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SUMMARY  

Atomic layer deposition (ALD) is a widely employed chemical vapor deposition 

(CVD) technique designed to grow thickness-controlled and highly conformal thin films. 

ALD can be used to functionalize surfaces, build multi-layer thin film stacks, or develop 

nano-structured composites. As such, ALD is a crucial thin film deposition process suitable 

for application in semiconductor processing, microelectromechanical systems (MEMS), 

stabilization of photovoltaics and energy storage devices, and development of catalysts and 

sensors. The defining feature of ALD is the self-limiting chemistry and surface half-

reactions that, followed by sufficient inert gas purges, can ensure conformal, pin-hole free 

thin films. Once process is tailored to ensure ideal ALD behavior, deposited film properties 

are primarily governed by process temperature, substrate, film thickness, precursor 

selection/film impurities, and plasma enhancement, which cause changes in the as-

deposited structure and result in shifts in electrical, optical, chemical, and mechanical 

properties. 

In vapor deposition literature, the impingement flux of the gaseous precursor on the 

growing film is a key parameter in ensuring depositing film quality and properties. But in 

ALD literature, the emphasis on self-limiting surface half reactions, precursor chemistry, 

and industrial requirements to reduce total process time have obscured the potential for 

structural rearrangement during/after the ALD cycle. As such, the purpose of this work is 

to improve understanding of as-deposited film structure and introduce cycle time and 

atmosphere selection as ALD process parameters. 
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 Selecting titanium dioxide (TiO2) as the model material system, first I study the 

effect of low-temperature post-deposition annealing on amorphous as-deposited TiO2-

ALD thin films. Resultant TiO2-anatase grain size is found to be dependent on ALD 

deposition temperature and not on post-deposition annealing temperature. This implies a 

structure difference in as-deposited amorphous films as a function of ALD deposition 

temperature. Post-deposition annealing (PDA) is performed to study the amorphous to 

anatase phase transformation kinetics. Anatase is found to form via a two-dimensional 

growth mode. The phase transformation reaction rate is deconvoluted into nucleation rate 

and growth rate. Nucleation is found to be the rate-limiting step for the phase 

transformation. Further, the nucleation rate frequency factor is found to increase with 

increasing deposition temperature, implying amorphous films deposited at higher 

temperature have increased vibrational modes. I develop a model for understanding the 

resultant microstructure with changes in deposition temperature, nucleation rate, and grain 

growth rate.  

Second, I study what is limiting crystallization during ALD of TiO2. Thermal-ALD of 

TiO2 films from the alkyl amide precursor and water chemistry grow amorphous for 

deposition temperatures up to 220 °C while TiO2 films from ALD of the chlorinated 

precursor are crystalline as-deposited above 150 °C. I introduce an intermittent controlled 

atmosphere (ICA) annealing step during the ALD cycle to encourage growth of fully 

crystalline TiO2 thin films at 180 °C and less than 50 nm. As-deposited films without the 

air anneal are amorphous and sub-oxidized while those with the in situ air anneal are 

crystalline with fewer Ti3+ states. Additionally, I vary process conditions to highlight the 

effectiveness of atomic rearrangement during the ALD cycle compared against bulk 
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diffusion during PDA. Finally, I present results regarding the importance of purge time 

during ALD for crystal formation and regarding TiO2-brookite formation with post-

deposition annealing (PDA). Overall, a PDA method is developed to probe as-deposited 

amorphous film structure, an ALD process variation (ALD-ICA) is introduced to 

encourage phase transformation during deposition, and I propose that oxidation state is 

limiting TiO2 crystallization during growth from tetrakis(dimethylamino)titanium(IV) 

TDMAT/H2O thermal-ALD.  
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CHAPTER 1. INTRODUCTION  

1.1 Atomic Layer Deposition (ALD) 

Atomic layer deposition (ALD) is a thin film deposition technique widely employed 

industrially to grow conformal thin films with sub-nanometer thickness control. ALD is a 

vapor phase deposition technique in which sequential, self-limiting reactions are executed 

in vacuum chambers to deposit thin films on a given substrate. ALD is unique compared 

to physical vapor deposition (PVD) methods, such as evaporation and sputtering, and 

chemical vapor deposition (CVD) methods, because its self-limiting reaction chemistry 

ensures deposited films are intrinsically conformal, as dictated by the presence of surface 

active sites on the substrate [1]. 

1.1.1 Process 

ALD is defined by sequential, self-limiting surface reactions. These surface reactions 

are generally referred to as ñhalf-reactions,ò with two half-reactions being required to 

complete an ALD cycle. In a common hot-walled, flow-tube reactor configuration, an inert 

carrier gas, typically nitrogen (N2) or argon (Ar), is used to dose a precursor into the 

chamber. In practice, the chamber commonly has a steady state pressure of 1-2 Torr. The 

precursor will physisorb then chemisorb to reactive surface sites on the substrate to deposit 

one monolayer. Then, the chamber will be purged with N2 or Ar to remove reaction by-

products and unreacted precursor. A co-reactant, commonly an oxidizer, is then introduced 

into the chamber to fully react with the active substrate surface. The chamber is purged 

again to remove any reaction by-products and unreacted co-reactant. Following the co-
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reactant dose and purge, the initial substrate surface chemistry is restored such that active 

surface sites will react with the precursor dose during the next ALD cycle. This process is 

depicted in Figure 1.1.  

 

Figure 1.1. Schematic of the ALD process. In a) precursor molecules react with active 

surface sites, b) purging removes reaction by-products and unreacted precursor 

molecules, c) co-reactant molecules reach with active surface sites, and d) purging 

removes reaction by-products and unreacted co-reactant molecules. Adapted from 

Parsons et al. (2011) [2]. 

The self-limiting nature of these surface half-reactions enable conformality and 

control over deposited material thickness and composition. Literature reviews [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 temperatures (< 350 °C) than CVD, which makes ALD 

compatible with some polymers and other temperature-sensitive substrates [7, 8]. 
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ALD is selected over PVD (evaporation, sputtering) and CVD processes for the 

conformality, thickness control, and tuneable composition of as-deposited films [7]. ALD 

can achieve conformal deposition in high aspect ratio structures and three-dimensional 

materials due to the self-limiting nature of the surface half-reactions. With sufficient 

chemical precursor exposure times, the precursor can diffuse in the vapor phase and react 

with all available surface sites, enabling coverage of the entire surface, as seen in Figure 

1.2 [9].  

 

Figure 1.2. Conformality in ALD thin films. SEM micrograph of a cross-sectional 

image of a conformal Ge2Sb2Te5 ALD film  [9]. Reprinted with permission from Pore, 

V., et al. (2009). ñAtomic layer deposition of metal tellurides and selenides using 

alkylsilyl compounds of tellurium and selenium.ò Journal of the American Chemical 

Society 131(10): 3478-3480. Copyright 2009 American Chemical Society. 

1.1.2 Applications 

Due to the wide range of materials that ALD can deposit, including metal oxides 

such as ZrO2 and Y2O3 and noble metals like Pt, ALD can be incorporated into a variety 

of technologies [7]. Originally called atomic layer epitaxy (ALE), ALD was introduced by 
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Suntola and Antson in 1977 to deposit ZnS for flat panel displays [10]. Once deposition 

broadened to include metal oxides and metals, the materials deposited were no longer 

exclusively epitaxial and the process became more commonly known as ALD. Now, ALD 

is widely used to deposit metal oxides, metal nitrides, metal sulfides, and pure elements.  

There are significant applications for ALD processes in microelectronics and 

photovoltaic applications. In microelectronics, ALD is used to deposit pinhole-free, 

conformal films with a high dielectric constant. In the transistor gate stack in 

microelectronic devices, the high-k gate oxides need to be pinhole-free to prevent leakage 

current through the gate oxide [7]. Additionally, gate oxides deposited by ALD have 

decreased the equivalent necessary gate oxide thickness. In photovoltaic devices, ALD is 

used to deposit the rear contact passivation layer to prevent recombination in dye sensitized 

solar cells and create the transparent conducting oxide layer [11]. One promising area of 

research is to use ALD to control the composition of a multicomponent film for 

photovoltaics to vary the band gap, density, and morphology [7]. With the development of 

smaller, three dimensionally structured devices, fabrication via ALD has the potential to 

meet the demand for complex, thickness controlled thin films. 

The remainder of this chapter will present ALD theory and fundamentals, a review 

of crystallinity in thin films growth by ALD, and introduce the material of interest: titanium 

dioxide (TiO2). Self-limiting surface chemistry, saturation, and the ALD window are 

central to understanding what occurs during layer-by-layer deposition and are the primary 

theories for describing ALD surface dynamics. An overview of classical phase 

transformations theory in addition to the theory for growth of crystalline, binary metal 

oxide ALD thin films will be presented to give context for thin film phase transformations. 
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ALD processing methods to achieve film crystallinity will be discussed. Finally, titanium 

dioxide is described and an ALD-TiO2 literature review is presented. 

1.2 ALD  Theory 

1.2.1 Self-limiting Surface Chemistry 

One of the key aspects to performing ALD is ensuring that precursor chemistry and 

process parameters allow the quintessential self-limiting surface half-reactions to occur 

properly. To deposit a compound by ALD, there is a limited choice of precursors and co-

reactants that meet process requirements of use temperature, volatility, and reactivity. 

However, as long as the ALD reaction cycle goes to completion, small changes in process 

temperature, precursor pressure, and exposure time generally should not alter the growth 

per cycle (GPC) [12]. 

ALD surface chemical kinetics are universally 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 assumptions are [3]: 

1. Maximum number of adsorbed species is a monolayer (i.e. chemisorption), 

2. Adsorption sites are equal in surface area and reaction probability, 

3. Adsorbed species do not interact with one another (so wagging of one site would 

not cause a neighboring adsorbed species to be desorbed).  

Upon substrate saturation, all active surface sites are occupied by adatoms. After the 

precursor reacts with the substrate to form a complete monolayer, the ALD cycle can 

continue to the purge step. Purging the process chamber removes the reaction by-products 
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and unreacted precursor molecules. During inert gas purging, the chemisorption coverage 

of the substrate monolayer should remain constant. When the co-reactant is introduced, it 

reacts with surface active sites, growing a new layer of material. This monolayer formation 

follows the same process previously described: the fraction of occupied surface-active sites 

species goes from zero, at the start of the exposure, to one, by the end of the exposure. In 

Equation 1.1, the || designates the substrate surface and the asterisk (*)  identifies the active 

site for the adsorption reaction. The chemistry is as follows, where A refers to the precursor 

and B refers to the co-reactant:  

!z  " Çᴼ !"z Equation 1.1 

Purging is employed after the co-reactant is dosed to remove reaction by-products and any 

unreacted co-reactant molecules from the reaction region. This resets the surface-active 

sites to prepare for another cycle. As previously presented in Figure 1.1, the full ALD cycle 

is described: dose precursor / purge / dose co-reactant / purge.  

To illustrate the half-reactions of a TiO2 ALD process, here I present the 

tetrakis(dimethylamino)titanium(IV) (TDMAT, Ti(N(CH3)2)4) / water (H2O) systemð

which is the ALD chemistry employed throughout this thesis. Equation 1.2 and Equation 

1.3 present the chemistry of the surface half-reactions, 

ȿ/(z  4É.ὅὌ  Ç ȿO/ 4É.ὅὌ  z

.(#( Ç 

Equation 1.2 
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ȿ/ 4É.ὅὌ ᶻ (/ Ç ȿO/ 4É/(

 σ .(#( Ç 

Equation 1.3 

Equation 1.4 describes the overall reaction chemistry for this process as, 

4É.ὅὌ Ç (/ Çᴼ4É/ τ .(#( Ç Equation 1.4 

Following each precursor dose, the surface-active site is a hydroxyl group and for each 

self-limiting, half reaction, dimethylamine (DMA, NH(CH)3) is the reaction by-product. 

This section has described how substrate surface half-reactions govern ALD 

layer-by-layer growth under ideal conditions. The next section will expand this 

discussion to include the concept of precursor dose/exposure time. 

1.2.2 ALD Cycle: Dose Time and Purge Time 

In considering vapor kinetics for ALD, characteristic times include: (1) 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 chemisorption reaction byproducts [1]. The time 

required for a precursor to diffuse to the substrate and for reaction byproducts to be 

removed is dictated by reactor design and governing gas kinetics. The saturation time at 

each surface site and the dose time required to fully saturate are governed by the precursor 

partial pressure and reaction probability with the substrate surface active sites. Nominally, 

on an atomically flat silicon (Si) wafer substrate, precursor diffusion and surface saturation 
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will occur immediately upon dosing, given enough precursor is dosed, while the purge time 

is less well-defined, being primarily reactor and temperature dependent. 

To describe the required ALD dose time for saturation, Gordon et al. in 2003 

derived a simple formula for precursor exposure time to ensure surface saturation [13]. 

Subsequently, Yanguas-Gil developed a dose-time equation considering the evolution of 

surface coverage and sticking coefficient (reaction probability) with time [1]. As time 

increases, the surface coverage ẽ, or fraction of surface sites occupied, goes to unity and 

the surface coverage reaches saturation. Like the surface coverage, the reaction probability 

evolves with time such that the surface asymptotically becomes non-reactive as the 

exposure time increases and surface-active sites are quenched. However, saturation is not 

only dictated by the number of active surface sites, but also by the steric hindrance of the 

ligands of adsorbed surface species [14]. ALD precursors with bulky ligands may prevent 

complete saturation of all active surface sites [13]. In general, the higher 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 order of tens of seconds due to electro-

mechanical communications and reactor geometry. Recently, Yanguas-Gil and Elam have 

demonstrated the ability to train neural networks to predict saturation times for reactor-

specific geometry without considering surface kinetics [15]. The key model parameters 

include growth temperature, precursor pressure, sticking probability, GPC, and the 

corresponding dose time. In ALD literature, itôs common to report saturation curves as a 

function of time for each component of the ALD cycle. Figure 1.3 presents the expected 

saturation curves for a thermal-ALD process. For precursor and co-reactant dosing, 
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saturation is confirmed experimentally by constant GPC with increasing dose time. In 

practice, dose time is often varied to discern the shortest reliable dose time yielding self-

limiting growth [16]. Then, inert gas purging is required after the dose step to remove 

excess precursor and formed reaction by-products 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 to shorten the time duration of the complete ALD cycle. 

 

Figure 1.3. Schematics of typical saturation curves for thermal-ALD showing (a) 

precursor dose time as a function of GPC, (b) precursor purge time as a function of 

GPC, (c) co-reactant dose time as a function of GPC, and (d) co-reactant purge time 

as a function of GPC. 

1.2.3 The ALD Window 

The ñALD window,ò presented in Figure 1.4, is widely employed in ALD literature 

to describe the region of intermediate process temperatures where growth per cycle is 
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consistent such that nearly ideal ALD behavior is exhibited [12, 17, 18]. Outside the 

temperature range of ideal behavior, the GPC will vary and is indicative of non-ideal 

growth modes. At lower temperatures, surface reactions may not be energetic enough to 

occur leading to no growth per cycle (GPC) or the precursors may condense on the surface 

causing over deposition. For higher processing temperatures, the precursor may decompose 

on the surface in CVD-like growth such that additional adsorption occurs, and the GPC is 

elevated. At higher temperatures, the GPC can be too low if surface species desorb because 

of being too energetic. However, the GPC of a process does not necessarily need to be 

constant over a temperature range to ensure self-limiting reaction conditions [19]. While 

self-limiting growth persists, GPC can change due to temperature-dependent changes in 

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

pathway of the precursor [19]. 

 

Figure 1.4. A plot of ALD growth per cycle versus temperature, demonstrating the 

ALD Window  and the potential unwanted precursor-substrate interactions that may 

occur outside the ALD Window. Adapted from George (2010) [17]. 
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The ALD window is closely related to the effect of dose time and purge time on 

GPC. By varying exposure time and purge time in ALD processes, experimentalists can 

determine ex situ if the ALD process conditions and selected growth temperature achieve 

saturation. As stated earlier, to ensure proper substrate surface saturation, the precursor 

exposure must first yield enough molecular concentration to occupy all surface sites, and 

any surface-active sites must be reset through inert gas purging before co-reactant dosing. 

These studies can also be performed in situ with a quartz crystal microbalance (QCM), 

ellipsometry, or FTIR, to identify time to surface saturation [19]. Via QCM, mass uptake 

during the ALD cycle is recorded. With ellipsometry, changes in depositing film thickness 

are recorded. And with FTIR, reaction chemistry can be visualized to ensure surface active 

species are quenched. 

Self-limiting surface chemistry, ALD cycle time, and the ALD window define the 

necessary requirements for ideal layer-by-layer growth. However, these concepts do not 

describe how the as-deposited structure depends on varying 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 films. In ALD, the 

deposited-film structure is dictated by deposition temperature, precursor selection, 

substrate surface chemistry, substrate structure, presence of impurities, presence of 

mechanical stress or strain, and depositing film thickness. The phase of the depositing film 

dictates the material properties and applications. Amorphous films are selected for barrier 

and cladding layers, while crystalline films are used for their specific electrical, optical, or 
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chemical properties [4]. Amorphous TiO2 is preferred for diffusion barriers [20] and 

corrosion prevention [21]. While crystalline TiO2-anatase preferred for photocatalysis [22] 

and gas sensing [23], and crystalline TiO2-rutile is preferred for high-k applications [24]. 

1.3.1 Thermodynamics of Phase 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 change [25]. As such, it is 

unchanging with time. For a given system, there may be other atomic configurations which 

may lie in a local minimum in free energy. A phase transformation will occur if the initial 

state is unstable relative to the final state. The Gibbs free energy, G, is defined to determine 

the relative stability for phase transformations occurring at constant temperature and 

pressure. Gibbs free energy, G, is defined as: 

' ( 43 Equation 1.5 

where H is the enthalpy, T is the temperature, and S is the entropy. Enthalpy measures the 

heat content of the system, and is determined by the internal energy, pressure, and volume. 

