this improved crystallinity to the included 35 s air anneal amalvérall increase
in time at temperature. Recall that thersA&ID with N2 atmosphere only deposits a fully
amorphous Ti@film (Figure 4.2) and that N atmosphere PDAloes not cause TiO
anatase crystal growtlrigure4.13). As such,| conclude that the air dose time in ALD
ICA is the driving process modification encouraging F#Datase nucleation and growth.

a) 5sN,/15sN,/35sair/l35sN, b) 5sN,/20s N,/35s air/35s N,
8.66 h process time 9.13 h process time

c) 5sN,/15sN,/40 s air/l35sN, d) 5sN,/15s N,/35 s air/40 s N,
9.13 h process time 9.13 h process time

Figure 4.16. SEM micrographs for ALD -ICA 15 nm TiO2 thin films deposited at 200
°C from 341 cyclesa) baseline 35 air anneal process for 9.4s ALD-ICA cycle time,
b) postH20 N2 purge increased from 15 s ta®20 s for 96.4 sALD -ICA cycle time, c)
40 s air dose for 96.4 &LD-ICA cycle time, and d)post-air N2 time increased from
35 s to40sfor 96.4 sALD -ICA cycle time.
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4.3.3 TiO, anatase nucleation

To testthe hypothesis that stdxidized film chemistry inhibits Ti@crystallization
during the ALD cycle, Xray photoelectron spectroscopy (XPS) is used to probe the
oxidation state of 50 nm Tidilms. Herel deposit1120 cycle thermahLD TiO- films to
compare tAALD-ICA 5/15/35/35 sTiO: films deposited at 180 °C, 200 °C, and 220 °C
Figure4.17 compares Ti2p spectra for ALD film§ifure4.17a, c, e) against ALBCA
films (Figure 4.17b, d, f). The Ti2p doublets display spin orbigdlitting for Ti2p2
(~458.6 eV) and Ti2 (~464.3 eV). Peak positions are in good agreement with each other
and with literature reportcl08 109. ALD films display a clear shoulder for the Tg2p
peak around 457.5 eV. This shoulder corresponds to the presenceoafdinbd titanium
oxide states, likely Pi. For ALD films, this T#* peak area contribution ranges from 15
17%. On the other hand, for the ALIBA films, the shoulder on the Ti2p peak is not
readily visible indicating that Ti states are not prevalent, contributing ordy% area.
This suboxidation result for asleposited, thermal ALD Tigfilms from TDMAT/H20
chemistry is consistent with the report from Baletdil.which identfies the ALD reaction
by-product, dimethylamine (DMA), as a reducing agent in the growth pr¢88ksAs
such, herd demonstrate that DMAnduced reduction of ALBiO. can be counteracted
with anin situ layerby-layer air anneal, as evidenced by decreased presence ofthe Ti

chemical staten ALD-ICA TiO: films.

Interestingly, the reduction in ¥i chemical state in KBD-ICA films is
accompanied by significant Tianataserystallization In the previous chaptestudying
the kinetics of th&10, amorphougo anatase phase transformation during-plegiosition

annealing (PDA) in ailfCHAPTER 3, | discovered that the energy barrier for anatase
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nucleation (~13-4 eV K* atont!) is significantly greater than that for anatase grain growth
(nominal). As such, thim situair dose readily helps overcome this energy barrier, actually
resulting in anatase nucleation during ALOA. This corroborates why increased
nucleation occurs ding ALD-ICA film growth at higher temperatures, resulting in finer
grain microstructure. Additionally, it supports why increasingithsitu air dose by 5 s

can transform a film from 29% crystalline to fully crystalline. Mechanisticalgyggest

that he presence of air atmosphere alters the partial pressure of oxygem (@ reactor,
enabling G to quench T states. This quenching improves the local arrangement ef TiO
tetrahedra, enabling nucleation to occur once clusters reach a criticaFisially, as
documented in ALD literature, subsequent ALDA cycles will enable additional
nucleation to occur while existing nuclei continue to grow into crystalline grains as the
depositing film increases in thickndgk 77]. To probe this hypothesis for the mechanism
of crystallization,|l suggestin situ ellipsometry during ALBICA versus conventional,
thermalALD to monitor changes in filmhickness before and after the air doseiarsitu