Entropy is a measure of disorder in the system. Since equilibrium is defined to be 

unchanging with time, it can mathematically be described by the change in Gibbs free 

energy: 

Ä' π Equation 1.6  

Further, for a system with more than one conceivable configuration, the equilibrium 

configuration is the one with the lowest Gibbs free energy. This is graphically described in 
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Figure 1.5, where Arrangement 1 presents the equilibrium atomic arrangement and 

Arrangement 2 presents the metastable atomic arrangement which lies at Gibbs free energy 

local minimum but is not the lowest possible free energy position. For a phase 

transformation to occur from Arrangement 2 to Arrangement 1, the following relation must 

be satisfied: 

Ў' Ὃ Ὃ π Equation 1.7 

 

 

Figure 1.5. Graphical schematic demonstrating relationship of atomic arrangement 

with Gibbs free energy. Arrangement 1 has the lowest Gibbs free energy and so itôs 

the stable equilibrium arrangement. Arrangement 2 is a metastable equilibrium 

position with locally minimized Gibbs free energy [26]. 

Several phases are known to exist for titanium dioxide at standard pressure and 

temperature (see Figure 1.6). The most observed TiO2 polymorphs are anatase (tetragonal, 

I41/amd), brookite (orthorhombic, Pbca), and rutile (tetragonal, P42/mnm). The 
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arrangement of TiO6 octahedra determines the resultant polymorph; the common structures 

can be differentiated by their vertex/edge sharing ratio where rutile is 4, brookite is 2, and 

anatase is 1 [27]. The amorphous phase is a disordered arrangement of TiO6 octahedral 

units, with a computationally modelled vertex/edge sharing ratio of 2.1 [27]. At standard 

pressure, rutile and anatase are the dominant polymorphs. Anatase is stable up to 600 °C 

and rutile is stable greater than 600 °C, as seen in Figure 1.6a. As seen in Figure 1.6b, 

brookite is another metastable polymorph, favorable below 700 °C. Rutile is recognized as 

the equilibrium phase [28]. Literature regarding the ALD of TiO2 is reviewed in Section 

1.4 Titanium dioxide (TiO2). 

 

Figure 1.6. Non-equilibrium temperature-pressure phase diagrams for pure TiO 2. 

Reprinted with permission from Murray, J. and H. Wriedt (1987). ñThe Oī Ti 

(oxygen-titanium) system.ò Journal of Phase Equilibria 8(2): 148-165. Copyright 

1987 Springer Nature. 

1.3.2 Kinetics of Phase Transformations 

Kinetics is necessary to evaluate the question of how quickly a phase 

transformation occurs. During thin film deposition, film crystallization from the 

amorphous phase can be favorable when surface diffusion of adsorbed atoms (ad-atoms) 
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outpaces the rate of thin film deposition. Kinetically speaking, thin film crystallization can 

be described by the Johnson-Mehl-Avrami-Kolmogorov (JMAK) theory [29-31]. The 

general JMAK equation for isothermal transformation is presented in Equation 1.5 [26], 

 8Ô ρ ÅØÐ ËÔ  Equation 1.8 

where X(t) is the fraction transformed, t is time, k is the reaction rate, and n is the Avrami 

exponent, a numerical exponent ranging from 1 to 4 that is temperature independent. The 

reaction rate, k, is a system specific value depending on nucleation and growth rates and is 

sensitive to temperature. The Avrami exponent, n, characterizes the mechanism and 

dimensionality of the phase transformation.  Gutzow (1995) includes a table for values of 

the Avrami exponent, n, and the reaction rate, k, for different dimensions of growth and 

morphology of clusters for the forming phase [32]. The general ñs-curveò shape for 

experimental data fitting Equation 1.8 is presented in Figure 1.7a.  

The JMAK equation as presented in Equation 1.8 is linearized to the following 

form: 

ÌÎÌÎ
ρ

ρ ὢὸ
ὲÌÎὯ ὲÌÎὸ Equation 1.9 

 

In plotting ÌÎÌÎ  vs. ÌÎὸ, the slope of this line is equal to the Avrami exponent ὲ 

and the y-intercept is equal to ὲÌÎὯ. As such, the linearized formed presented in Equation 

1.9 is used to determine the dimensionality of the crystal nucleation and growth, and the 

reaction rate, k. Figure 1.7b presents a schematic of the graphical form of Equation 1.9. 
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Figure 1.7. Graphical schematic showing a) characteristic ñs-curveò for fraction 

phase transformed versus time and b) linearized form of the fraction transformed 

curve to extract calculated reaction rate k and Avrami exponent n. 

 From the JMAK equation, the reaction rate can be studied as a function of 

temperature to determine the combined activation energy for nucleation and growth. The 

reaction rate, k, is determined by the nucleation rate, and the linear grain growth, and the 

geometrical shape factor for the growing phase [32]. The reaction rate k is found to follow 

an Arrhenius relationship, giving:  

Ë Ὧ ÅzØÐ
Ὁ

ὯὝ
  

Equation 1.10 

In Equation 1.10, Ὁ  is the activation energy for crystal nucleation and growth, 

Ὧ  is the Boltzmann constant, T is the temperature at which phase transformation occurs, 

and Ὧ is a material-dependent frequency factor. The linearized form of Equation 1.10 is: 

ὰὲὯ
Ὁ

Ὧ

ρ

Ὕ
ὰὲ Ὧ  

Equation 1.11 
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The linearized Equation 1.11 for reaction rate, k, can be applied to make an Arrhenius plot. 

This enables solving for the activation energy for combined crystal nucleation and growth 

and the reaction rate pre-exponential frequency factor, Ὧ. 

 To deconvolute nucleation and growth, each component needs to be studied 

separately. As stated earlier, k is determined by nucleation rate (ὔ), linear grain growth 

rate (ὺ), and a geometric shape factor. For two-dimensional crystal growth, reaction rate k 

is defined as follows: 

Ὧ
“

σ
 ὔὺ  Equation 1.12 

Nucleation rate, ὔ, can be determined experimentally by counting the nucleation events 

prior to the nuclei impinging. Nucleation rate also follows an Arrhenius relationship, so 

critical Gibbs free energy for nucleation can be determined from these measurements. 

Linear grain growth rate, ὺ, can be measured directly with in situ transmission electron 

microscopy (TEM), or another microscopy technique, which enables imaging of the 

growing crystal with time (m s-1). 

 In determining the isothermal phase transformation kinetics at multiple 

temperatures, the phase transformation can be represented in a TTT (time-temperature-

transformation) diagram. Here, the fraction transformed is plotted as a function of time and 

temperature, resulting in a road-map for the given phase transformation at different 

temperatures. Figure 1.8a depicts how the JMAK equation determined at temperatures T1 

and T2 enable plotting of the TTT diagram in Figure 1.8b. As helpful as a TTT diagram 

can be in reporting phase transformations, it is not a construction commonly used in ALD 
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literature. Instead, it is common to report how X-ray diffraction scans, or Raman spectra, 

vary with deposition temperature to illustrate the phases present in as-deposited ALD films.  

 

Figure 1.8. a) The fraction transformed versus time for different annealing 

temperatures, where times t1, 10% and t1, 99% are for isothermal annealing temperature 

T1 and t2, 10% and t2, 99% are for isothermal annealing temperature T2. b) a Time-

Temperature-Transformation (TTT) diagram describing the amorphous to 

crystalline phase transformation for the ALD thin film with  post-deposition annealing 

(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 to favorable crystalline sites and thereby nucleation and 

grain growth. However, higher deposition temperatures cannot always be accessed during 

ALD due to precursor decomposition and substrate/device stack limitations. Deposition 

temperature affects crystal nucleation rate, grain growth rate, the overlap of diffusion fields 

from nearby transformed volumes, and the resultant impingement of adjacent transformed 

volumes [26]. So while the ALD window describes the regime of consistent film growth, 
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it does not discern how film microstructure and resultant properties can vary at those 

deposition temperatures for both amorphous and crystalline as-deposited films.  

In 2017, Piercy et al. reported how density and optical polarizability vary in 

amorphous TiO2 films from TiCl4/H2O chemistry. In 2019, DeCoster et al. reported thermal 

conductivity depended on growth temperature in amorphous Al2O3 and TiO2 50 nm films 

[34]. For the model deposition of Al2O3 from TMA / H2O, Puurunen et al. report that 

growth temperature can be used to systematically vary the density of amorphous Al2O3 

films [35] since the thermally-activated reaction from the H2O half cycle [36] causes 

differences in the as-deposited microstructure. Therefore, it is important to develop a better 

understanding of structure in amorphous as-deposited ALD films since the properties vary 

as a function of deposition conditions even when the phase remains constant. 

Crystallization in ALD is recognized to occur from the bottom-up once a seed 

crystal has nucleated. Currently, three schemes have been identified to describe the initial 

stages of nucleation and growth in ALD [4]: 

 Scheme I: an initially amorphous film grows, and crystalline nuclei form 

randomly (black shaded regions in Figure 1.9) ï 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; 

 Scheme II: an initially amorphous film grows, and crystalline nuclei form 

randomly (black shaded regions in Figure 1.9) ï as more material is deposited on crystal 

nuclei, crystalline grains will grow, and the as-deposited amorphous film next to existing 

crystal grains will crystallize (grey shaded regions in Figure 1.9); 
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 Scheme III: crystalline nuclei will form specific surface sites crystalline nuclei 

and crystal grains will grow from the initial nuclei (black shaded regions in Figure 1.9) as 

increasing material is deposited. 

As seen in Figure 1.9, for Scheme I, regions of film close to the substrate are 

primarily amorphous and the film crystallinity tends to increase with increasing film 

thickness. This was initially proposed by Hausmann and Gordon in 2002 from 

experimental results on ZrO2 and HfO2 ALD films grown from alkyl amide precursors, 

and supported by X-ray diffraction (XRD), transmission electron microscopy (TEM), and 

atomic force microscopy (AFM) [37]. For scheme II, while the growth mode is initially 

amorphous, the final film structure can become fully crystalline. The resultant crystalline 

structure is like that of as-deposited amorphous films transformed into crystalline through 

high temperature annealing. For Scheme III, only part of the substrate is covered with 

deposited material during the initial growth stage. As more material is deposited on 

crystalline nuclei, the grain will grow, coalesce, and potentially 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). ñCrystallinity of inorganic films 

grown by atomic layer deposition: Overview and general trends.ò Journal of applied 

physics 113(2): 021301. Copyright 2013 AIP Publishing. 

 In addition to the identified growth schemes, there are several accepted trends 

regarding the likelihood of crystal development in thin films. In general, higher deposition 

temperature will result in crystallinity, in addition to a reduction in impurities. Film 

impurities, resulting from the incomplete reaction of the ALD precursor with the c-reactant, 

are proposed to hinder crystallization. Nb2O5 and Ta2O5 dopants in TiO2 thin films have 

been used as heterogeneous nucleation sites to cause explosive, large-grain anatase 

crystallization upon annealing [9]. Additionally, the substrate surface determines how 

growth initiates and, in some cases, can determine whether a film grows in an amorphous 

or crystalline phase.  

 Thin film thickness will also affect the crystallinity. Very thin films  

(< 10-15 nm) often appear amorphous using standard characterization methods as any 

potential crystallites are too small to measure [4]. As 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 reported 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 crystallinity be can difficult to isolate from 

temperature: Aarik et al. reported for ZrO2 deposited by ZrCl4 / H2O chemistry that 

crystallinity is observed at 100 nm for a 185 °C deposition temperature, while this can be 

reduced to 1 nm for a 600 °C deposition temperature [39]. 

  Surprisingly, in ALD, the effect of time on crystallinity is less explored. However, 

the effect of ALD purge time has been probed in ZnO-ALD literature. Zinc oxide thin films 

typically crystalline even when deposited at low temperatures. Guziewicz et al. varied the 

purge time in ZnO films deposited from 90 to 200 °C from 8 s to 20 s and found that short 

versus long purge times bias crystallographic orientation in the as-deposited films [40]. 

Subsequently, Wójcik et al. deposited ZnO films with varying purge time from 1 s to 5.5 s 

with zinc acetate/H2O precursor chemistry. Wójcikôs results were consistent, and found 

that purge time had a significant effect on film orientation and film quality for deposition 

temperatures less than 300 °C. They reported that preferential growth mode is observed at 

lower deposition temperatures by lengthening purge time and enabling surface species 

diffusion [41]. Even so, the 2013 Miikkulainen 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 Post-Deposition Annealing (PDA) 

Typically, post-deposition annealing (PDA) is used to transform the amorphous as-

deposited ALD film into the desired crystalline phase. PDA is a ñbulkò annealing technique 
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where the thin film and the substrate are heated to a higher temperature then permitted to 

cool such that the film structure can relax and rearrange to a more thermodynamically 

favorable state. Often, annealing is performed at high temperature (greater than 400 ï 600 

°C) for a short period of time (5 minutes to 2 hours) to achieve phase transformation in as-

deposited amorphous thin films. Lower temperature annealing (below 300 °C) can also be 

performed to protect thermally sensitive substrates, prevent modification of other film-

stack layers, or to prevent the growth of interfacial layers. One example of lower 

temperature annealing is a study by Macco et al. on the post-deposition crystallization of 

hydrogen-doped indium oxide (In2O3:H) at 150 ï 200 °C for varying time up to 2 h; 

however, for these films, the as-deposited structure at 130 °C is mostly crystalline [42].  

There are some literature reports probing ALD-TiO2 film structure with post-

deposition annealing (PDA) [24, 43-45]. PDA temperatures are typically higher than those 

used for the ALD growth process. Amorphous as-deposited films are crystallized to anatase 

at PDA temperatures of 700 °C or lower.  PDA of films at temperatures ranging from 300 

to 800 °C have been reported to decrease impurity concentrations and increase crystalline 

phases [46].  Annealing atmosphere is also significant. Most TiO2-ALD annealing studies 

have been performed on films deposited from TiCl4/H2O chemistry. Aarik et al. found that 

annealing amorphous films at 400 °C in air and N2 for 6 hours did not cause a phase 

transformation, attributing this to chlorine residue in the film [43]. Jogi et al. found that 

annealing at 750 °C in 1 atm O2 for 10 min promoted crystallization into the anatase phase 

[24]. While Luka et al. performed the most comprehensive PDA study at 160 ï 220 °C on 

thick films (4000, 7000, and 10000 ALD cycles) in N2 environment; Luka found that 
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anatase regions grow into the surrounding amorphous regions to transform the films during 

PDA. In 2015, Iancu et al. did perform annealing on 30 nm amorphous TiO2 films from 

TDMAT/H2O and found that O2 PDA greater than 700 °C was more effective in forming 

rutile than N2 PDA [47]. As such, oxidizing atmosphere appears to be more favorable in 

forming TiO2 crystalline phases. 

1.3.5 Pulsed-Heating ALD (PH-ALD) 

Pulsed-heating ALD (PH-ALD) is an in situ layer-by-layer heating technique 

typically employed as a method to improve as-deposited film density and to decrease film 

impurity content. With this technique, an annealing step is integrated after the ALD co-

reactant purge time such that heat pulses are interleaved with ALD cycles. PH-ALD can 

be used as an alternative to post-deposition annealing (PDA) and is a good example of a 

thermal-ALD process medication to use the purge time as an active period of crystal 

growth. 

In 2004, Conley et al. introduced this method as modulated temperature annealing 

(MTA) with rapid thermal lamp anneals for deposition of HfO2 and HfAlOx thin films. This 

technique developed denser films with a lower leakage current than achieved for films 

deposited by ALD followed by a PDA [48, 49]. The pulsed annealing was conducted at 

420 °C, which is below the temperature required for PDA (up to 850 °C). This higher 

densification and improvement of electrical properties is potentially the result of successful 

removal of excess ligands after each ALD cycle, which cannot be done by PDA alone. 

Further, in 2021, Piercy et al. reported on the use of PH-ALD to grow heteroepitaxial ZnO 

thin films on c-plane sapphire [50]. In contrast, films deposited by thermal-ALD only are 
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random polycrystalline and films deposited by thermal-ALD with a PDA at 900 °C achieve 

only partial epitaxy with a different in-plane orientation [50]. As such, PH-ALD is a 

promising deposition process methodology introducing how ALD purge time can be used 

as a period for active crystal growth.  

It is important to note that PH-ALD adds significant time to the ALD cycle. The 

minimum ALD cycle time required to include substrate heating and cooling can be on the 

order of minutes while ALD as a vapor deposition process is already the most time-

consuming. Here, flash-lamp annealing (FLA) can be used as an alternative method to 

deliver energy to the surface of the film. With FLA, a short burst of light from a xenon 

flash lamp irradiates the sample surface, causing the substrate surface to heat up to 

temperatures exceeding the deposition temperature depending on the flash parameters. In 

2012, Langston et al. reported FLA ALD as a method to directly grow crystalline TiO2 

films by facilitating surface diffusion for crystallization while maintaining the low 

deposition temperature required for self-limiting surface reactions [51]. 

1.4 Titanium dioxide (TiO 2) 

Titanium dioxide (TiO2) is a wide-bandgap semiconductor with phase-dependent 

high refractive index and high dielectric constant [52, 53]. The anatase phase is preferred 

for photocatalysis [22] and gas sensing [23]. Rutile is preferred for high-k dielectric 

applications [24]. Amorphous TiO2 is preferred for diffusion barriers [20] and corrosion 

prevention [21]. TiO2 has also been applied in nanolaminates with Al2O3 in optical thin 

film applications [54, 55], and with HfO2 for increased dielectric permittivity in capacitors 

[56]. Many applications require uniform TiO2 thin films that are conformal with precise 
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thickness control [57]. As such, understanding TiO2 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 150-200 °C results in amorphous films, while higher temperatures can access the 

anatase phase. However, the temperature and crystallinity vary depending upon the 

selected precursor. Additionally, the temperatures reported for achieving crystalline-TiO2 

as-deposited films vary from reactor to reactor in the reported literature. For methoxide, 

ethoxide, and isopropoxide titanium precursors, crystalline anatase with the amorphous 

phase is recorded at 250 °C, while films deposited below 200 °C remain amorphous.[58-

60] The remainder of this chapter will discuss crystallization behavior for TiO2 thin films 

deposited from TiCl4/H2O and TDMAT/H2O precursor chemistries in detail, as these are 

the chemistries of interest for this thesis. 

1.4.1 ALD of TiO2 from TiCl4/H2O chemistry 

TiO2-ALD has been studied extensively using TiCl4 and H2O as co-reactants [24, 

43, 44, 46, 61-74]. For TiCl4/H2O ALD chemistry, films are typically reported as being 

amorphous when deposited at temperatures less than 150 °C, with the onset of anatase 

phase crystallization around 150 °C [24, 43, 68]  and rutile phase crystallization requiring 

temperatures of 350 °C [43, 62] or greater [24, 75]. Crystal growth in TiO2 arises from the 

formation of crystalline grains within/on top of the amorphous TiO2 during deposition [76]. 

At lower deposition temperatures, nucleation is sparse, while at higher deposition 

temperatures increased nucleation results in small, densely-packed grains [68]. 
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Titanium dioxide can present an interesting microstructure wherein the lateral size 

of its crystalline grains is greater than the film thickness. From TiCl4/H2O chemistry, Lee 

et al. report that TiCl4/H2O films deposited from 150 ï 250 °C have an ñunconventional 

temperature dependenceò with grain size decreasing with higher growth temperature [68], 

identifying the greatest grain size of 200 nm for a 1000 cycle (~50 nm) film. Additionally 

with a TiCl4 / H2O process, Piltaver et al. describe the ability to change anatase grain size 

from 70 nm up to 1 µm via four parameters: substrate, deposition temperature, TiO2 film 

thickness, and thickness of Al2O3 buffer layer between the substrate and TiO2 [73]. Plate-

like anatase crystals with lateral size exceeding film thickness was also reported by 

Mitchell et al. [66] and Puurunen et al. [77], as occurring with Al2O3 nano-layering or on 

an Al2O3 film substrate. Large-grained anatase is of industrial interest because it is better-

suited for photoelectrochemical performance [75] and photocatalytic activity [22, 78]. 

Further, growing low-defect, large-grain anatase at temperatures below 250 °C is of interest 

to reduce the growth of interfacial Si oxide in the fabrication of ALD TiO2 photoelectrode 

coatings for photoelectrochemical applications [45]. This large-grain anatase phenomenon 

has yet to be reported using TDMAT/H2O chemistry for TiO2-ALD. 

1.4.2 ALD of TiO2 from TDMAT/H2O chemistry 

Fewer studies have reported on the ALD of TiO2 from 

tetrakis(dimethylamino)titanium(IV) (TDMAT) with H2O as the oxidant [79-82]. TDMAT 

can be preferred as a precursor over TiCl4 due to lack of chlorine contamination in the 

deposited film [80, 83] and its so-called ñelectrically leaky TiO2ò property [84]. However, 

TDMAT/H2O films are nearly always amorphous as-deposited [83, 85], given that the 

acceptable ALD deposition temperature window is limited to below TDMATôs 
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decomposition temperature of approximately 220 °C [86]. Studies on ALD TiO2 deposited 

from TDMAT/H2O report a variety of electronic properties [21, 87], inspiring a report from 

Babadi et al. probing the gas phase reactions and ALD cycle time [88]. However, few 

studies exist on post-deposition crystallization TDMAT/H2O-based ALD TiO2 thin films 

[47, 89, 90], and these studies do not go into microstructural detail at low temperatures. 

The ALD window for TiO2 deposition from TDMAT/H2O was first published by 

Xie et al. in 2007 [85]. Xie et al. determined crystallization temperature to be dependent 

on both the film thickness and impurity content and reported that the GPC decreased with 

increasing deposition temperature. This GPC trend is contrary to expected behavior within 

the ALD window. Dendooven et al. studied the initial growth of TDMAT / H2O ALD on 

different substrates, and found that TDMAT grows linear on thermally grown SiO2 [82]. 

Abendroth et al. presented an investigation of deposition temperature and the resulting 

microstructure for up to 700 TDMAT / H2O ALD cycles deposited between 120 to 330 °C; 

they concluded that at 250 °C and with a 10 nm film, anatase crystals can nucleate [79]. 

Finally, Dufond et al. reported a comprehensive study to conclude that TDMAT ligands 

are easily removed during film growth and attributed the observed decreasing GPC with 

increasing deposition temperature to decreasing hydroxyl group coverage on TiO2 [91]. 

With these prior literature reports on GPC, initial ALD growth, and crystallinity, there is 

still a gap in the literature with regard to crystallizing TiO2 films from TDMAT/H2O at 

lower-temperatures and during the ALD process.  

1.5 Thesis Aims 

1.5.1 Statement of Purpose 
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Phase transformations in thin films are governed by temperature and time. 

Generally during thin film growth, depositing species will adsorb to the substrate surface 

and ad-atoms with more energy will diffuse faster to lower energy, often crystalline, sites. 

In atomic layer deposition (ALD) literature, this potential for surface diffusion/structural 

rearrangement after saturation has been obscured by (1) emphasis on self-limiting surface 

half reactions and (2) the industrial need to minimize purge time and improve deposition 

rate. As such, current ALD theory does not bridge the gap between self-limiting surface 

chemistry and resultant as-deposited film structure.  

This presents a challenge given that film properties have been shown to vary with 

ALD growth temperature while the phase remains amorphous. In the case of titanium 

dioxide (TiO2) grown by ALD, density, optical polarizability, and thermal conductivity 

have been measured to vary in the amorphous phase as a function of deposition 

temperature. Additionally, electrical conductivity has been shown to vary as a function of 

precursor chemistry. So here I question how to understand and describe these structural 

differences in amorphous as-deposited TiO2 thin films grown by ALD?  

Further, titanium is a group 4 transition metal, sharing a family 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, well-defined +3 chemical state. In terms of ALD with 

alkyl amide precursors and water as the co-reactant, zirconium oxide (ZrO2) and hafnium 

oxide (HfO2) readily crystallize during deposition between 150 °C and 300 °C. However, 

TiO2-ALD from the alkyl amide precursor and water is challenging to grow crystalline 

given the onset of the TDMAT decomposition temperature. As such, thermal-ALD 

crystallization kinetics are well-documented for ZrO2 and HfO2 but have not been studied 
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for TiO2 from alkyl amide and water chemistry. From a thermodynamics perspective, TiO2 

crystallization is favorable at ALD temperatures and pressures, with TiO2-anatase growing 

as-deposited during ALD greater than 150 °C from chlorinated precursor chemistry and 

water. So here I question: what is limiting TiO2 crystallization during thermal-ALD from 

alkyl amide precursor chemistry and water? 

In this thesis, I aim to improve understanding of amorphous as-deposited film 

structure and understand phase transformation kinetics in TiO2-ALD films from alkyl 

amide precursor chemistry and water. First, I probe the effect of low-temperature post-

deposition anneals on as-deposited, amorphous TiO2 films to discern the effect of ALD 

process temperature on proto-nucleation (CHAPTER 3). This study examines TiO2-anatase 

crystallization kinetics by post-deposition annealing (ALD) at common ALD process 

temperatures and introduces the possibility for atomic rearrangement during the ALD cycle 

versus bulk diffusion during PDA. Next, I develop a kinetics-based model to demonstrate 

how reaction rate frequency factor, nucleation rate, and grain growth rate can be used to 

predict resultant film microstructure after PDA. Second, I leverage the purge time as an 

active stage in the ALD cycle by changing the process atmosphere to encourage TiO2-

anatase nucleation (CHAPTER 4). Here again, process conditions are varied to highlight 

the effectiveness of atomic rearrangement during the ALD cycle compared bulk diffusion 

during PDA in growing crystalline TiO2 thin films. Finally, I present observations on the 

effect of ALD cycle time on TiO2 deposition and conditions of TiO2-brookite formation in 

ALD TiO2 thin films (CHAPTER 5). 
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1.5.2 Goals and Objectives 

The primary goal of this work is to understand amorphous as-deposited TiO2 film 

structure and the conditions for the amorphous to anatase phase transformation in TiO2-

ALD. This study addresses the following main objectives: 

1. Develop a method for studying the amorphous as-deposited film structure from 

TiO2-ALD thin films 

2. Deconvolute nucleation and growth kinetics in ALD-TiO2 thin films during the 

amorphous to anatase phase transformation using post-deposition annealing 

(PDA) 

3. Introduce intermittent controlled atmosphere (ICA) annealing to ALD process 

to encourage anatase nucleation in as-deposited TiO2 films at lower 

temperatures and thicknesses than previously reported 

4. Demonstrate the significance of ALD process parameters, including cycle time 

and atmosphere selection, on the as-deposited TiO2 film structure in 

determining resultant phase and crystallization kinetics. 

In accomplishing these objectives, it will be possible to understand subtle 

differences in as-deposited amorphous film structure, and to document fundamental 

kinetics values for the amorphous to anatase phase transformation during TiO2-ALD. This 

work broadens the ALD process design space to include cycle time and atmosphere 
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selection to control amorphous film properties or establish crystallinity in as-deposited 

TiO2 films. Practically, this work addresses temperature limitations in depositing 

crystalline thin films by introducing process atmosphere as an ALD parameter to encourage 

nucleation and crystal growth. 

1.5.3 Methodology of Thesis 

The structure of this thesis follows the order of the thesis objectives outlined in Section 

1.5.2 Goals and Objectives. CHAPTER 2 outlines the materials and methods used in this 

work, while additional detail as applicable is included in subsequent chapters. CHAPTER 

3 focuses on low temperature post-deposition annealing (PDA) employed to study the 

phase transformation kinetics for amorphous TiO2 grown by ALD. CHAPTER 3 

introduces a model to describe and predict the resultant microstructure from anatase 

nucleation and growth in amorphous TiO2 films during post-deposition annealing. 

CHAPTER 4 leverages anatase nucleation findings from CHAPTER 3 to develop and 

introduce an intermittent controlled atmosphere (ICA) anneal during the ALD cycle. 

CHAPTER 5 presents a body of work studying the effects of ALD cycle time on TiO2 thin 

film structure and phase. Conclusions and significant findings are detailed in CHAPTER 

6.  
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CHAPTER 2. MATERIALS AND METHODS  

2.1 Atomic Layer Deposition (ALD) Reactor 

All ALD processing was conducted in a home-build, hot-wall, flow-tube style 

reactor, with schematic presented in Figure 2.1. Purified nitrogen gas (On Site Model Pro 

N-8TGNPSA Nitrogen Generator, Newington, CT) was flowed through an O2 purifier 

(SAES Pure Gas) to remove any residual water and oxygen impurities. The N2 was then 

delivered through a gas manifold, splitting the source into five gas lines: oxidant, precursor, 

bubbler 1, bubbler 2, and bubbler 3. Each gas line was metered using a mass flow controller 

(MFC, Alicat MC Series) and set to maintain constant flow and a chamber pressure of 1.16 

Torr. For this thesis, oxidant, precursor, and bubbler 3 were the only gas lines actively 

utilized to run ALD process with each gas line containing H2O, zero grade air (Airgas), 

and tetrakis(dimethylamino)titanium(IV) (TDMAT) respectively. The chemical precursors 

and oxidants were delivered into the N2 gas stream using pneumatically actuated, stainless 

steel, high-speed, diaphragm sealed valves (Swagelok (Cleveland, OH, USA), 6LVV-

DPFR4-P-C). These gas lines were introduced to the primary reaction of the tube via a 

wye. The reaction tube, 2ò OD, was 24 inches in length to promote uniform coating and 

laminar flow in the deposition region. A Pirani convection gauge (Kurt J. Lesker Co.) and 

an MKS 728B Baratron capacitance diaphragm gauge were installed at the chamber tube 

outlet to measure process pressure downstream. Prior to the fluorocarbon Lesker RV224 

(Kurt J. Lesker Co.) rotary vane vacuum pump, a two stage Mass-Vac MV Multi -Trap 

(Mass-Vac Inc.) was installed with ammonia-sorb and activated carbon filters to neutralize 

unreacted precursor and deposition by-products.  



 34 

 

Figure 2.1. Schematic for hot-walled, flow through style ALD reactor.  

Stainless steel process lines on the flow-tube reactor were resistively heated to 

between 80 ęC and 110 ęC with heat tape controlled by external PID controllers (Omega 

CN7800). This heat tape was insulated with fiberglass wrapping and aluminum foil. The 

chamber was also wrapped with high-temperature heat tape, fiberglass insulation, and 

aluminum foil and controlled by PIDs to reach the target deposition temperature. The 

chamber operation, ALD recipes, and pressure profile with time recordings was controlled 

with a custom LabVIEW software system [92].  

2.2 Materials and Processing Methods 

TiO2 thin films were grown on p-type <100> Si, test grade wafers with ~1.8 nm 

native oxide layer. Silicon wafers are cleaned with a 5-minute air plasma treatment 

(Harrick Plasma) just prior to loading in the deposition chamber. After loading the substrate 

into the ALD chamber, it was pumped down to base pressure and then purged under N2 for 

3600 s prior to the start of the ALD process. TiO2 deposition using a TDMAT / H2O 

chemistry was performed in 2-inch diameter hot-walled flow tube ALD reactor. The 

TDMAT precursor process line was maintained at 80 °C and the water 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 and dosed into the 

reaction chamber using a 150 mL Strem electropolished stainless steel bubbler (catalogue 

fand was maintained at 23 °C. In 50 nm ALD TiO2 thin films, the thickness uniformity 

across the deposition region was significantly improved upon controlling the water 

temperature to 23 °C which resolved variations in dosing influenced by changes in lab 

temperature. High purity nitrogen was used as the process gas and was further purified with 

a downstream O2 purifier (SAES MicroTorr). Mass flow controllers (MFCs) were set to 

maintain constant flow and a 1.16 Torr chamber pressure.  

The standard TiO2 ALD process was as follows: 1.0 s TDMAT dose / 5 s N2 purge / 

0.4 s H2O dose / 85 s N2 purge. The recipe was originally developed at a 180 °C deposition 

temperature, and was found to remain suitable for deposition temperatures as low as 100 

°C given the length of the N2 purge time following the H2O dose. TDMAT dose time was 

determined as sufficient for substrate saturation by varying dose duration and checking the 

resultant growth per cycle (GPC) (Figure 2.2a). H2O dose time was determined as sufficient 

for complete oxidation by also varying dose duration and checking the resultant growth per 

cycle (GPC) (Figure 2.2b). The 5 s N2 purge following the TDMAT dose was minimized 

by surveying growth per cycle as a function of N2 purge time up to 45 s; the GPC remained 

constant throughout this range. The 85 s N2 purge following the H2O dose was maximized 

following a report from Babadi et al. [88] discussing the significance of long purge times 

in preventing the sub-oxidation of ALD TiO2 thin films deposited by TDMAT/H2O 

chemistry. Further, GPC was found not to vary with increasing N2 purge time after the H2O 

dose. TiO2 films included in CHAPTER 3 were deposited with 1120 cycles of ALD, 

ranging in thickness from 50 nm to 58 nm as deposition temperature decreases from 160 

°C to 120 °C. TiO2 films studied in CHAPTER 5 were deposited with 1120 cycles of ALD, 

approximately 45 nm grown, at a deposition temperature of 180 °C. 
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Figure 2.2. GPC curves for (a) TDMAT dose time and (b) H2O dose time. 

In CHAPTER 4, the standard TiO2 ALD process was modified to incorporate an in 

situ air anneal during the ALD cycle, termed here as intermittent controlled atmosphere 

(ICA) air anneal. The total process purge time was held at 90 s, but air flow was added to 

the post-H2O dose N2 purge. As such, the standard TiO2 ALD in situ air anneal (ALD-ICA) 

process was: 1.0 s TDMAT dose / 5 s N2 purge / 0.4 s H2O dose / 15 s N2 purge / 35 s zero 

grade air dose / 35 s N2 purge. Further, the effect of each purge step was studied by 

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

Prior to selecting post-deposition annealing as a necessary path to study 

crystallization in CHAPTER 3, TiO2 films up to 1800 cycles (~70 nm) were deposited. X-

ray diffraction (XRD), scanning electron microscopy (SEM), and atomic force microscopy 

(AFM) were performed on these films to determine if any crystalline phase was detected 

and to evaluate morphology. Even in 70 nm TiO2 films deposited from TDMAT/H2O 

chemistry at 180 °C, no crystalline phase was detected (Figure 2.4). Figure 2.3 presents the 

SEM micrographs for a (a) 1120 cycle thermal-ALD TiO2 film (45 nm) and (b) 1800 cycle 

thermal-ALD TiO2 film (70 nm). Additionally, Figure 2.3 presents the AFM micrographs 

for a (c) 1120 cycle thermal-ALD TiO2 film (45 nm) and (d) 1800 cycle thermal-ALD TiO2 
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film (70 nm). The number and size of the white, nuclei-like features increase with 

increasing ALD cycle number. As such, these features grow with subsequent ALD cycles, 

as is consistent with the 3-dimensional crystal growth Scheme 1 presented in Figure 1.9 

from Miikkulainen et al., and it is reasonable to conclude these are growing crystals [4]. 