X-ray photoelectron spectroscopy to monitor the change in Ti2p chemical state before and
after the air anneal. Furthen situRaman spectroscopy could highlight when during the
cycle does the phase trémsnation occur and a pair distribution function (PDF) from X
ray absorption fine structure (EXAFS) of ALD compared to AKIA films could
highlight the if local T® O rearrangement is improved in ALIQA films before the long

range crystallization occurs.
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a)ALD, 180 °C b) ALD-ICA, 180 °C
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Figure 4.17. XPS Ti2p elemental scan fora) thermal-ALD at 180 °C, b) ALD-ICA
5/15/35/35 s at 180 °C, ¢hermal-ALD at 200 °C, b) ALD-ICA 5/15/35/35 s at 200 °C,
€) thermal-ALD at 220 °C,and f) ALD-ICA 5/15/35/35 s at 220 °C
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4.3.4 ALD-ICA process optimization

In this final section, includeresults regardind\LD-ICA templatingand
interleaving of regular therrh&\LD cycles withan ALD-ICA cycle.The purpose of this
section is to demonstrate that the reported process has not been opimiizecxplore
additionalparameters.

For ALD-ICA templating, | test whether a crystalline sub film can enable templated
crystal growth to enable continued anatase growth with typical, thermal ALD cycles. If
templating is effective at maintaining anatase crystal growth, it would only be necessary
to use ALDICA for the first couple hundred cycles to deposit a crystalline filisetrve
as a template such that subsequent @i@tase growth could occur via thermalD
only. Figure4.18a displays the SEM micrograph fob@8cycle ALD-ICA (5/15/35/35 s)
TiO2 film deposited at 180 °igure4.18b presents the SEM micrograph fas@8cycle
ALD-ICA (5/15/35/35 s ) Ti@film deposited at 180 °C followed B%2 cycles of
thermalALD (5/85 s)for a total of 1120 cycle$igure4.18c presents the TigXilm
grown from 1120 gcles of ALD-ICA at 180 °C.ComparingFigure4.18b to Figure
4.18a, thetemplated film has a similar amount of amorphous regions compared to the
568-cycle ALD-ICA film. However, the templated film appears to have a higher grain
boundary areae is a higher density of crystals, as well as largetaig;salthouglsome
of these crystals have an irregular sh&egardless, the templated film is not fully
crystalline unlike the 1120 cycle AL-BCA film. As such, templating appears to be
effective to some extent, implying that thersddlD can sustain theeposited anatase
structureThis result demonstrates treat ALD-ICA template layer improves the ability

for thermatALD to crystallize. The continued anatase nucleation and growth during
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thermalALD could be caused e ad-atom ability to match the crystalline registry and
continue crystal growth with subsequent ALD cyclesthe continued nucleation could
be cause bymproved oxygen content in the ALIZA subfilm, enabling oxygen
diffusion to quench vacancies in theging thermalALD film. However templating
568cycles with ALDICA and followed by 552hermalALD cyclesis not as effective in
establishing a fully crystalline Tidhin film as depositind. 120 cycles by ALDICA

(Figure4.18c).

a) 568 cy ALD-ICA b) 568 cy ALD-ICA + 552 ALD cy  c) 1120 cy ALD-ICA

Figure 4.18. SEM micrographs for films deposited at 180 °Ca) 568 cycles ALDBICA,
b) 568 cycles ALDICA followed by 552 cycles ALD, and c) 1120 cycles ALICA.