However, these proto-crystals are far lesser in number density at lower deposition 

temperatures, are smaller and do not impart a crystalline phase signal by bulk measurement 

techniques. As discussed in Section 1.3.3 Crystal Growth in ALD Thin Films, the effects 

of increasing ALD cycle number and increasing deposition temperature on crystal growth 

are well-studied. However, for this work, I study crystallization at deposition temperatures 

below 200 °C. While TiO2 films deposited from TiCl4/H2O chemistry are reported to be 

crystalline at 150 °C and higher, TiO2 films deposited from TDMAT/H2O chemistry are 

not reported to be crystalline below 200 °C. As such, post-deposition annealing was 

selected to study crystallization in TiO2 films from TDMAT/H2O chemistry deposited 

between 120 °C and 160 °C. 
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Figure 2.3. SEM micrographs for TiO2 thin films deposited at 180 °C from (a) 1120 

cycles thermal-ALD and (b) 1800 cycles thermal-ALD.  AFM micrographs for TiO 2 

thin films deposited at 180 °C from (a) 1120 cycles thermal-ALD and (b) 1800 cycles 

thermal-ALD.  

 

Figure 2.4. GIXRD scans for (from bottom to top) Si wafer substrate, 1120 cycles TiO2 

from thermal -ALD, and 1800 cycles TiO2 from thermal -ALD . 
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Post-deposition annealing (PDA) was performed in an oven in air under ambient 

conditions. Oven temperature was verified by reading two thermocouples placed on an 

aluminum plate inside the oven and an internal thermometer. TiO2 thin films were also 

placed on the aluminum plate. When the oven temperature was raised to 220 °C, the Kapton 

tape holding the thermocouples to the wafer stage started outgassing, and these products 

condensed onto the annealing TiO2 films over time. This condensation did not affect the 

TiO2 nucleation and growth studies presented in this thesis, however it was noticeable in 

some SEM images for TiO2 films annealed at higher temperature for long duration. Figure 

2.5 labels one of these condensed products.  

 

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

2.3 Characterization Tools and Methods 

2.3.1 Spectroscopic ellipsometry (SE) 

Spectroscopic ellipsometry (alpha-SE, J.A. Woollam) measures optical properties 

and film thicknesses for transparent and absorbing thin films. Ellipsometry measures the 

change in polarization of light as it is transmitted or reflected from a sample surface [93]. 

The polarization change in the light is described by the phase difference, ȹ, and the 
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amplitude ratio, Ɋ. The change in polarization is dependent on the optical properties and 

the thickness of the measured film. The change in polarization can also be applied to 

measure composition, roughness, and dopant concentrations, among other thin film 

properties [93].  

For this work, the presented model was developed by making variable angle 

spectroscopic ellipsometry measurements at 70° and 75° and fitting a model to the 

experimentally collected Ɋ and ȹ. In this thesis, I use ellipsometry to determine the 

deposited TiO2 film thickness and the index of refraction n at 550 nm. To account for TiO2 

absorption in the UV range, a CodyLor model was used to describe the TiO2 layer on top 

of the native oxide layer (~1.76 nm) on a Si substrate. Using a CodyLor model ensured the 

Kramers-Kronig relations were met and that the real and imaginary parts of the refractive 

index should be reliable. This model remained applicable for both standard, thermal-ALD 

and in situ air anneal ALD (referred to as ALD-ICA) with mean square error (MSE) values 

less than 3 for all experimental sets.  

2.3.2 Scanning electron microscopy (SEM) 

Scanning Electron Microscopy (SEM) scans the sample surface with a focused, 

high energy electron beam to provide high resolution imaging where the collected signal 

intensity modulates the image pixel [94]. As such, the electron-sample interactions yield 

an SEM micrograph. SEM micrographs can contain information including surface texture, 

composition, and crystalline structure. For this work, secondary electrons, generated from 

inelastic scattering events, provided the primary source of information from top-view 

imaging. A Hitachi SU8230 field emission SEM (FE-SEM) operated at 1 kV accelerating 
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voltage and 15-20 µA emission current was used to image microstructure and crystal 

growth from the secondary electron (SE) signal. No surface coating or other preparation 

was performed prior to imaging. Given the gentle beam current, charging was not a 

significant issue, although beam damage could occur on amorphous or very thin (<20 nm) 

films. In these SEM micrographs, amorphous-TiO2 regions appear dark while crystalline-

TiO2 regions tend to appear bright. Neighboring grains were differentiated in signal 

intensity and grain boundaries were readily visible.  

In CHAPTER 3, a film was annealed and then removed from the oven for SEM 

imaging ex situ. For each condition in CHAPTER 3, at least two TiO2 films were prepared 

and imaged, and at least three images were taken from top-down view at three different 

lateral locations on the film surface. 

2.3.3 ImageJ Analysis and the JMAK Equation 

To quantify the crystalline fraction, SEM micrographs were opened in ImageJ. 

Noise reduction, auto brightness/contrast, and thresholding was performed to isolate 

amorphous regions as white and crystalline regions as black. Analyze > Analyze Particles 

was performed over the SEM selection area to determine the crystalline area fraction. Batch 

processing was preferentially used to reduce human error, then checked by hand to ensure 

proper processing. In most images, the amorphous and crystalline phases were distinct and 

automatic thresholding effectively differentiated the phases. Using the Johnson-Mehl-

Avrami-Kolmogorov (JMAK) equation (Equation 1.8), the film fraction transformed into 

the crystalline phase ὢὸ over PDA time ὸ was plotted to extract fundamental kinetics 

values: the Avrami exponent n and the reaction rate k. The Avrami exponent n was 
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calculated to determine the mechanism and dimensionality of crystallization via low 

temperature annealing and reaction rates were compared across film deposition 

temperatures and annealing temperatures.  

2.3.4 Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) measures surface topography with sub-nanometer 

resolution. Surface topography was mapped by scanning the sample surface with an 

oscillating probe tip. In tapping mode, the cantilever oscillates near its resonance frequency 

and this motion is altered by interactions with the sample surface [95]. In keeping the 

amplitude of the tapping constant, the sample surface topography is traced. A Bruker Icon 

AFM (Bruker, Billerica, MA, USA) was used in standard tapping mode with a n-Si tip 

(MikroMasch Hq:XSC11/AL) with a resonant frequency of 155 kHz. A scan rate of 0.5-1 

Hz was used with scanning area between 1-4 ɛm2. In this thesis, films were characterized 

for surface roughness and microstructure was evaluated in support of SEM imaging results.  

2.3.5 Raman spectroscopy 

Raman spectroscopy is a vibrational spectroscopic technique. During Raman 

spectroscopy, a high intensity laser light source will irradiate the sample and the sample 

molecules will scatter the light [96]. Raman scattering describes photons interacting with 

sample molecules and scattering at a different frequency than the incident photon. When 

the photons interact with the sample molecule, the molecule may be excited to a higher 

energy state. When the molecule relaxes to a lower energy level that is higher than the 

beginning state, a photon with a different energy is produced. The difference between the 

incident photon energy and the scattered photon energy is the Raman shift. Overall, Raman 
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spectroscopy measures changes in the polarizability of molecular bonds. Raman active 

modes refer to when a change in polarizability occurs in molecular bonds at specific energy 

transitions. Raman spectroscopy 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 only provides information on chemical structure and 

phase, but also on intrinsic stress/strain and the presence of impurities. 

In this thesis, Raman spectroscopy was used to identify TiO2 anatase phase where 

possible, given the occasional constraint of limited film thickness (< 25 nm). To perform 

Raman spectroscopy, a Renishaw InVia Qontor Raman Microscope was used with a 488 

nm laser with 10% power, 1200 l/mm grating, and 2 s acquisition time. Thin film surface 

was carefully brought into focus. Raman spectroscopy measurements were made in at least 

three different lateral locations on a 1 cm x 1 cm TiO2 film. Multiple TiO2 films for each 

processing condition were measured. 

2.3.6 Grazing incidence X-ray diffraction (GIXRD) 

Grazing incidence X-ray diffraction (GIXRD) is employed to identify the 

crystalline phase present in the titanium dioxide thin films. In X-ray diffraction (XRD), 

incident X-rays interact with a sample resulting in constructive interference, and diffracted 

X-rays, when conditions satisfy Braggôs Law (Equation 2.1) [96]:  

ὲ‗  ςὨίὭὲ— Equation 2.1 
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In Equation 2.1, ὲ is the order of the reflection, ‗ is the X-ray wavelength, Ὠ is the crystal 

interplanar spacing, and — is the incident angle. XRD is commonly used for phase 

identification, determining grain size, and texture analysis [96]. 

Throughout this thesis, GIXRD was used over bulk XRD to improve signal 

collection from thin films. In the grazing incidence, also known as the glancing angle, 

configuration, the X-ray source is kept at a low fixed angle Ŭ to illuminate more of the thin 

film and less of the substrate, and the detector is swept through 2ɗ. GIXRD was conducted 

on a PANalytical Empyrean system using Cu-KŬ radiation, a BBHD source optic, and a 

PIXcel 2-dimensional detector. 2q-w scans (corresponding to q-2q geometry) were taken. 

2.3.7 Grazing Incidence Wide Angle X-ray Scattering (GIWAXS) 

Grazing incidence wide angle X-ray scattering (GIWAXS) is an extension of 

GIXRD, where the x-ray beam impinges the sample at a shallow angle with respect to the 

surface plane [97]. Here the wide-angle scattering is measured. The beam wavelength and 

the small angle of incidence enable a long penetration path inside the thin film and 

collection of statistically significant information [97]. GIWAXS was used to identify the 

initial crystal growth phase and to complement the phase identification from Raman 

spectroscopy and GIXRD. While the TiO2 anatase crystalline phase was measurable by 

GIXRD for a 50 nm film close to full crystallization, it was important to determine that the 

initial crystal phase was anatase. Measurements were performed at the Soft Matter 

Interfaces Beamline at the National Synchrotron Light Source II with an incident energy 

of 12 keV and an incident angle of 0.15 degrees. Scattering patterns were recorded on a 

Pilatus 900 KӇW detector, consisting of 0.172 mm square pixels, mounted at a fixed 
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distance of 0.279 m from the sample position. The range of scattering angles was acquired 

by moving the detector horizontally on a fixed arc and post-processing 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 thicknesses and 

processing parameters.  

2.3.8 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive characterization 

technique where a sample is irradiated with X-rays and the kinetic energy of emitted 

electrons is measured [99]. If the X-rays are of sufficient energy, electrons in the sample 

from bound states will  be emitted and their kinetic energy will be measured. The 

mathematical expression to calculate the binding energy of the emitted photoelectron is:   

ὄὉ  Ὤὺ ὑὉ ɮ  Equation 2.2 

In Equation 2.2, ὄὉ is the binding energy of the emitted photoelectron, Ὤὺ is the x-ray 

energy, KE is the kinetic energy of the emitted photoelectron measured during XPS, and 

ɮ  is the work function of the spectrometer [99]. Since the binding energy of the emitted 

photoelectron is inherent to the material, photoelectron peaks from XPS measurements are 

labeled with the element and orbital from where they originated. XPS is typically used to 

probe surface chemistry, elemental composition, and chemical state [100]. 

In CHAPTER 4, XPS was conducted with a Thermo Scientific K-Alpha system 

using a monochromatic Al KŬ X-ray source (1486.6 eV) with a 60° incident angle and a 

0° photoemission angle, both measured from sample normal. Both survey and high-
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resolution scans were taken, with high-resolution scans having a 0.100 eV step size. 

Elements of interest include titanium, oxygen, nitrogen, and carbon, where nitrogen 

presence is indicative of incomplete reaction of TDMAT during deposition. Charge 

correction was performed relative to the adventitious carbon peak at 284.8 eV.  

2.3.9 Transmission electron microscopy (TEM) 

Finally, transmission electron microscopy (TEM) was attempted. In TEM, 

electrons are transmitted through the sample and are focused and collected to form an 

image [94]. TEM had the potential to verify the crystalline phase of the white nuclei, here 

called hillock, and verify the crystallinity of TiO2 films less than 20 nm. However, it was 

surprisingly difficult to perform ALD on the TEM grids. Doing TEM directly on the TiO2 

film on Si would have required focused ion beam (FIB) milling with SEM imaging to 

determine proper location. The TEM grids selected for top-down imaging were from EMS 

Sciences (Hatfield, PA, USA): non-porous silicon dioxide TEM window, 40 nm thickness, 

catalogue number 76042-90. The amorphous silicon dioxide window is suitable for 

matching the surface chemistry of the Si wafer and ensuring consistent ALD conditions. 

However, it was difficult to deposit without the windows rupturing and I was unable to 

isolate the cause of rupture. Silicon dioxide window stability was improved after loading 

the grid in a proper TEM grid holder (Ted Pella, Redding, CA, USA, catalogue 16820-25) 

before loading into 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, I detail work performed to measure and understand the TiO2 amorphous 

to anatase phase transformation kinetics in amorphous TiO2 grown by thermal-ALD from 

TDMAT/H2O precursor chemistry with subsequent PDA in air. Here, I calculate 

fundamental kinetics variables including the activation energy for nucleation and growth, 

the Gibbs free energy for nucleation, the reaction rate frequency factors, and nucleation 

and crystal growth rates.  

This chapter was adapted from a manuscript submitted for publication. 

3.1 Introduction  

TiO2-ALD has been studied extensively using TiCl4 and H2O as co-reactants [43, 

61, 62]. For TiCl4/H2O ALD chemistry, films are typically reported as being amorphous 

when deposited at temperatures less than 150 °C, with the onset of anatase phase 

crystallization around 150 °C [24, 43, 68]  and rutile phase crystallization requiring 

temperatures of 350 °C [43] or greater [24, 75]. ALD TiO2 films deposited from 

tetrakis(dimethylamino)titanium(IV) (TDMAT) and H2O are well-studied but to a lesser 

extent. TDMAT can be preferred as a precursor over TiCl4 due to lack of chlorine 

contamination in the deposited film[80, 83] and its so-called ñelectrically leaky TiO2ò 

property [84]. However, TDMAT/H2O films are nearly always amorphous as-deposited 

[83, 85, 101], given that the acceptable ALD deposition temperature window is limited to 
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below TDMATôs decomposition temperature of approximately 220 °C [86]. Studies on 

ALD TiO2 deposited from TDMAT/H2O report a variety of electronic properties [21, 87], 

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

[88]. However, few studies exist on post-deposition crystallization TDMAT/H2O-based 

ALD TiO2 thin films [47, 89, 90], and these studies do not go into microstructural detail at 

low temperatures. 

Crystalline as-deposited ALD films often show columnar grains through the film 

thickness. The grain size is typically less than the film thickness given a high density of 

nuclei during the initial stage of film growth [4]. However, TiO2 ALD films grown from 

TiCl4/H2O chemistry have been shown to exhibit anatase crystals greater in diameter than 

the film thickness [73, 77, 102]. Large-grained anatase is suitable for photoelectrochemical 

performance [75] and photocatalytic activity [22, 78]. A literature review of the crystal size 

to TiO2 film thickness ratio as a function of deposition temperature for TiCl4/H2O and 

TDMAT/H2O ALD processes is presented in Figure 3.1. Reported large-grain TiO2 

processes require deposition temperatures between 200 °C and 300 °C. These reports are 

primarily for as-deposited films from TiCl4/H2O chemistry on both silicon and amorphous-

Al 2O3. Here the resultant TiO2 anatase grain size to film thickness ratio for films on 

amorphous-Al 2O3 [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 substrate [77] and surface energy [82, 

102] dependent. This phenomenon has yet to be reported using TDMAT/H2O ALD; as 

such, in Figure 3.1, I highlight this chapterôs contribution to forming large grain anatase 

from TDMAT/H2O chemistry by PDA. 
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Figure 3.1. Literature review summary for anatase crystal size to TiO2 film thickness 

ratio as a function of crystal growth temperature and precursor (deposited by 

thermal ALD with water as the co-reactant). Conditions reported include: TiCl 4/H2O 

on Si (black square), TiCl 4/H2O on Al2O3 (green square), TDMAT /H2O on Si (red 

circle), and TDMAT /H2O on Si results from this study (red star). PDA annealed 

results are circled in blue. 

Other reports have probed resultant ALD-TiO2 film structure with post-deposition 

annealing (PDA) [24, 43-45]. PDA temperatures are typically higher than those used for 

the ALD growth process. Amorphous as-deposited films are crystallized to anatase at PDA 

temperatures of 700 °C or lower.  PDA of films at temperatures ranging from 300 to 800 

°C have been reported to decrease impurity concentrations and increase crystalline phases 

[46].  Annealing atmosphere is also significant. Jogi et al. found that annealing at 750 °C 

in 1 atm O2 for 10 min promoted crystallization into the anatase phase [24]. Luka et al. 

performed the most comprehensive PDA study at 160 ï 220 °C on thick films (4000, 7000, 

and 10000 ALD cycles) in N2 environment and proposed that anatase regions in the as-

deposited film grow into the surrounding amorphous regions to transform the films during 

PDA. However, Aarik et al. found that annealing amorphous films at 400 °C in air and N2 

for 6 hours did not cause a phase transformation, attributing this to chlorine residue in the 
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film [43]. Iancu et al., annealing 30 nm amorphous TiO2 films from TDMAT/H2O found 

that O2 PDA at 700 °C and higher was more effective in forming rutile than N2 PDA [47]. 