To explore ifin situannealing is required faach ALD cycle] interleave thermal
ALD cycles with ALD-ICA cycles. As previously discussed, ALD literature has reported
that crystallization can be thickness dependent in that enough monolayers need to be
deposited before crystallization can ocdderel probe if is begficial to have a few
ALD cycles followed by the ALBICA cycle with in situair anneato promote
crystallizationof a few ALD layersAs an example foihie notation for this recipé;1
ALD to ALD-ICA denotesoneALD cycle (purge times: 5/85 $pllowed by one
complete ALDICA (5/15/35/35 s) cycleThis cycle ratiois then supecycled to achieve
the desired total number of ALD cycléhe following interleaves have been tested: 1:1,

2:1, and 3:1 ALDXo ALD-ICA at ~800 total cycles and ~1120 total cycles

114



a) ALD-ICA

Figure 4.19. SEM micrographs of TiO2 films grown from 800 total cycles (a)ALD -
ICA, (b) 1:1 ALD to ALD -ICA, and (c) 3:1 ALD to ALD-ICA deposited at 180 °C.

Figure 4.19 presents théSEM micrographs for interleaved films with 800 total
cycles.ALD-ICA has the most welllefined structure and 3:1 ALD to ALLECA has
amorphous regianpresent, as determined by the contrast in SEM ima@ivgn that
interleaving has a demonstrated effegproximately 1120 cycles were deposited to have
films thick enough folGIXRD measuremen(s-50 nm) SEM micrographs for thesel 120
cyclefilms depsited at 180 °C are presentedrigure4.20. GIXRD to verify thepresence
of the TiO2 anatase phase for these filmgpresentedh Figure4.21. The ALD-ICA had
the strongest anz2bB8°ad.8° asd 48.0° all visiblevTheamtitydfd =
identifiable peaks decreases for the interleaved 1:1 and 3:1 ALD tol8RCXilms; this
could be indicative of decreasing detectable crystallirffisom the SEMtop-down
micrographs, there are not significant changes between the interleavedNihites there
may be more subtle changesterms of microstructure, additional méagy would be
required to determine how crystalline quality is influencedhgyratio of thermaRLD
cycles to ALBICA cycles. Regardless, is it worth noting that crystallinity is much
improved inFigure4.1% andFigure4.19c, 800 total cycléALD to ALD-ICA interleaved
films, compared té-igure4.18b, the 800 total cycle ALBCA templated film. This result

demonstrates the significance aantinuing intermittent controlled atmosphere (ICA) air
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anneals throughouhe film growth process, thereby indicating that-sulmationis an
inhibitor to crystallization throughout the ALD process, and not just at the beginning,

middle, or end ofilm growth.

a) ALD-ICA b) 1:1 ALD to ALD-ICA

c) 2:1 ALD to ALD-ICA d) 3:1 ALD to ALD-ICA

Figure 4.20. SEM micrographs of TiOz films grown from ~1120 total cycles (a) ALD
ICA, (b) 1:1 ALD to ALD -ICA, (c) 2:1 ALD to ALD -ICA, (d) 3:1 ALD to ALD-ICA
deposited at 180 °C.
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Figure 4.21. GIXRD scansfor 1120 total cycles TiQ thin films deposited at 180°C.
Bottom to top: Si wafer substrate, thermatALD, 3:1 ALD to ALD-ICA, 1:1 ALD to
ALD-ICA, and ALD-ICA. The three primary TiO2-anatasepeaks are labeledvhere
present 2d = 25.3A, 37.8A, 48.0A.

Lastly, atomic force microscopyas performed to better characterize the AIKDA
microstructureand to bolster conclusions from SEM imagifggure 4.22a andFigure
4.22b present AFM images from 1120 therpdID cycles (Rg =0.576nm) and 1800
thermalALD cycles (Rq =1.31nm) deposited at 180 °QespectivelyWith increasing
ALD cycles, thenumber density and size of the white nuclei increase the thin film
roughness increasebut grain growth does not occur up to at least 1800 cyoles,
approximately 70 nm Ti® depaited. With the addition of intermittent controlled
atmosphere (ICA) air annealsgure4.22c demonstratethe resultantarge-grained, wel
defined microstructurevith Rq of 0.773nm from 1120 cycles (~50 nm) of ALICA.
Figure4.22f shows thesame ALDICA condition but with only 800ycles, or 36 nm Ti@
For the thinner film, the Rq is decrease®1652 nmFigure4.22d presents the 1:1 ALD

to ALD-ICA interleaved condition, which also exhibétkargegrainedmicrostructure with



Rq of 0997 nm. Figure4.22e presents the 3:1 ALD to ALECA interleaved condition,
whichis difficult to differentiate from the 1:interleavewith anRq0.856 nm The AFM
datais in good agreement with the previously prese®EeM imagesvith respect to grain
size, surface featuresand grain boundariesNeighboring anatase grains are still
distinguishablen theAFM images The ncreasing surface roughnesith increasing film
thicknesdor both ALD and ALBICA films is consistent with typical film growth behavior
[59]. Comparing the 50 nm ALBCA (Figure4.22c) film with the 70 nm thermal ALD
film (Figure4.22b), it is apparent that intermittent controlled atmosphere annealing (ICA)
is a far more effective means for grawg crystalline asleposited films. Further,
comparinghe ALD-ICA film with the interleaved films demonstrates that air annealing is
not required every cycle for similar microstructural resuétsd this provides future

direction for process and crystallimuality optimization.
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a) 1120 cy, ALD b) 1800 cy, ALD ¢) 1120 cy, ALD-ICA

400.0 nm 800.0 nm

d) 1120 cy, 1:1 ALD:ALD-ICA e) 1120 cy, 3:1 ALD:ALD-ICA  f) 800 cy, ALD-ICA

Height Sensor

Height Sensor 800.0 nm

Figure 4.22. AFM images for TiOz2 thin films deposited at 180 °C from (a) 1120 ALD
cycles, (b) 1800 ALD cycles, (c) 1120 ALECA cycles, (d) 1120 total cycles 1:1 ALD
to ALD-ICA, (e) 1120 total cycles 3:1 ALD to ALDICA, and (f) 800 ALD-ICA cycles.

4.4 Conclusions

| present ann situ intermittent controlled atmosphere (ICA) air anneal during the

ALD cycle to deposit Ti@anatase films less than 50 nm in thickness on silicothis
chapter | report the lowest deposition temperaiut80 °C,to achieve TiQ crystallinity
by TDMAT/H20 chemisry. Consistent with previous reports, Bi®LD by TDMAT/H 20
precursor chemistry show *fistates in XPS. However, the Ti2p scan for Tims

deposited from ALDICA matches with the T state. Therefore, this work links TiO

oxidation state during depiien with formation of the anatase crystalline structure. For

the ALD-ICA process, 180 °C and 200 °C deposition temperatures still satisfy ALD self

limiting behavior and increasing air anneal time increases crystallirtitg.in situ ALD



layerby-layer annealing is found to be more effective at achieving anatase crystallization
in shorter time periods and at lower temperatures thardepsisition annealing (PDA).
Finally, this work explores templating and interleaving ALDA cyclesto demonstra

the significance of incorporating an intermittent controlled atmosphere (ICA) anneal
throughout the entirety of the deposition process for combattingoxddhation and

depositing crystalline Ti®
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CHAPTER 5. ON BROOKITE FORMATION AND PURGE TIME

IN TITANIUM DIOXIDE THIN FILMS PREPARED BY ALD

This chapterpresents findings related 6iO.> phase dependence witteposition
temperature anthe effect of purge time during the ALD of Ti@nhin films. The first
section will detail how depositingl20 ALD cycles ofTiO2 from TDMAT/H20 precursor
chemistryon Si at 180 °@rows amorphous films that transform to the brookite phase upon
postdepositing annealing (PDAN air. | present fundamental kinetics variables for this
phase transformation includirtge activation energy for brookite formatiorhe second
section presents a series of experiments relatédeteffect ofALD purge time on as

deposited film structure and annealed film structure.