Here, I describe the first detailed study of anatase formation in TiO2 thin films 

deposited on a silicon wafer substrate from TDMAT/H2O thermal ALD and post-

deposition annealing (PDA) in air. This study provides new information on TiO2 crystal 

growth during post-deposition annealing and challenges the present understanding of the 

temperatures required for crystallization to occur. The temperature-dependent 

crystallization kinetics presented are determined from an array of deposition and annealing 

temperatures. Using the Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation, the 

Avrami exponent is calculated and the low-temperature anatase crystal growth mode is 

identified. Further, the activation energy 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 to crystalline phase transformation in ALD TiO2 thin films 

and identifies how the as-deposited 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 home-built, hot-walled, flow-tube reactor with custom 

LabVIEW control software [92]. Nitrogen (99.999% purity, Airgas) was used as the carrier 

gas at a constant flow rate of 90 sccm, resulting in a chamber pressure of 1.15 Torr. For all 

ALD processing, the deposition region was held, as specified, at 120 °C, 140 °C, or 160 
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°C and all gas process lines were maintained at 110 ęC. Depositions were performed on 1 

cm x 1 cm Si substrates (WRS Materials, P/Boron<100>, 0-100 ɋ, Test Grade).  

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

Chemicals, Inc. (Newburyport, MA, USA) and deionized water were used as the precursor 

and co-reactant for ALD of TiO2 films. TDMAT was dosed in a bubbler configuration with 

delivery lines to the reactor heated to 82 °C. Each ALD cycle used a deposition sequence 

of 1.0 s TDMAT / 5 s N2 purge / 0.4 s H2O / 85 s N2 purge. For all conditions, 1120 ALD 

cycles were deposited to yield 50 nm to 60 nm TiO2 films. Growth per cycle (GPC) values 

and refractive index values are presented in Figure 3.2. For this study, deposition 

temperatures were selected to be below the TDMAT/H2O crystallization as-deposited 

temperature (> 220 °C), but within the range of TiCl4/H2O crystallization as-deposited 

temperature (> 150 °C). Annealing temperatures were selected to match common ALD 

process temperatures to learn about the nucleation and growth that occurs at those 

temperatures rather than at the higher temperatures (> 300 °C) typically used for PDA.  As 

detailed in Table 3.1, two experimental parameters were explored: (1) varying the 

deposition temperature between 120 °C and 160 °C and (2) varying the ex situ post 

deposition anneal (PDA) temperature 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 °C) and 

subsequent PDA temperatures (140 °C to 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 (alpha-SE, J.A. Woollam) was used to measure film 

thickness and index of refraction at 550 nm. A CodyLor model was used to describe the 

TiO2 layer on top of the native oxide layer on a Si substrate. Grazing incidence X-ray 

diffraction (GIXRD) was used to identify the crystalline phase of the deposited films. 

GIXRD was conducted on a PANalytical Empyrean system using Cu-KŬ radiation, a 

BBHD source optic, and a PIXcel 2-dimensional detector. 2q-w scans (corresponding to q-

2q geometry in other systems) were taken. Additionally, grazing incidence wide-angle X-

ray scattering (GIWAXS) measurements were performed on a TiO2 film 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 TiO2 anatase crystalline phase that is 

measurable by GIXRD upon further transformation. Measurements were performed at the 

Soft Matter Interfaces Beamline at the National Synchrotron Light Source II with an 

incident energy of 12 keV and an incident angle of 0.15 degrees. Scattering patterns were 
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recorded on a Pilatus 900 KӇW detector, consisting of 0.172 mm square pixels, mounted 

at a fixed distance of 0.279 m from the sample position. The range of scattering angles was 

acquired by moving the detector horizontally on a fixed arc and post-processing the images 

using Xi CAM software [98]. Both the samples holder and the detector were enclosed in a 

vacuum chamber.  

A Hitachi SU8230 field emission SEM (FE-SEM) operated at 1 kV accelerating 

voltage and 15-20 µA 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 TiO2 

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 ImageJ to quantify the 

crystalline fraction transformed and to determine crystalline area density and size. Finally, 

atomic force microscopy (AFM) was used to evaluate surface roughness and any 

differences in surface features after annealing. A Bruker Icon AFM (Bruker, Billerica, MA, 

USA) was used in standard tapping mode with a n-Si tip (MikroMasch Hq:XSC11/AL), a 

scan rate of 0.5-1 Hz, and a 1 ɛm2 scan area. 

3.3 Results and Discussion 

3.3.1 Controlling grain size in post-deposition annealed films 

Figure 3.2a presents growth per cycle (GPC) values for as-deposited 1120 cycle 

TiO2 thin films. ALD deposition temperature was varied from 120 °C to 160 °C. With 

increasing ALD temperature, GPC decreased from 0.54 Å/cycle to 0.44 Å/cycle, 

representing a decrease in deposited thickness from 58 nm to 50 nm. The GPC decreased 
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with increasing ALD temperature, which is consistent with literature reports for 

TDMAT/H2O thermal ALD  [79, 91]. Figure 3.2b presents index of refraction, n, values 

measured at wavelength 550 nm for the as-deposited and annealed films. Index of 

refraction increases with post-deposition annealing up to 2.55, supporting transformation 

to the TiO2-anatase phase where refractive index is approximately equal to 2.6 for an ALD-

TiO2 film deposited at 400 °C [71]. The refractive index for the as-deposited, amorphous 

films is greater than previously reported literature values for thermal ALD from TiCl4/H2O 

chemistry [71] but similar to those previously reported for TDMAT/H2O ALD [91]. 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. 

 

Figure 3.2. a) ALD growth per cycle from 1120 TDMAT/H2O cycles for as-deposited 

TiO 2 thin films at ALD temperatures: 120 °C, 140 °C, and 160 °C. b) Index of 

refraction, n, measured at 550 nm for as-deposited and post-deposition anneal TiO2 

thin films at ALD temperatures: 120 °C, 140 °C, and 160 °C.  

Figure 3.3a presents SEM micrographs of as-deposited TiO2 films compared to 

PDA films. As-deposited TiO2 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 films [73, 77]. Films deposited at 160 °C have a 

higher density of these nuclei compared to films deposited at lower temperatures. Upon 

post-deposition annealing (PDA) at 200 °C, films deposited at 160 °C develop a fine grain 

structure with average grain size of 540 nm, while films deposited at 140 °C and 120 °C 

develop larger grains with average sizes of 1.2 µm and 4.6 µm, respectively. Figure 3.3b 

reports representative GIXRD data for the as-deposited and PDA TiO2 thin films, 

confirming that as-deposited films are amorphous and PDA films are the anatase crystalline 

phase. 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 (Figure 3.4). Nor do these small, white surface features seem to be correlated to the 

subsequent crystal growth; i.e., there is not one-to-one matching between nuclei and grains. 

This is unlike the report from Luka et al. that described TiO2 anatase expansion from 

crystalline seeds [44] or from Macco et al. that described hydrogen-doped In2O3 isotropic 

crystal growth from a low density of embedded crystallites in a mostly amorphous film 

[42]. Thus, these features may be sub-critical nuclei or not nuclei at all, but they are clearly 

different from prior reports.  
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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. post-deposition annealed at 200 °C in air (right).  Anneal times 

to achieve apparent full crystallinity are listed on micrographs. Note the scale bar is 

different in the 120 °C PDA 200 °C micrograph to capture the large grain size. b) 

GIXRD scans for as-deposited and annealed (PDA at 200 °C in air) films deposited at 

120 °C, 140 °C, and 160 °C. The three primary TiO 2-anatase peaks are labeled: 2ɗ = 

25.3°, 37.8°, 48.0°.  

Regardless, such large grain growth (>1 mm grain size in ~50 nm thick films) has 

not been observed before in ALD TiO2 films using the TDMAT/H2O chemistry. Further, 

it is surprising that the resultant microstructure varies so significantly depending on 

deposition temperature, with grain size decreasing from 4.6 µm to 540 nm with a 40 °C 

increase in temperature. To provide further insights into this crystallization process and to 

determine why resultant, annealed microstructure is determined by ALD temperature, I 

undertake a comprehensive time-dependent 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: as-deposited, 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: as-deposited, PDA at 200 °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. Specifically, TiO2 films 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 220 °C. Given 

the time duration required for nucleation and growth to occur in the TiO2 films deposited 

at 120 °C, the PDA temperatures were increased by 20 °C to make the duration of the 

measurements more reasonable. Figure 3.5 presents a representative selection of 

micrographs used for tracking crystal growth during PDA.  Here, the brighter regions are 

crystalline while the darker regions are amorphous. Figure 3.6 provides a representative 

crystal growth series for TiO2 films deposited at 120 °C. Figure 3.7 presents an SEM image 

and explains the ImageJ processing steps to quantify the percent crystalline phase. Figure 

3.8 plots the crystalline fraction transformed determined from this image analysis for TiO2 

films deposited at 120 °C, 140 °C and 160 °C and then annealed at 160 °C, 180 °C, 200 
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°C, and 220 °C. These data series exhibit the expected S-curve shape and can be fit to the 

Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation. The general form of the JMAK 

equation (Equation 3.1) is applied to model the fraction transformed to the crystalline phase 

ὢὸ over PDA time ὸ: 

ὢὸ ρ  ÅØÐ Ὧὸ  Equation 3.1 

Here, Ὧ is the reaction rate for combined anatase nucleation and growth and ὲ is the Avrami 

exponent, which often characterizes the mechanism and dimensionality of the phase 

transformation. The JMAK equation as presented in Equation 3.1 is linearized to the 

following form: 

ÌÎÌÎ
ρ

ρ ὢὸ
ὲÌÎὯ ὲÌÎὸ 

Equation 3.2 

In plotting ÌÎÌÎ  vs. ÌÎὸ, the slope of this line is equal to the Avrami exponent ὲ 

and the y-intercept is equal to ὲÌÎὯ. Applying this linearization to both deposition 

temperatures at each of the three PDA temperatures (Figure 3.8), Ὧ and ὲ are calculated 

for each experimentally measured transformation curve. These values are presented in 

Table 3.2. 
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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. 

 

Figure 3.6. SEM image grid for TiO2 films deposited at 120 °C and annealed at 180 

°C, 200 °C, and 220 °C for the specified time duration. 
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Figure 3.7. a) Original SEM image and b) image after processing: auto 

contrast/brightness, despeckle, threshold, area count. In c) 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 (solid square marker) , (b) 140 °C (solid triangle marker) and 

(c) 160 °C (solid circle marker) and post-deposition annealed at 160 °C (gold-colored), 

180 °C (blue-colored), 200 °C (red-colored), and 220 °C (black-colored). The solid 

lines are the X(t) model fit for the calculated reaction rate k and Avrami exponent n 

values. Linearized form of the crystalline fraction transformation curves to extract 

calculated reaction rate k and Avrami exponent n values for films deposited at (d) 120 

°C, (e) 140 °C, and (f) 160 °C. 

For the complete experimental set, the values for the Avrami exponent ὲ vary from 

2.31 to 3.39, with an average value of  ὲ ςȢχυ. The experimental variation in ὲ may be 

attributed to the nature of these ex situ SEM measurements: the film is removed for 

imaging, which causes small deviations in time and temperature associated with the cooling 

and re-heating 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 crystal nucleation 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 limiting growth step. The rate-limiting 

growth step for an amorphous-to-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 exponent close to 3 is characteristic of a two-dimensional 

growth mode, indicative of plate-like microstructure observed here where there are micron-

sized grains of only 50 nm thickness [32, 103],[75]. This post-deposition, ex situ two-

dimensional grain growth is notably different than the growth mode often proposed for in 

situ TiO2 crystal growth during an ALD process, where nucleation of some crystals occurs 

and growth continues vertically through the film thickness with subsequent deposition 

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. 

Dep T 

(°C) 

PDA T 

(°C) 

Avrami exponent,  

n 

Reaction rate,                             

k 

160 200 ςȢυρ  πȢπτ ωȢφ ρπ πȢπυ ρπ   

160 180 σȢσω  πȢπψ ςȢς ρπ πȢππχ ρπ   

160 160 ςȢψυ  πȢπψ τȢπ ρπ πȢπτ ρπ   

140 200 ςȢψπ  πȢπς τȢφ ρπ πȢππτ ρπ   

140 180 ςȢψς  πȢπω ψȢψ ρπ πȢπς ρπ   

140 160 σȢςυ  πȢπτ ρȢσ ρπ πȢππυ ρπ   

120 220 ςȢστ  πȢπς φȢψ ρπ πȢπτ ρπ   

120 200 ςȢσρ  πȢπς ςȢς ρπ πȢππω ρπ   

120 180 ςȢτω  πȢπτ τȢρ ρπ πȢπυ  ρπ 

As shown in Table 3.2, the combined nucleation-growth reaction rate Ὧ 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 rate Ὧ increases with increasing 

deposition temperature. This indicates that the as-deposited amorphous structures vary at 

the different deposition temperatures, leading to differences in the energy barriers to 
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nucleation and/or growth. In this study, these transformational reaction rates are greater for 

films deposited at higher ALD temperatures. As such, transformation from the amorphous 

phase to the anatase phase is more kinetically favorable in amorphous TiO2 deposited at 

higher temperatures. 

To calculate the combined activation energy for nucleation and growth, an 

Arrhenius relationship is applied to the reaction rates k within a given ALD deposition 

temperature series as follows: 

Ë Ὧ ÅzØÐ
Ὁ

ὯὝ
  

Equation 3.3 

In Equation 3.3, Ὁ  is the activation energy for crystal nucleation and growth, Ὧ  

is the Boltzmann constant, Ὕ  is the annealing temperature, and Ὧ is a material-

dependent frequency factor. The linearized form of Equation 3.3 is: 

ὰὲὯ
Ὁ

Ὧ

ρ

Ὕ
ὰὲ Ὧ  

Equation 3.4 

Figure 3.9 applies the linearized form Equation 3.4 to make an Arrhenius plot to extract 

the activation energy for crystal nucleation and growth and the reaction rate frequency 

factor for each ALD deposition temperature. As seen in Figure 3.9, the activation energy 

for anatase phase nucleation and growth for each deposition temperature is ~1.5 eV K-1 

atom-1, which is in agreement with reported literature [44].  Surprisingly, this activation 

energy is independent of ALD deposition temperature; at 120 °C Ὁ  1.46 eV 

K-1 atom-1, at 140 °C Ὁ  1.58 eV K-1 atom-1, and at 160 °C Ὁ  
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1.40 eV K-1 atom-1. This result suggests that the change in the transformation process is the 

result of the pre-exponential factor, Ὧ. To evaluation Ὧ, the activation energy is set to the 

average value of 1.48 eV K-1 atom-1 for all deposition temperatures and the intercepts are 

evaluated. The reaction rate frequency factor, Ὧ,  is a complex factor dependent upon the 

vibration frequency of the atoms in the as-deposited structure. The reaction rate frequency 

factor increases with increasing ALD temperature: ρȢρ ρπ s-1 for 120 °C growth 

temperature, ςȢυ ρπ s-1 for 140 °C growth temperature, and φȢς ρπ s-1 for 160 °C 

growth temperature. The frequency factor order of magnitude is close to that reported in 

glass science crystallization kinetics literature [104] and agrees with expectations for 

molecular vibration. 

 

Figure 3.9. Arrhenius dependence for reaction rate k, relating to the combined 

activation energy for crystal nucleation and growth. 

To better understand how anatase nucleation and growth rates vary as a function of 

ALD and PDA temperature, I further consider how the reaction rate k from the JMAK 

equation is defined (Equation 3.1). Equation 3.1 presents the generalized form of the 
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JMAK equation. However, in considering a two-dimensional transforming area with 

continuous nucleation and growth, as is the case in this experimental work, the equation 

can be given as: 

ὢὸ ρ  ÅØÐ 
“

σ
 ὔὺὸ   Equation 3.5 

Here, ὔ is defined as the nucleation rate and ὺ as the crystal growth rate. For this derivation, 

it is assumed that nuclei grow as two-dimensional plates. For a nuclei that grows as a circle 

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

ὃ “ ὶ “ὺ ὸ  Equation 3.6 

 Here, zero time is t and  ὺ is the grain growth rate. For a nuclei that does not start growing 

until time Ű, the area is: 

ὃ “ ὺ ὸ ʐ   Equation 3.7 

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

transformed ὢ  is: 

ὢ ὃ “ ὔὺ ὸ ʐ Ὠʐ “ ὔὺ
ὸ

σ
 

Equation 3.8 

As such, the reaction rate k is defined as follows: 

Ὧ
“

σ
 ὔὺ  Equation 3.9 
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Recall that the reaction rate k is determined experimentally from the slope equal to ὲÌÎὯ 

in the linearized JMAK equation (Equation 3.2). By deconvoluting the reaction rate into 

nucleation rate and crystal growth rate, I can separate nucleation kinetics and crystal 

growth kinetics.  

 To accomplish this deconvolution, crystal nucleation rate ὔ 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 of crystals m-2 s-1. The instantaneous nucleation rate ὔ is plotted 

on a log scale against PDA temperature as a function of deposition temperature in Figure 

3.10a. For a given annealing temperature at a given deposition temperature, ὔ is 

approximately constant. Nucleation rates increase by just under an order of magnitude with 

each 20 °C increase in PDA temperature. Films deposited at 160 °C have the greatest 

nucleation rates and those deposited at 120 °C have the slowest. The nucleation rate, ὔ, 

can be described by an Arrhenius relationship: 

ὔ ὔ ÅØÐ
ЎὋᶻ

ὯὝ
  

Equation 3.10 

In Equation 3.10,  ЎὋᶻ  is the critical Gibbs free energy for nucleation, Ὧ  is the 

Boltzmann constant, Ὕ is the PDA temperature, and ὔ is the nucleation exponential 

prefactor. Equation 3.10 is linearized to:  

ὰὲὔ
ЎὋᶻ

Ὧ

ρ

Ὕ
ὰὲ ὔ  

Equation 3.11 
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Here, ὔ is equal to Ὢ ὅz  where Ὢ  is a frequency factor for the phase 

transformation and ὅ  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 migration [26]. This 

Arrhenius relationship is plotted in Figure 3.10b to calculate ЎὋᶻ . As presented in Table 

3.3, the critical free energy for nucleation, ЎὋᶻ , for films deposited at 160 °C is 1.32 eV 

K-1 atom-1, for films deposited at 140 °C is 1.35 eV K-1 atom-1, and for films deposited at 

120 °C is 1.41 eV K-1 atom-1. Considering the error presented in Table 3.3, these critical 

free energy values for nucleation are roughly equivalent.  