5.1 Introduction

In ALD, the selection of oxidant chestiy is influenced by the deposition
temperature and the desired energetics of the sysmmmstance, plasma enhanced ALD
(PEALD) may beselected over therm@LD becausdhe high reactivity of the plasma
spedesenables deposition at lower temperasuadters nucleation kinetics, andn deposit
higher purity films [114, 115. ThermalALD using different oxidants has been
demonstrated to enable phase selection in the vanadium oxid¢ f\&@erials system
[107]. There is precedence foxidationaltering resultant film phasesingother deposition
techniques as welDuring the pulsed laser deposition (PLD) of Ti©Ghangingoxygen
pressure in the deposition chamber has been demonstrarditie selective crystalline

polymorph formation[116. In this chapter,| propose a relation between incrahse
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deposition temperature altering amorphous film oxidation, causing-fdrddkite phase

formation during PDA

Secondly, a previously demonstrateidh this thesis thin film crystallization is
governed by temperature and time. Generally, during vapor sdipo processes,
deposited species adsorb to the substrate surface and atoms with enough energy will move
to lower energy sitesThese adsorbed species require enough time to diffussote
favorabk sites prior to being buried by thnext depositing lger. Herel consider if this
diffusion canoccur duringan ALD cycle. ALD literature hasobscuredhe potential for
surface diffusion and structural rearrangementALD after saturatioroccurshy (1)
emphasiing self-limiting surface half reactions and (@jnimizing purge timeto improve
deposition rateAs such, in thischapter, | test the effect of increasing purge time and

evaluate structural changes fpystdeposition annealing (PDA)

5.2 Materials and Methods

TiO2-thin film preparation for this chapter aligns with that previously described.
However, the deposition temperature selected to study-Gnavkite formation i80°C.
Additionally, results reported from this chapter wilry the purge timd-or thiswork, the
ALD cycle recipe is: 1.0 s TDMAT / 5 sa¥urge / 0.4 s bD / xs Ne purge.At a 160 °C
deposition temperature, the purge time after the water dose will be varied foom25 s
to 55 s to 85 s. As a 180 °C deposition temperature, ilpeifgetime after the water dose

will be varied fromx =25 s to 85 s to 225 s.
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5.3 Results and Discussion: Ti@-brookite from ALD and PDA

Most literature reporting Ti®ALD from TiCls/H20 andTDMAT/H 20 chemistry
demonstrate amorphous-@sposited films ofilms with the TiG-anatase phase presant
deposition temperatures bel@@0 °C Interestingly, a 2019 study from Qaatlal reported
deposition of thanetastabldrookite phase frodO00ALD cyclesbetween 150 °C and
300 °C on Sil11) substrategl17]. This is the only literature report to my knowledge
growing the TiQ-brookite phase by ALDHere brookite deposition appears to have been
enabled by substraterystallographic orientation andpexific reactor geometryAs
reported by Nortomt al, reactor geometngpecificallysurface area to volume ratio (S/V
ratio), causes variation in the contribution from surface reactions to TDMAT
decompositionespecially at temperatures greater tRaid °C[86]. Changing the relative
guantity of TDMAT cecomposition during deposition would influence the amount of

DMA by-produd and, as a result, the stoichiometry of the depositing[Bigh
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a) PDAtime =0h b) PDA time = 106 h

c) PDAtime =139 h d) PDAtime =243 h

-

Figure 5.1. SEM micrographs for TiOz2 film deposited at 180 °C and annealed at 160
°C for (a) 0 h, (b) 106 h, (c) 139 h, and (d) 243 h.

It was surprising thaniourflow-through, hotwalled reactor systenthe resultant
TiO: crystalline phasafter PDAchanged as a function of ALD deposition temperature.
As demonstrated IGHAPTER 3,1120 ALD cycles deposited 260 °C and below result
in a TiO-amorphousasdeposited film and annealing these films produces the>TiO
anatase phas&Vhen depositing al80 °C,the asdeposited film remains amorphous.
However, upon posteposition annealin@PDA), the brookite phase, or brookite mixed
with the anatase phasesults Figure5.1 presents the SEM micrografidr the amorphous
to needldike brookite phase transformatioRigure 5.2 presentshe GIXRD scanand
GIWAXS scanfor one of these annealed Li@ms deposited at 180 °Clhe brookite
phase indexes well with the GIXRD data, although it is challenging to conclude if it is

phasepure brookite or if the film contains some anatase phase. Nothayhighest
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intensity 2d peak for bot~25.3bTheoGIWAXS dataa n d
indicates that the annealed film deposited at 180 °C contains anatase, brookite, and rutile
signal[11812(. The samplemeasured by GIWAXS was not measured in GIXRD or
SEM, so it is challenging to state if it was dominated by the same Hédezle
microstructureRegardlessthe morphology of the crystal structure is very differtdain

for phasepureanataseappearing as needles rather thampthees described in CHAPTER

3. The GIXRD san with some confidence indicates ghignaryphase pres# isthe TiO»-

brookite phase.
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Figure 5.2. a) GIXRD scans for Si substrate, amorphous film deposited at 180 °C, and
the film annealed at 200 °C to greater than 95% crystallinity. Brookitgpeak positions

| abel ed 283, 227 and 30.8°.b) GIWAXS scans for amorphous film
deposited at 180 °Cthe film annealed for 200 °C for 2 h and the film annealed at 200
°C to greater than 95% crystallinity.

This section presentee combined nueation and growth kinetics fanO»-brookite
formation in amorphous ALD thin films during ped¢position annealing (PDA) in air.
The general form for the JMAK equation remains the samereviously dcussed in

Equation3.1 as does the linearized foimEquation3.2. Figure5.3a plots the characteristic

al

A€ urveo for the phase tr aagalydolote amdigureb3b f r om
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plots the linearized JMAK equation to extract the Avraxyponentn, and the reaction
rate k. Table5.1 presents the calculated Avrami exponent and the reaction rate for brookite
nucleation and growtihe average Avrami exponentd$8. Notably, this is lowethan

the Avrami exponent determined @GHAPTER 3 for thewo-dimensionalTiO2-anatase

phase transformatioit.is expected that in changing growth morphology from-tiiseto
rodlike, that the Avrami exponent would decrease bj33]. As such, | attribute the
decreased Avrami exponent measured here for brookite formation to the change in crystal
morphology and thegrowth modeis likely to remain wo dimensionalbecause the

thickness is so constrained
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Figure 5.3. a) Amorphous TiOz to brookite phase transformation curves for films
deposited at BO °C and postdeposition annealed at 160 °C (gold), 180 °C (blugnd

200 °C (red). b) Linearized form of the amorphous TiO2 to brookite phase
transformation curves for films deposited at BO °C and pcst-deposition annealed at
160 °C (gold), 180 °C (blue)and 2 °C (red).



Table 5.1. Calculated Avrami exponent n and reaction rate k for films deposition from
1120 ALD cycles at 180 °C and each PDA condtn.

DepT PDAT Avrami exponent, Reaction rate,
(°C) (°C) n k
180 200 CEX T8O |1 pTmM TWBIMCPT
180 180 CHp T8I G pTT TBT PTI
180 160 C @ 18ty Py pmm TBIC PTT

To complete thisanalysis, the reaction rakefor films deposited at 180 °C, was
plotted against annealing temperature ugiggation3.4. The combined activation energy
for the nucleation and growth of brookite is calculated to be 1.4102eV K atontt.
This is very close to the value attained for nucleation and growth of the anatasdrphase.
literature, the relative stability of rule, anatase, and brookiie still debated.The
energetics of Ti@polymorph formabn has been shown to be dependent on patrticle size,
grain sizesurface area, formation environment, and incorporation of impurities/dopants
[121-123. As suchmeasuringprookite and anatase have aimilar activation energy for
nucleation and grain growtfrom the amorphoughase is a reasonable result, given that
there are only subtle differences in the metastable phase transformation thermodynamics
[123-125. However, this study would need to be expanded to include additional deposition
temperatures, as was performed in CHAPTERo3improve the confidencand the

statistics of this measurement.
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Figure 5.4. Arrhenius dependence for reaction rate k, relating to the combined
activation energy for brookite nucleation and growth.