 As seen in Figure 3.10b, the y-intercept ὰὲ ὔ  increases with increasing 

deposition temperature. Therefore, the nucleation frequency factor, Ὢ , also 

increases, as with the reaction rate frequency factor, Ὧ. This increased nucleation 

frequency factor at higher deposition temperatures is consistent and designates a 

fundamental difference in the structure between the as-deposited ALD TiO2 thin films. 

Previous studies have reported property variations in amorphous TiO2 films as a function 

of ALD temperature that could be indicative of thin film structural differences. Piercy et 

al. found increasing density in amorphous TiO2 from ALD temperatures 38 °C to 150 

°C[74] and DeCoster et al. found thermal conductivity also increased with increasing 

deposition temperature for amorphous TiO2 thin 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 anatase nuclei 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 the formation of high-quality, protective anatase TiO2 coatings at decreased 

annealing temperatures [45]. The amorphous TiO2 coating deposited at 150 °C may have a 

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

attempt frequency, enabling phase transformation to occur at lower temperature.  
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Figure 3.10. a) Log-linear plot of nucleation rates as a function of post-deposition 

annealing (PDA) temperature for ALD-TiO 2 thin films deposited at 120 °C, 140 °C, 

and 160 °C. b) Linearized nucleation rate equation for films deposited at 120 °C, 140 

°C, and 160 °C with linear regression line of best fit.  

 Experimentally determined values for reaction rate k and nucleation rate ὔ are used 

to calculate the crystal growth rate for each deposition and annealing condition. For two-

dimensional, plate-like growth, Equation 3.9 can be solved for crystal growth rate ὺ as 

follows: 
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ὺ  
σὯ

“ὔ
 

Equation 3.12 

Here, the reaction rate and the average nucleation rate at a given deposition temperature 

and annealing temperature are used to calculate each crystal growth rate. These 

instantaneous crystal growth rates are plotted against deposition temperature in Figure 

3.11a. The annealing temperatures presented in Figure 3.11a are limited to those applicable 

to all three deposition temperatures and so Figure 3.11a only includes crystal growth rates 

for 180 °C and 200 °C PDA. 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 temperature. 

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

Arrhenius relationship for crystal growth rate is given as: 

ὺ  ὃ ÅØÐ 
Ὁ  

ὯὝ
 

Equation 3.13 

With the linearized form: 

ÌÎὺ  
Ὁ  

Ὧ

ρ

Ὕ
ÌÎ ὃ 

Equation 3.14 

In Equation 3.13 and Equation 3.14, Ὧ  is the Boltzmann constant, Ὕ is the PDA 

temperature, and ὃ is the exponential pre-factor. PDA temperature is used in Equation 3.13 

and Equation 3.14 because that is the temperature at which the isothermal grain growth 
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occurs. Figure 3.11b includes the Arrhenius plot for crystal growth rate for TiO2 films 

deposited at 120 °C, 140 °C, and 160 °C with a linear regression line of best fit with 1/Ὕ  

as the abscissa.  

To verify grain growth rate and PDA temperature are not correlated, I report the p-

values for ÌÎὺ vs. 1/Ὕ  per deposition temperature in Table 3.4. Here, the null 

hypothesis is that no significant correlation exists between ÌÎὺ and 1/Ὕ  per deposition 

temperature, such that the slope is equal to 0. If the p-value is less than the significance 

level Ŭ = 0.05, then the correlation is statistically significant, and the null hypothesis is 

rejected. However, if the p-value is greater than Ŭ, then the null hypothesis is accepted. The 

p-values for the correlation between ln(crystal growth rate, ὺ) and 1/Ὕ  for films 

deposited at 120 °C, 140 °C, and 160 °C are 0.809, 0.129, and 0.379 respectively. As such, 

the correlation between crystal growth rate and PDA temperature for a sampling of this 

size and variation is not statistically significant and so the slope 
 

 is effectively 

0. However, even if I disregard this poor correlation and proceed to calculating the 

activation energy for crystal growth, Ὁ  , from the linear regression line of best 

fit, the values are near-zero: 0.01 eV K-1 atom-1 at 120 °C deposition temperature, 0.1 eV 

K-1 atom-1 at 140 °C deposition temperature, and 0.05 eV K-1 atom-1 at 160 °C deposition 

temperature. Thus, I conclude that the crystal growth process is not strongly thermally 

activated, therefore the crystal growth rate does not vary with increasing PDA temperature. 

Table 3.3 and Table 3.4 report the statistical significance with the 95% Critical Vales of 

the Sample Correlation Coefficient Table. Pearsonôs r values for each correlation in this 

report are calculated in OriginPro and compared to the appropriate critical value in the table 

for Ŭ = 0.05. Statistical correlation is reported as Yes or No. 
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Table 3.3. For each dataset, reported Pearsonôs r value, critical values, and whether 

the correlation is statistically significant. 

Dataset Deposition 

T (°C) 

PDA 

T (°C) 

Pearsonôs 

r value 

Critical 

Values 

Statistically 

correlation? 

ÌÎÌÎ  vs. ÌÎὸ 120 180 0.994 ± 0.250 Yes 

ÌÎÌÎ  vs. ÌÎὸ 120 200 0.996 ± 0.195 Yes 

ÌÎÌÎ  vs. ÌÎὸ 120 220 0.995 ± 0.195 Yes 

ÌÎÌÎ  vs. ÌÎὸ 140 160 0.986 ± 0.159 Yes 

ÌÎÌÎ  vs. ÌÎὸ 140 180 0.972 ± 0.250 Yes 

ÌÎÌÎ  vs. ÌÎὸ 140 200 0.996 ± 0.159 Yes 
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Table 3.4. For each dataset, reported Pearsonôs r value, critical values, and whether 

the correlation is statistically significant (continued). 

Dataset Deposition T 

(°C) 

PDA 

T (°C) 

Pearsonôs 

r value 

Critical 

Values 

Statistically 

correlated? 

ÌÎÌÎ  vs. ÌÎὸ 160 160 0.972 ± 0.232 Yes 

ÌÎÌÎ  vs. ÌÎὸ 160 180 0.989 ± 0.288 Yes 

ÌÎÌÎ  vs. ÌÎὸ 160 200 0.986 ± 0.195 Yes 

ὰὲὔ  vs. 1/Ὕ  120 N/A -0.945 ± 0.288 Yes 

ὰὲὔ  vs. 1/Ὕ  140 N/A -0.908 ± 0.423 Yes 

ὰὲὔ  vs. 1/Ὕ  160 N/A -0.964 ± 0.468 Yes 

ÌÎὺ vs. 1/Ὕ  120 N/A -0.037 ± 0.288 No 

ÌÎὺ vs. 1/Ὕ  140 N/A -0.351 ± 0.423 No 

ÌÎὺ vs. 1/Ὕ  160 N/A -0.236 ± 0.468 No 

ÌÎὯ vs. 1/Ὕ  120 N/A -0.999 ± 0.878 Yes 

ÌÎὯ vs. 1/Ὕ  140 N/A -0.999 ± 0.878 Yes 

ÌÎὯ vs. 1/Ὕ  160 N/A -0.999 ± 0.878 Yes 
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  Calculated values for the critical Gibbs free energy for nucleation, ЎὋᶻ , and the 

combined activation energy for nucleation and growth, Ὁ , are reported in 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 Gibbs free energy for nucleation is within error of the activation energy for 

nucleation and growth for each deposition temperature: 120 °C, 140 °C, and 160 °C. This 

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 temperature, I expect minimal activation energy for crystal growth. In contrast, 

the critical Gibbs free energy for nucleation is much higher and requires significant energy 

input for the phase transformation to occur. Thus, nucleation is the rate-limiting step for 

this transformation process. 



 76 

 

Figure 3.11. a) Crystal growth rates plotted as a function of deposition temperature 

for ALD -TiO 2 films deposited at 120 °C, 140 °C, and 160 °C.  b) Arrhenius plot for 

crystal growth rate for TiO 2 films deposited at 120 °C, 140 °C, and 160 °C with 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 nucleation-grain growth for each ALD temperature, and 

reaction rate frequency factor. 

Deposition 

Temperature 

(°C) 

Ў╖▪◊╬
ᶻ  

(eV K-1 atom-1) 

╔▪◊╬▌►▫◌◄▐ 

(eV K-1 atom-1) 

Reaction rate frequency factor, ▓ 

(s-1) 

120 ρȢτρ πȢπψ ρȢτφ πȢπφ ρȢρ ρπ  πȢπτρπ 

140 ρȢσυ πȢρυ ρȢυψ πȢπσ ςȢυ ρπ  πȢς ρπ 

160 ρȢσς πȢρπ ρȢτπ πȢπσ φȢς ρπ  πȢσ ρπ 

3.3.3 Controlling microstructure 

The above analysis deconvolutes the amorphous to anatase phase transformation 

reaction rate into separate nucleation and growth rates. I can 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 post-deposition 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 

deposition temperature. Since the Gibbôs free energy for nucleation and the combined 

activation energy for nucleation and crystal growth do not change considerably with 

deposition temperature, the pre-exponential factors dominate the rates at which the phase 
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transformation occurs. Because the amorphous TiO2 films deposited at 160 °C have an 

order of magnitude higher reaction rate frequency factor compared to amorphous TiO2 

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 factor form a greater number of crystal nuclei causing a densely packed, 

fine grain structure (< 1 µm), while films with a lower frequency factor form fewer crystal 

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

To discern the contribution of the crystal growth rate to final grain size, I compare 

the crystal size of films deposited at 160 °C and annealed at 180 °C (ALD-160 °C / PDA-

180 °C) to those deposited at 140 °C and annealed at 200 °C (ALD-140 °C / PDA-200 °C). 

Referencing Figure 3.10a, the nucleation rates for these films are roughly equal, while the 

grain size for ALD-140 °C / PDA-200 °C films is double that of ALD-160 °C / PDA-180 

°C films. This is because the crystal growth rate for ALD-140 °C films is greater than for 

ALD-160 °C films (Figure 3.11a), 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 size only decreases modestly with 

increasing PDA temperature. So, while 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 the final crystal microstructure.  
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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 post-deposition annealing 

temperature (160 °C, 180 °C, 200 °C, 220 °C). 

 I conclude this section with a comment regarding the surface roughness of these 

TiO2 films as measured with Atomic Force Microscropy (AFM). Figure 3.13 presents AFM 

height sensor micrographs for films deposited at 160 °C with (a) amorphous and (b) post-

deposition annealed at 200 °C. There is little observable change from AFM before and after 

annealing. The Rq for the amorphous film is 0.517 nm and for the crystalline film is 0.533 

nm. So even with the phase transformation, the film surface roughness remains roughly 

identical. I believe this result is consistent with the two-dimensional growth mode 

determined experimental by the Avrami exponent. Here the crystals nucleated and grew 

laterally rather than nucleating and growing vertically. Vertical crystal growth would result 

in surface roughening.  



 80 

 

Figure 3.13. AFM height map for 1 ɛm2 probed area on (a) as-deposited amorphous 

TiO 2 film with 160 °C deposition temperature and (b) post-deposition annealed (PDA) 

crystalline TiO2 film with 160 °C deposition temperature and 200 °C PDA 

temperature.  

3.3.4 Time-Temperature-Transformation (TTT) diagrams for plate-like anatase crystal 

growth 

With the presented phase transformation study for TiO2 thin films, isothermal time-

temperature-transformation (TTT) diagrams can be developed to describe the TiO2 

amorphous to anatase solid-state phase transformation via post-deposition annealing 

(PDA). TTT diagrams can offer useful information for metal oxide thin films where the 

crystallization is heating-rate dependent and occurs in the solid state [33]. Figure 3.14 

includes TTT diagrams for 5%, 50%, and 95% TiO2-anatase 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 additional time for 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 temperature. These 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.  

 

Figure 3.14. Time-temperature-transformation (TTT) diagram s for TiO 2 amorphous 

to anatase phase transformation via isothermal post-deposition 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%, and 95% transformation to the 

TiO 2-anatase phase. The abscissa axis is in base-10 log time. 

3.4 Conclusions 

I report an atomic layer deposition (ALD) process with a PDA step to grow large grain 

TiO2 anatase on a Si substrate from TDMAT/H2O chemistry. The TiO2-ALD is deposited 

from 120 °C to 160 °C with ex situ annealing in air from 140 ï 220 °C. A detailed SEM 

study of the TiO2-amorphous to TiO2-anatase phase transformation is presented to extract 

fundamental nucleation and growth kinetics values and to highlight structural differences 

in the as-deposited film structure as a function of deposition temperature. The JMAK 

equation is used to determine an average Avrami exponent close to 3 for the transforming 

volume, consistent with a two-dimensional, plate-like anatase growth mode with 

continuous nucleation. The critical Gibbs free energy for anatase nucleation is 1.32ï1.41 
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eV K-1 atom-1 and the combined activation energy for nucleation and growth is 1.40ï1.58 

eV K-1 atom-1, while the activation energy for crystal growth is near zero. Thus, nucleation 

appears to be the rate-limiting step. Interestingly, in studying the nucleation rate at different 

PDA temperatures as a function of ALD temperature, I identify the nucleation frequency 

factor, not the activation energy, as the differentiating quantity between the as-deposited 

TiO2 films. Amorphous TiO2 films deposited at higher temperatures have an increased 

nucleation frequency factor compared to those deposited at lower temperatures, potentially 

indicating a greater degree of short-range order in the as-deposited structure that enables 

more vibrational modes to attempt nuclei formation. The ALD deposition temperature has 

a significant effect on the resultant grain size, with 20 °C increases in temperature 

decreasing the grain size by almost an order of magnitude. Finally, a time-temperature-

transformation (TTT) diagram architecture has been applied to highlight the differences in 

crystallization behavior between ALD temperatures. 
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CHAPTER 4. CRYSTALLINE AS -DEPOSITED TIO 2 THIN 

FILMS PREPARED BY IN SITU  AIR ANNEAL PROCESS 

DURING THERMAL ALD  

This chapter introduces intermittent controlled atmosphere (ICA) annealing as a 

modification to thermal-ALD to grow anatase-TiO2 at lower temperatures and thicknesses 

than previously reported from TDMAT/H2O chemistry. This work highlights how an in 

situ air anneal during the ALD cycle can quench Ti3+ states and enable anatase nucleation 

during the deposition process. This provides a pathway for further exploration as to how 

ALD atmosphere can be toggled to encourage crystalline growth and/or crystal phase 

control. 

4.1 Introduction  

As discussed in Section 1.4.1 ALD of TiO2 from TiCl4/H2O chemistry and Section 

1.4.2 ALD of TiO2 from TDMAT/H2O chemistry, TDMAT/H2O chemistry grows 

amorphous TiO2 films at deposition temperatures as high as 220-250 °C [79], while 

TiCl4/H2O can deposit TiO2-anatase at deposition temperatures as low as 150 °C [76]. Here 

I question what is limiting crystallization during ALD in TiO2 film deposited from 

(TDMAT) and H2O. Studies on amorphous-TiO2 have shown increased conductivity in 

films deposited by TDMAT compared to those deposited from TiCl4 [84]. In 2019, Nunez 

et al. compared amorphous-TiO2 films from TDMAT and TiCl4 and found that increased 

electrical conduction in TiO2 films grown with TDMAT/H2O chemistry is consistent with 

a Ti3+ defect-mediated transport mode as opposed to conduction through either the valence 
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or conduction band [84]. Indeed, the most common TiO2 defect is oxygen vacancies which 

create unpaired electrons or Ti3+ centers [106]. The report from Nunez et al. indicates that 

the increased electronic conductivity for TiO2 from TDMAT compared to amorphous TiO2 

films grown from other titanium precursors is governed by an inherent structural 

difference. In 2021, Babadi et al. sought to link the electronic conductivity of ALD-TiO2 

thin films with the gas phase chemistry in ALD from TDMAT/H2O [88]. Babadi et al. 

found that the reaction by-product from the TDMAT/H2O process, dimethylamine (DMA), 

can act as a reducing agent, and correlated the presence of Ti3+ oxidation state with an 

increase in the filmsô electrical conductivity [88].  

Literature reports has shown that TiO2 thin film reduction can be counteracted with an 

additional oxidation step, using post-deposition annealing (PDA) at temperatures ranging 

from 400 °C to 1000 °C as a method to control the electronic properties [47]. In the 

vanadium oxide (VOx) by ALD material system, Weimer et al. have demonstrated the 

ability to tune the oxidation state of a growing vanadium oxide thin film by using a second 

non-metal ALD precursor in addition to the primary co-reactant [107]. Here, I similarly 

modify the TiO2 ALD growth process to consider the effect of an anneal during the ALD 

cycle to encourage stoichiometric TiO2 deposition.  

In this chapter, I describe the first use of an in situ air anneal during the ALD cycle 

for TiO2-anatase thin film growth. I term this process variation as atomic layer deposition 

with intermittent controlled atmosphere annealing (ALD-ICA). ALD growth per cycle is 

measured using spectroscopy ellipsometry (SE). TiO2 crystalline phase is verified by 

Raman spectroscopy. 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 TiO2 film surface chemistry with X-ray photoelectron 

spectroscopy (XPS), this study corroborates that as-deposited TiO2 films from 

TDMAT/H2O have more Ti3+ chemical states compared to those deposited with an in situ 

air anneal every cycle. I suggest the presence of Ti3+ chemical states, indicative of oxygen 

vacancies, inhibits TiO2-anatase nucleation in the as-grown thermal-ALD films, given that 

these films readily crystallize during ALD-ICA when oxidizing atmosphere is introduced. 

Finally, the in situ layer-by-layer annealing in the ALD-ICA process is compared to 

thermal-ALD with ex situ post-deposition annealing (PDA) to demonstrate how this layer-

by-layer annealing varies from ñbulkò annealing.  

4.2 Experimental 

4.2.1 ALD conditions 

As previously discussed, ALD processing was performed in a home-built, hot-

walled, flow-tube reactor with custom LabVIEW control software [92]. Purified nitrogen 

gas (On Site Model Pro N-8TGNPSA Nitrogen Generator, Newington, CT) was used as 

the carrier gas with a chamber pressure of 1.16 Torr. The chamber deposition region was 

held at 180 °C, 200 °C, or 220 °C and all gas process line temperatures were maintained 

between 82 ęC and 110 ęC. The ALD deposition temperature was not raised above 220 °C 

to prevent TDMAT decomposition [86]. Depositions were performed on 10 cm x 1 cm Si 

substrates (University Wafer, P/Boron<100>, 1-100 Ohm-cm, Test Grade) and the Si wafer 

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

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

Chemicals, Inc. (Newburyport, MA, USA) and deionized water were used as the precursor 
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and co-reactant for ALD of TiO2 films. TDMAT was held at room temperature and was 

dosed into the reaction chamber in a bubbler configuration with N2 flow. The TDMAT 

delivery lines to the reactor were heated to 82 °C. The standard ALD cycle included 1.0 s 

TDMAT dose / 5 s N2 purge / 0.4 s H2O dose / 85 s N2 purge for deposition TiO2 reference 

films. For the ALD-ICA cycle, an in situ intermittent controlled atmosphere (ICA) air (Zero 

Grade Air, Airgas) anneal was included to increase the chamber process pressure from 1.16 

Torr to 4.45 Torr for the specified time durationðthis is referred to the air anneal. 

Including the air anneal, the standard ALD-ICA process sequence is: 1.0 s TDMAT / 5 s 

N2 purge / 0.4 s H2O / 15 s N2 purge / 35 s zero grade air / 35 s N2 purge. As in a typical 

thermal-ALD process, the N2 purge following the TDMAT dose was intended to remove 

the reaction byproducts and any unreacted precursor from the first ALD half-cycle from 

the reaction chamber. Likewise, the N2 purge following the H2O dose was intended to 

remove the reaction byproducts and any unreacted oxidant from the reaction chamber. In 

this work, the purpose of the air anneal was to provide oxidizing atmosphere during the 

ALD cycle. The purpose of the last N2 purge in the cycle was to remove all air from the 

reaction chamber, to not adversely affect the self-limiting surface half reactions between 

TDMAT and H2O, and to restore process pressure to 1.16 Torr. Figure 4.1 presents the 

chamber pressure curves for two cycles ALD process (bottom) versus two cycles ALD-

ICA process. Maintaining the TDMAT and H2O dose times constant throughout this 

chapter, the ALD-ICA process is abbreviated as follows to only include the N2 purge time 

and air anneal sequence in seconds: 5/15/35/35 s. 
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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, H2O dose, and 

intermittent controlled atmosphere (ICA) air anneal. White background indicates N2 

purging. 

4.2.2 Characterization 

Spectroscopic ellipsometry (alpha-SE, J.A. Woollam) was used to measure film 

thickness and the index of refraction, n. A CodyLor model, for films with UV absorption, 

was used to describe the TiO2 layer 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 TiO2 phase identification using a 488 nm laser with 10% power, 1200 l/mm 

grating, and 2 s acquisition time. Raman spectroscopy measurements were made in at least 

three different lateral locations on the 1 cm x 1 cm TiO2 film.  

Scanning electron microscopy (SEM) is used to image the resultant TiO2 

microstructure as a function of process conditions. It was performed on a Hitachi SU8230 

field emission SEM (FE-SEM) at 1 kV accelerating voltage and 20 µA emission current. 

In mixed phase TiO2 films, amorphous regions appear dark and TiO2-anatase crystals 
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appear bright. In films appearing fully crystalline, there is image contrast such that different 

grains are distinguishable. For each condition, at least two TiO2 films 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 quantify the crystalline fraction and crystal size.  

X-ray photoelectron spectroscopy (XPS) is used to study the chemical state of TiO2 

thin films to probe Ti3+ oxidation state as a function of ALD process conditions. XPS was 

conducted on a Thermo Scientific K-Alpha XPS coupled with a monochromated Al KŬ 

(1486.6 eV) X-ray source. This system uses an X-ray incident angle of 60° from sample 

normal and the photoemission angle is 0° from sample normal. For each TiO2 thin film 

analyzed, a survey spectrum was measured amd high-resolution elemental scans for C1s, 

O1s, N1s, and Ti2p were collected with a 0.100 eV step size. The presented high-resolution 

scans are averaged from 5+ data collection scans. Binding energy calibration was 

performed based on the adventitious carbon C1s peak at 284.8 eV. Ti2p3/2 and Ti2p1/2 were 

peak fitted to discern Ti4+ from Ti3+ states. Applied constraints were selected based on TiO2 

references [108, 109]. To study surface roughness and topography, a Bruker Icon AFM 

(Bruker, Billerica, MA, USA) was used in standard tapping mode with a n-Si tip 

(MikroMasch Hq:XSC11/AL), a scan rate of 0.5-1 Hz, and scan area ranging from 1-4 

ɛm2.  

4.3 Results and Discussion 

4.3.1 In situ, layer-by-layer air anneal by ALD-ICA 

Figure 4.2 presents SEM micrographs from a) as-deposited TiO2 thin films 

deposited from the standard, thermal-ALD process, and b) TiO2 thin films deposited from 
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the ALD-ICA 5/15/35/35 s process which includes a 35 s in situ air anneal. The time per 

cycle between these two ALD processes remain constant at 91.4 s. TiO2 thin films 

deposited from TDMAT/H2O chemistry at 180 °C, 200 °C, and 220 °C show a uniformly 

amorphous microstructure except for white hillocks. To first discuss Figure 4.2a, the as-

deposited TiO2 thin films appear amorphous from SEM, with no crystal grains present. 

However, the previously discussed white hillocks are present. In CHAPTER 3, I 

demonstrate that these hillocks do not purport a crystalline signature from grazing 

incidence XRD, Raman spectroscopy, or grazing incidence wide angle x-ray scattering 

(GIWAXS). Further, from the extensive post-deposition annealing (PDA) study, I 

demonstrated that these hillocks do not serve as seeds for two-dimensional crystal growth 

[4, 68]. However, given the result presented in Section 2.2 Materials and Processing 

Methods, it is reasonable to assume that these white hillocks would grow three-

dimensionally into crystals with subsequent ALD cycles. Referring to Figure 4.2b, the 

ALD-ICA 50 nm TiO2 films are very differentðexhibiting a polycrystalline microstructure 

with grain size decreasing from approximately 1.2 µm to 500 nm as deposition temperature 

is increased from 180 °C to 220 °C.  
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Figure 4.2. SEM micrographs for a) as-deposited film morphologies at ALD 

temperatures increasing from 180 °C to 220 °C with 1120 ALD cycles from 

TDMAT/H 2O chemistry at 91.4 s per cycle. b) SEM micrographs for ALD -ICA film  

morphologies at temperatures increasing from 180 °C to 220 °C with 1120 ALD cycles 

from TDMAT/H 2O chemistry at 91.4 s per cycle, including a 35 s in situ air anneal 

per cycle. 

Figure 4.3 presents Raman spectra to identify the TiO2 phase 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 TiO2 ALD-ICA 5/15/35/35 s, (ii) 25 nm TiO2 ALD-ICA 5/15/35/35 s, and 

(iii) 50 nm TiO2 ALD films. For all deposition temperatures, the thermal-ALD 50 nm films 

do not exhibit any Raman vibrational modes other than the Si substrate signal at 521 cm-1 
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(Figure 4.3a-c, iii), therefore confirming the amorphous structure. Notably, all 50 nm ALD-

ICA TiO2 films exhibit Raman signal consistent with the anatase crystalline phase (Figure 

4.3a-c, i). As such, including an in situ air anneal during the ALD cycle enables 

crystallization to occur, resulting in an as-deposited, TiO2-anatase crystalline 

microstructure from TDMAT/H2O chemistry at the lowest reported temperature in 

literature. 

For the 50 nm ALD-ICA films deposited at 180 °C and 200 °C (Figure 4.3a-b, i), 

the spectra indicate presence of the Eg vibration mode (145 cm-1, 636 cm-1) and the B1g 

(394 cm-1) vibration mode for TiO2-anatase. The Eg peak is caused by the symmetric 

stretching vibration of OðTiðO and the B1g peak is caused by the symmetric bending 

vibration of OðTiðO [110-112]. The A1g peak for TiO2-anatase at 514 cm-1 is not visible 

due to the Si substrate vibrational mode in the same spectral region. In Figure 4.3c, (i), the 

50 nm ALD-ICA film deposited at 220 °C shows a weaker, but still present, anatase signal. 

In Raman spectroscopy, the signal intensity is proportional to the population of bonds 

contributing to the vibrational mode. For this reason, I believe the 50 nm ALD-ICA films 

deposited at 220 °C to be more defective than the lower temperature (180 °C and 200 °C) 

films, but to still have the anatase phase present.  

Figure 4.3a-c, (ii) presents Raman spectra for 25 nm ALD-ICA films deposited at 

180 °C to 220 °C. Uniformly, the Eg and A1g peaks have decreased. While these spectra 

still demonstrate the presence of the TiO2-anatase phase in these thinner films, the intensity 

is decreased due to the reduction in film volume as the detection limit is approached. It 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 relative to the film deposition 

conditions. 

 

 

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 ALD-ICA 

5/15/35/35 s, (ii) 25 nm ALD-ICA 5/15/35/35 s, and (iii) 50 nm thermal ALD spectra 

are presented. Spectra are normalized to the Si peak at 521 cm-1. TiO2 stretching 

modes are labeled as Eg (*) and B1g (#). 

To characterize how intermittent controlled atmosphere annealing (ICA) alters the 

ALD growth process, Figure 4.4a reports deposited film thickness as a function of ALD-

ICA number of cycles for 180 °C, 200 °C, and 220 °C deposition temperatures. Figure 4.4a 

also presents the thermal-ALD film thickness for TiO2 grown at 180 °C, 200 °C, and 220 

°C from 1120 cycles. Films deposited at 180 °C and 200 °C by ALD-ICA had similar 
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growth per cycle (GPC) at 0.046 nm/cycle and 0.047 nm/cycle, respectively. This implies 

that the characteristic ALD self-limiting surface chemistry is stable for these processes 

even with the addition of the intermittent controlled atmosphere (ICA) annealing. The 180 

°C and 200 °C ALD-ICA films are about 6 nm and 10 nm thicker than their thermal-ALD 

counterparts. This behavior matches literature reports describing GPC higher for 

crystalline as-deposited films compared to amorphous films [44]. The decreasing GPC for 

thermal-ALD 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/H2O chemistry at temperatures around 200 °C [76, 79].  

However, films deposited at 220 °C by ALD-ICA exhibit an increased GPC at 

0.053 nm/cycle. This increase in growth per cycle accompanies the decrease in TiO2-

anatase signal in the Raman spectra. TDMAT gas-phase unimolecular decomposition 

occurs above 200 °C, due to the low binding energy of the Ti-N bond; further, TDMAT 

decomposition in the ALD chamber is pressure and surface-to-volume ratio dependent [76, 

86]. Here, I suspect TDMAT decomposition is increasing the GPC. The ALD-ICA film 

deposited at 220 °C is 16.5 nm thicker than the thermal-ALD film grown at 220 °C. In the 

vapor deposition chamber, TDMAT decomposition occurs by both activated adsorption to 

the chamber walls and thermally activated unimolecular decomposition [86]. It is likely 

that both of these processes are occurring during the in situ air anneal step. As such during 

ALD-ICA, I 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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Figure 4.4b presents the refractive index (n, at 550 nm) for 50 nm thermal ALD and 

ALD-ICA TiO2 films. TiO2 thermal-ALD films have refractive indices varying from 2.26 

to 2.43. These values are in agreement with 2.3 for amorphous TiO2 from TiCl4/H2O 

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 annealed TiO2-anatase 

from TDMAT/H2O chemistry at 2.54 [91], and close to 2.6 for as-grown, high deposition 

temperature anatase from TiCl4/H2O chemistry [71]. Refractive index is documented as an 

accurate indicator of the quality of TiO2 thin films [91]. These ALD-ICA TiO2 thin films 

with refractive index values approaching those measured for bulk anatase indicate 

increased thin film density and improved anatase crystal quality.   

 



 95 

 

Figure 4.4. a) Measured thickness from spectroscopic ellipsometry (SE) for ALD -ICA  

cycles increasing to 114 to 1120 cycles at deposition temperatures: 180 °C, 200 °C, 

and 220 °C. Thickness for thermal-ALD TiO 2 films deposited from 1120 cycles at 180 

°C, 200 °C, and 220 °C included as hollow, crossed symbols. b) Index of refraction (n) 

at 550 nm for 50 nm TiO2 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 to study grain structure and Raman spectroscopy to identify 

the TiO2-anatase phase, this chapter reports that including a 35 s in situ air anneal during 

the ALD cycle enables the growth of crystalline TiO2 from ALD-ICA. Figure 4.5a presents 

SEM micrographs for the ALD-ICA process deposited at 160 °C, with Figure 4.5b showing 

the ALD-ICA film  deposited at 180 °C for comparison. The film deposited at 160 °C 
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demonstrates that the 5/15/35/35 s ALD-ICA process is not optimized to deposit a fully 

crystalline film at this lower temperature, although it does demonstrate that nucleation and 

growth is possible at temperatures less than 180 °C. The remainder of this work will focus 

on the processes run at 180 °C and higher. Their reported film thicknesses indicate ideal 

ALD behavior at 200 °C and lower and measured refractive indices match literature values 

for anatase. I propose that the in situ air anneal in ALD-ICA provides an additional source 

of oxygen to fill the TiO2 vacancies in the as-deposited film and encourages TiO2-anatase 

nucleation that is otherwise challenging from TDMAT/H2O precursor chemistry; evidence 

for this claim is provided in the following sections.  

 

Figure 4.5. SEM micrographs for ALD -ICA film  microstructures deposited at (a) 160 

°C and (b) 180 °C with 1120 ALD cycles from TDMAT/H2O chemistry. 

4.3.2 Probing ALD-ICA growth parameters 

This study presents a modified ALD technique to grow crystalline as-deposited TiO2 

films less than 50 nm in thickness. This section will vary ALD-ICA growth parameters to 

investigate effects of deposition temperature and film thickness, in situ ALD-ICA layer-
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by-layer annealing versus ex situ post-deposition annealing (PDA), cycle time, and ALD-

ICA atmosphere.  

 

Figure 4.6. SEM micrographs for films deposited at 180 °C from the ALD -ICA 

(5/15/35/35 s) process from (a) 114 cycles, (b) 409 cycles, (c) 444 cycles, (d) 568 cycles, 

(e) 800 cycles, and (f) 1120 cycles. These number of cycles correspond 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 temperatures: 180 °C, 200 °C, and 220 °C. These films were 

imaged with SEM top-down view to evaluate the percent crystalline grain regions versus 

amorphous regions. Figure 4.6 presents the SEM micrographs for TiO2 films deposited by 

the ALD-ICA 5/15/35/35 at 180 °C from 5 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 TiO2 anatase crystals dispersed in an amorphous matrix after 409 cycles, 
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18 nm TiO2 thickness, to forming a fully crystalline anatase film by 800 cycles or 36 nm 

TiO2 thickness.  

 

Figure 4.7. SEM micrographs for films deposited at 200 °C from the ALD -ICA 

(5/15/35/35 s) process from (a) 114 cycles, (b) 227 cycles, (c) 341 cycles, (d) 444 cycles, 

(e) 568 cycles, and (f) 1120 cycles. These number of cycles correspond to 

approximately 5 nm, 10 nm, 15 nm, 20 nm, 25 nm, and 50 nm film thickness 

respectively. 

Figure 4.7 presents the SEM micrographs for TiO2 films deposited by the ALD-

ICA 5/15/35/35 s process at 200 °C, increasing from 5 nm to 50 nm film thickness. The 

behavior is consistent with that of ALD-ICA at 180 °C, although crystallization onset for 

films deposited at 200 °C occurs around 10 nm (227 cycles) compared to 18 nm (409 

cycles) for 180 °C ALD-ICA TiO2. This progression of micrographs demonstrates TiO2 

anatase crystals dispersed in an amorphous matrix eventually forming what appears to be 

a fully crystalline anatase film at 25 nm thickness (Figure 4.7e). From SEM imaging of at 

least two TiO2 coupons and analyzing the crystallinity with ImageJ, the percent 
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crystallinity at 10 nm (Figure 4.7b) is less than 1% while the percent crystallinity at 20 nm 

(Figure 4.7d) is 97.5%. From top-down SEM, the 25 nm (Figure 4.7e) and 50 nm (Figure 

4.7f) films do not show any amorphous regions. In comparing the 15 nm (Figure 4.7c) to 

the 20 nm TiO2 film (Figure 4.7d), the 20 nm film has an increased crystal density and 

increased crystal size, implying both nucleation and grain growth occur with subsequent 

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

 

Figure 4.8. SEM micrographs for films deposited at 220 °C from the ALD -ICA 

(5/15/35/35 s) process from (a) 114 cycles, (b) 182 cycles, (c) 227 cycles, (d) 341 cycles, 

(e) 568 cycles, and (f) 1120 cycles.  