To evaluate why changing the deposition temperature changedsihieant phase
after postdeposition annealing (PDA), testedthe effect of potential uneven chamber
heating and TDMAT delivery line temperature. | hadtmain hypotheses for why
brookite was forming in annealed films deposited at 1§m&eh of which were related to

the change in oxidation environment

1. Brookite forms due to exmure to the TDMAT/HO reaction byproduct
dimethylamine (DMA)from chamber walls

2. Brookite forms due to exposure to thermal decomposition of TDMAT
Practically, lattributed tlese hypothesés the followingprocess/reacterelated causes:

1. Brookite formsfrom uneven chamber heating
a. Non-uniform chamber heating across the deposition regauses
TDMAT decomposition and increased presencealiaiethylamine

(DMA) to act as a reducing agem the depositing TigXilm.
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2. Brookite formsfrom raised chamber temperature causing increased thermal
decomposition of TDMAT, resulting in increased depositingzlé&posure
to reducing agent dimegtamine (DMA)

3. Brookite forms fromthe TDMAT/H20 reaction on chambevalls causng
increasedexposure of the deposition Ti@lm to the reaction byproduct /

reducing agent dimethylamine (DMA)

To test the process/reactor cause #iistichecked the temperature uniformity within
the depositiomegion Moving anin situthermocouplehrough the length of the deposition
region, no obvious temperature inhomogeneity was foundther, film thickness
throughout the deposition region always remains consistent, thereby supporting that the
temperature is homogeneous throughdegcond, | changed the temperature of the
chamber inlet temperature relative to theposition region temperature and surveyed the
resultant annealed microstructuraryingthe inletregiontemperaturérom 110 °C to 160
°C to 180 °C to 190 °did not havea conclusive effect on annealed Fifdm structure.
Regardless of the inleegiontemperaturethe deposition region set t80 °C always

resulted in an annealed phgs&e brookite structure or mixed phase brookite and anatase.

To test the process/retar cause 2, | would recommend increasing tteanperature
of the TDMAT delivery lineto induce thermal decompositiai the TDMAT precursor
prior to it reaching the deposition regiol. some proportion of the dosed TDMAT is
decomposed, then tlgeowing TiO2 film would have exposure to potential reducing agent
dimethylamine (DMA). However, | did not test this hypothesis given that | did not want
to dirty the line o chamber andompromise upcoming depositions,the CHAPTER 3

and CHAPTER 4xperiments w&re ongoing.
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To test the process/reactor cause #3, | would recommend d@idiacafter the ALD
cycle to create a reducing environméké the Babadiet al. study[88]. This could be
performed via an ALEICA process with DMA as the controlledrasphere anneal. The
resultantasdepositedstructure could be analyzed with electrical measurementX@8d
to evaluateslectrical conductivity and presence ofTstates. The anneabuld be imaged

with SEM and phase identified with XRD or Raman spectroscopy

From the results presented in CHAPTER 4, wherex-Bi@atasenucleationwas
inducedin asdeposited at 180 °C to 22C by providing as oxidizing environment during
ALD, | believethat depositioiemperature alone cannot explain why Flookite forms
upon PDA from films deposited as 180 1@id attempt to directly subxidize the growing
TiOx film by not providing asufficient water dose for surface saturation. This caused an
overall decrease in the growth per cycle (GPC) and suppressed crystallizatieation)
by PDA altogetherAs suchthis did not run as a proper séthiting ALD processand did
not provide a promising path for exploratibbelieve that the most promisingtéire work
for understanding how to control phas®uld be to use ALBICA with a reducing

atmosphere to directly control the oxidation state of the growing film

5.4 ResuUts and Discussionthe effect of purge time on TiQ-ALD

In this section, purge time has been explaed parameter is TKALD. The N
purge time following the TDMAT dose was held constant affhs value was minimized
to 5 s aftewvarying as high a45 s.During this purge time sweep, GPC remainedstant,
however films deposited with the recipe 1.0 s TDMAT / 45 sgurge / 0.4 s bD /45s

N2 purgewere amorphoysough, ad did not crystallizenith postdeposition annealing.
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Films deposited witlashorter5 s N2 purge after the TDMATose wee amorphous with
a smoothsurfaceand did crystallize witiPDA. Further,a recipewith a short purge after
the metalorganic precursor and longer purge after thesaxtant dostelt more consistent
with PEALD and PHALD recipes which vary the energetafterduring the cereactant

dose so a 5 s purge time after the TDMAT dose selected.

Figure5.5 reports SEM micrographs for resultant grain structures following PDA.
These TiQ films are deposited from 1120 therr#slD cyclesat 160°C. With increasing
purge time, the Ti@anneal structure exhibits incregsnucleation and decreased grain
size.Figure5.5a andFigure5.5b are not fully crystallingyut would crystallize if annealed
for a longer time duratioin CHAPTER 3 | reported on how increasing ALD temperature
increased the vibrational frequency of titra, enabling greatemucleationHere it appears
that decreasing purge time resiittglecreased nucleatipand so these ateposited films
have decreased vibrational frequency asda result. This trend suppotite hypothesis
that increaimg proces time increasethe likelihood for nucleatigralthough it is difficult
in this case to deconvolute-atbm rearrangement during the ALD cycle friamperature
effects due tdonger time at temperatuduring a longer ALD procesfRegardless, this
result demonstrates that ALD cycle time can be increasedetrease theesultant
nucleation and microstructurgkain sizewith a given postdeposition bw temperature

anneal.

132



a)5/25s b) 5/55s c)5/85s

Figure 5.5. SEM micrographs following 5.5 h PDA in air of TiO2 films deposited at
160 °C from 1120 cycles. Npurge time after the H20O dose is varied from a) 25 s to
b) 55 s to c) 85.

Figure5.6 presents SEM micrographs of 18D asdeposited thin structure witi,
purge time after the ¥ dosevarying from25 s to85 s t0225 s. Here nucleationand
growth are starting toccur overthe course of th@30 stotal cycle time TEM would be
required to determinevhat crystalline phase these structures hmy ordered these
structures are, if they have preferred orientation, &wece again, it is difficult to
deconvolute theeffect of cycle timeon TiO; film growth from the overalleffect of an
increasedime at temperaturdue to longer total process timBy increasingotal ALD
cycle time from 30 s to 230 s, the overall process time at@&)increased from 9.3 h to
71.6 h In comparinghe 90 s total cycle time, or 28 h total process time, RDA at 180
°C, it is apparent that PDA is a more tha#ficient method ofchieving crystallinity. For
an amorphous Tig¥ilm deposited at 186C via a 28 h procesmnd annealed iniraat 180
°C for 28 h, the measured % crystallinity from image analysi&€d Bicrographs isbout
68%. This is far more crystalline than the film deposited with a 230 s total ALD cycle or
71.6 h total process timand the film was only held at 18G for a total duration of 56 h.

This result implies that the energetics are too low at ABGor significant atomic
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rearrangement to occur during the ALD cyetahat the chemistry is not favorable during

thermatALD, and so ALDICA should be considered

Figure 5.6. SEM micrographs of 180 °C asdeposited thin structure with total ALD
N2 purge time varying from (a) 30 s to(b) 90 s to(c) 230 s (ALD process time of 9.3 h,
28 h, and 71.6 respectively).

5.5 Conclusions

In this chaptey TiO2-brookitenucleation and growth frommorphous Ti@thin
films has been explored@o date most of thditerature reporting on the deposition of
TiO2 from ALD with TDMAT/H20 chemistry describegowth of theamorphous or
anatase phase. To my knowledge, dhyone study from Qaiet al. reports deposition
of the TiQ-brookite phase from TDMAT/ED chemistryThis chapter reports on the
formation of TiO2-brookite during PDA oamorphous Ti@films depositecy ALD
from TDMAT/H 20 chemistryat 180 °C | believe brookite forms rather than anatase
because adlifferences in the stoichiometry of the @desposited amorphous filithe
JMAK equation was used to calculate the activation energy for ibeaukcleation and
growth approximately equal th4l 0.02eV Klatont. The activation energy for
anatase nucleation and growth is similar to brooKites result supports the metastable

nature of these phasgiven that the energy barrier for forn@atiis similar.
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