In comparing the SEM micrographs in Figure 4.6 and Figure 4.7, increasing 

deposition temperature increases crystal nucleation at equivalent film thicknesses and 

process times. This is consistent with literature reports for thermal ALD with H2O as the 

oxidant [4, 68]. Figure 4.8 includes the SEM micrograph series for ALD-ICA process with 

220 °C growth temperature and reports complete aerial crystallinity TiO2 anatase thin films 
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as thin as 10 nm (about 227 ALD-ICA cycles). Figure 4.9 summarizes the calculated 

percent crystallinity with increasing film thickness for ALD-ICA films deposited at 180 

°C, 200 °C, and 220 °C. Here it is clear that increasing deposition temperature increases 

TiO2 anatase nucleation and growth, leading to decreased grain sizes. Additionally, 

increasing ALD-ICA deposition temperature decreasing the film thicknesses at which 

crystallization occurs, which is consistent with typical ALD crystal growth behavior. 

 

Figure 4.9. Percent crystallinity determined from image analysis of top-view SEM 

micrographs versus number of ALD-ICA cycles for films deposited 180 °C, 200 °C, 

and 220 °C. 

However, I acknowledge that these 220 °C ALD-ICA TiO2 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 thesis did not optimize air dose conditions. Given the increase in the GPC for 

films deposited at 220 °C, it is possible that this TiO2 film has grown with trapped ligands 

from decomposing TDMAT at this higher temperature. As explained by Dufond et al., 

annealing a film with trapped ligands and voids would enable densification, manifesting as 
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a decrease in film thickness after annealing [91]. In 2003, Richards also reported a decrease 

in film thickness with annealing in TiO2 films deposited by atmospheric pressure CVD 

(APCVD) as crystallites 30 nm in lateral dimension sinter into grains [113]. However, 

Iancu et al. reported a thickness increase for films grown from TDMAT at 200 °C and 

annealed in O2 at greater than 500 °C [47]. They correlated this thickness increase with a 

significant increase in the crystallinity of the film, while acknowledging that TEM results 

indicate that the interfacial silicon oxide native layer thickens at higher temperatures as 

well, thereby affecting their result.  

To learn more about the 1120 cycle ALD-ICA TiO2 film structure deposited at 220 

°C, one of these films was annealed in a box furnace at 550 °C. The original TiO2 film 

thickness was 58.75 nm, with a modeled roughness of 0.801 nm and a refractive index, n¸ 

at 550 nm of 2.52238. An SEM micrograph of this film is presented in Figure 4.10a. After 

annealing for a total of 5 h in air, TiO2 film thickness increased to 60.50 nm, with a modeled 

roughness of 1.23 nm and a refractive index, n¸ at 550 nm of 2.53052. Here, no phase 

transformation is expected to occur because the temperature is not high enough to induce 

transformation to the rutile phase. A final anneal segment in air at 550 °C was performed, 

such that after 28 h of PDA in air, the film measured 61.13 nm in thickness, with a modeled 

roughness of 1.92 nm and a refractive index, n  ̧ at 550 nm of 2.53068. From the 

measurements described, it is challenging to deconvolute increases in the TiO2 layer 

thickness versus increases in the SiO2 native oxide layer thickness. With that said, these 

changes in thickness are not as significant in magnitude as those reported by Richards, 

Iancu et al., and Dufond et al. and potentially do not represent as significant changes in 

structure [47, 91, 113]. The SEM micrograph for the 28 h annealed film is presented in 
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Figure 4.10b. Comparing before and after anneal at 550 °C, it appears that intergranular 

rearrangement is occurring in the annealed film, as well as potential smoothing, although 

AFM would be required to verify that claim. There isnôt strong evidence of coarsening. 

These ellipsometry and SEM results indicate that the ALD-ICA film structure as-deposited 

at 220 °C is good enough quality to not undergo sintering with annealing, but that the 

anatase structure can still improve, as demonstrated by the slight increase in refractive 

index with PDA.  

 

Figure 4.10. TiO2 ALD -ICA film  (a) as-deposited from 1120 cycles at 220 °C and (b) 

annealed in air at 550 °C for 28 h.  

Next the effect of in situ ALD-ICA layer-by-layer annealing on crystallinity versus 

ex situ post-deposition annealing (PDA) has been evaluated. Figure 4.11a shows the 

microstructure for a 15 nm ALD-ICA TiO2 film deposited at 200 °C with 29% crystallinity. 

This is a 5/15/35/35 s process with 341 ALD-ICA cycles resulting in a total process time 

of 8.66 h. To evaluate the effect of ex situ PDA, this TiO2 film is removed from the ALD 

chamber and placed in an oven at 200 °C and annealed in air for 0.47 h. As seen in Figure 

4.11b, after annealing there is a slight increase in percent crystallinity with crystals 

appearing larger in size and potentially additional nucleation occurring. To evaluate if the 
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ALD-ICA process is more effective at increasing percent crystallinity than post-deposition 

annealing, the in situ, layer-by-layer air anneal time is increased from 35 s to 40 s. This 

increase in ALD-ICA cycle time increases the total process time from 8.66 h to 9.13 h. A 

total ALD-ICA 5/15/40/35 s process time of 9.13 h matches the total time at 200 °C as in 

Figure 4.11b. Figure 4.11c shows the resultant microstructure for a 15 nm ALD-ICA TiO2 

deposited at 200 °C with 5/15/40/35 s process. The microstructure in Figure 4.11c is very 

different from Figure 4.11a and Figure 4.11b; from top-down SEM imaging, the film 

surface appears fully crystalline, with no clear amorphous regions.  
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Figure 4.11. SEM micrographs to compare in situ layer-by-layer anneal (ALD-ICA) 

vs. ex situ PDA air anneal. (a) 15 nm ALD-ICA TiO 2 deposited at 200 °C with 

5/15/35/35 s process, or 8.66 h total process time. (b) 15 nm ALD-ICA TiO 2 deposited 

at 200 °C with 5/15/35/35 s process (8.66 h total process time) time plus 0.47 h post-

deposition anneal (PDA) in an oven in air at 200 °C. (c) 15 nm ALD-ICA TiO 2 

deposited at 200 °C with 5/15/40/35 s process, or 9.13 h total process time. 

As previously discussed in Section 1.3.4 Post-Deposition Annealing (PDA), PDA 

is typically used to transform amorphous, as-deposited ALD films into a crystalline phase. 
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Here, I 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 enable the as-deposited 

film structure to rearrange and relax into a more energetically favorable phase. For the 

comparison between Figure 4.11b and Figure 4.11c, 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 ALD-ICA TiO2 film presented in Figure 4.11c sees 5 s more of air exposure 

per ALD cycle and is not post-deposition annealed. ALD-ICA compared to typical ALD 

causes a dramatic increase in anatase nucleation that I attribute to in situ layer-by-layer air 

annealing. During typical TiO2 thermal-ALD from TDMAT/H2O, Ti3+ states are formed 

under the presence of the surface half-reaction by-product DMA and are buried, with the 

amorphous structure, by subsequent ALD cycles. These thermal-ALD TiO2 films require 

post-deposition annealing (PDA) to attain crystallization. By providing air as an additional 

oxygen source during the ALD-ICA cycle and in making purge times long enough, I 

hypothesize that sub-stoichiometry in the upper ALD layers is resolved during the air dose 

time, given the chemical and physical availability of O2 (gas). As such, the presence of Ti3+ 

states decrease as a result of the layer-by-layer in situ air anneal, and results in the growth 

of TiO2 anatase as-deposited. This hypothesis will be further discussed in the next section. 

As seen when comparing Figure 4.11a to Figure 4.11c, increasing the ALD-ICA 

air dose time from 35 s to 40 s increases the crystallinity from top-down 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 

fil ms as well. Included in Figure 4.12 is an 8 nm ALD-ICA TiO2 film deposited at 220 °C 

with increasing air dose time from 35 s to 40 s to 57 s. In this demonstration, the percent 
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crystallinity determined from top-down SEM imaging and image analysis increases with 

increasing air anneal time, although transformation to full crystallinity may be limited by 

the film thickness.  

 

Figure 4.12. SEM micrographs for  increasing in situ air anneal time in 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 thermal TiO2-ALD process from 

TDMAT/H2O chemistry in an N2 atmosphere alone will not enable TiO2-anatase crystal 

growth (Figure 4.2). Additionally, Figure 4.13 presents SEM micrographs of the thermal-

ALD TiO2 50 nm film deposited at 160 °C (Figure 4.13a), annealed in N2 at 180 °C for 18 

h (Figure 4.13b), and annealed in air at 180 °C for 14 h (Figure 4.13c). While the air PDA 

enables growth of large grain, TiO2 anatase, the N2 anneal only allows the previously 

discussed hillocks to increase in size. Figure 4.14 presents the same dataset for films 

deposited at 180 °C, annealed in N2 for 22.5 h, and annealed in air for 22.5 h. Figure 4.15 

presents GIXRD scans for each of the films from Figure 4.14 to confirm that the as-

deposited TiO2 film and the TiO2 annealed at 180 °C in N2 remain amorphous, while the 

anatase phase starts growing with PDA in air at 180 °C for 22.5 h. Comparing the as-

deposited films, there is an increase in the number density and size of the white hillocks 

with an increase in deposition temperature. Regardless, for the films deposited at both 160 
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°C and at 180 °C, PDA in N2 does not enable anatase nucleation and growth on this time 

scale, while PDA in air does. This implies that air provides a more effective atmosphere 

for TiO2 anatase nucleation and growth. The final ALD-ICA growth parameter investigated 

is the controlled atmosphere selection.  

 

Figure 4.13. a) 50 nm TiO2 thermal-ALD film deposited at 160 °C, b) post-deposition 

annealed (PDA) in N2 at 180 °C for 18 h, and c) post-deposition (PDA) annealed in air 

at 180 °C for 14 h. 

 

Figure 4.14. a) 50 nm TiO2 thermal-ALD film deposited at 180 °C, b) post-deposition 

annealed (PDA) in N2 at 180 °C for 22.5 h, and c) post-deposition (PDA) annealed in 

air at 180 °C for 22.5 h. 
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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, post-deposition annealed (PDA) in N2 at 180 

°C for 22.5 h, post-deposition (PDA) annealed in air at 180 °C for 22.5 h. Labeled 

peaks for anatase phase 2ɗ = 25.3Á and 48.0Á. 

 Here I consider if resultant microstructure changes when the time added to process 

is varied between the different purge steps: the post-H2O dose N2 purge, the air anneal, or 

the post-air N2 purge. Figure 4.16a shows the resultant microstructure for the standard 

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

200 °C remaining constant, Figure 4.16b shows the resultant microstructure for ALD-ICA 

when 5 s is added to the post-H2O N2 purge (5/20/35/35 s). Figure 4.16c shows the 

microstructure when 5 s is added to the air dose (5/15/40/35 s). Figure 4.16d shows the 

microstructure when 5 s is added to the post-air N2 purge (5/15/35/40 s). Adding 5 s to the 

air dose in the 5/15/40/35 s ALD-ICA process results in a fully crystalline film, while 

adding 5 s to either the post-H2O N2 purge or the post-air N2 purge results in a 

microstructure with few remaining amorphous regions, recognized here as high-contrast, 

dark regions. While increasing either N2 purge time still increases the crystallinity, I 
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attribute this improved crystallinity to the included 35 s air anneal and the overall increase 

in time at temperature. Recall that thermal-ALD with N2 atmosphere only deposits a fully 

amorphous TiO2 film (Figure 4.2) and that N2 atmosphere PDA does not cause TiO2-

anatase crystal growth (Figure 4.13). As such, I conclude that the air dose time in ALD-

ICA is the driving process modification encouraging TiO2-anatase nucleation and growth. 

 

Figure 4.16. SEM micrographs for ALD -ICA 15 nm TiO2 thin films deposited at 200 

°C from 341 cycles: a) baseline 35 s air anneal process for 91.4 s ALD-ICA  cycle time, 

b) post-H2O N2 purge increased from 15 s to 20 s for 96.4 s ALD -ICA  cycle time, c) 

40 s air dose for 96.4 s ALD -ICA  cycle time, and d) post-air N2 time increased from 

35 s to 40 s for 96.4 s ALD -ICA  cycle time. 
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4.3.3 TiO2 anatase nucleation 

To test the hypothesis that sub-oxidized film chemistry inhibits TiO2 crystallization 

during the ALD cycle, X-ray photoelectron spectroscopy (XPS) is used to probe the 

oxidation state of 50 nm TiO2 films. Here I deposit 1120 cycle thermal-ALD TiO2 films to 

compare to ALD-ICA 5/15/35/35 s TiO2 films deposited at 180 °C, 200 °C, and 220 °C. 

Figure 4.17 compares Ti2p spectra for ALD films (Figure 4.17a, c, e) against ALD-ICA 

films (Figure 4.17b, d, f). The Ti2p doublets display spin orbital splitting for Ti2p3/2 

(~458.6 eV) and Ti2p1/2 (~464.3 eV). Peak positions are in good agreement with each other 

and with literature reports [108, 109]. ALD films display a clear shoulder for the Ti2p3/2 

peak around 457.5 eV. This shoulder corresponds to the presence of sub-oxidized titanium 

oxide states, likely Ti3+. For ALD films, this Ti3+ peak area contribution ranges from 15-

17%. On the other hand, for the ALD-ICA films, the shoulder on the Ti2p3/2 peak is not 

readily visible indicating that Ti3+ states are not prevalent, contributing only 4-7% area. 

This sub-oxidation result for as-deposited, thermal ALD TiO2 films from TDMAT/H2O 

chemistry is consistent with the report from Babadi et al. which identifies the ALD reaction 

by-product, dimethylamine (DMA), as a reducing agent in the growth process [88]. As 

such, here I demonstrate that DMA-induced reduction of ALD-TiO2 can be counteracted 

with an in situ layer-by-layer air anneal, as evidenced by decreased presence of the Ti3+ 

chemical state in ALD-ICA TiO2 films.  

 Interestingly, the reduction in Ti3+ chemical state in ALD-ICA films is 

accompanied by significant TiO2-anatase crystallization. In the previous chapter studying 

the kinetics of the TiO2 amorphous to anatase phase transformation during post-deposition 

annealing (PDA) in air (CHAPTER 3), I discovered that the energy barrier for anatase 
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nucleation (~1.3-4 eV K-1 atom-1) is significantly greater than that for anatase grain growth 

(nominal). As such, the in situ air dose readily helps overcome this energy barrier, actually 

resulting in anatase nucleation during ALD-ICA. This corroborates why increased 

nucleation occurs during ALD-ICA film growth at higher temperatures, resulting in finer-

grain microstructure. Additionally, it supports why increasing the in situ air dose by 5 s 

can transform a film from 29% crystalline to fully crystalline. Mechanistically, I suggest 

that the presence of air atmosphere alters the partial pressure of oxygen (pO2) in the reactor, 

enabling O2- to quench Ti3+ states. This quenching improves the local arrangement of TiO2 

tetrahedra, enabling nucleation to occur once clusters reach a critical size. Finally, as 

documented in ALD literature, subsequent ALD-ICA cycles will enable additional 

nucleation to occur while existing nuclei continue to grow into crystalline grains as the 

depositing film increases in thickness [4, 77]. To probe this hypothesis for the mechanism 

of crystallization, I suggest in situ ellipsometry during ALD-ICA versus conventional, 

thermal-ALD to monitor changes in film thickness before and after the air dose and in situ 

X-ray photoelectron spectroscopy to monitor the change in Ti2p chemical state before and 

after the air anneal. Further, in situ Raman spectroscopy could highlight when during the 

cycle does the phase transformation occur and a pair distribution function (PDF) from X-

ray absorption fine structure (EXAFS) of ALD compared to ALD-ICA films could 

highlight the if local TiðO rearrangement is improved in ALD-ICA films before the long-

range crystallization occurs.   
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Figure 4.17. XPS Ti2p elemental scan for a) thermal-ALD at 180 °C, b) ALD-ICA 

5/15/35/35 s at 180 °C, c) thermal-ALD at 200 °C, b) ALD-ICA 5/15/35/35 s at 200 °C, 

e) 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, I include results regarding ALD-ICA templating and 

interleaving of regular thermal-ALD cycles with an ALD-ICA cycle. The purpose of this 

section is to demonstrate that the reported process has not been optimized and to explore 

additional parameters.  

For ALD-ICA templating, I 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 ALD-ICA for the first couple hundred cycles to deposit a crystalline film to serve 

as a template such that subsequent TiO2 anatase growth could occur via thermal-ALD 

only. Figure 4.18a displays the SEM micrograph for a 568 cycle ALD-ICA (5/15/35/35 s) 

TiO2 film deposited at 180 °C. Figure 4.18b presents the SEM micrograph for a 568 cycle 

ALD-ICA (5/15/35/35 s ) TiO2 fil m deposited at 180 °C followed by 552 cycles of 

thermal-ALD (5/85 s) for a total of 1120 cycles. Figure 4.18c presents the TiO2 film 

grown from 1120 cycles of ALD-ICA at 180 °C. Comparing Figure 4.18b to Figure 

4.18a, the templated 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 area.  e is a higher density of crystals, as well as larger crystals, although some 

of these crystals have an irregular shape. Regardless, the templated film is not fully 

crystalline unlike the 1120 cycle ALD-ICA film. As such, templating appears to be 

effective to some extent, implying that thermal-ALD can sustain the deposited anatase 

structure. This result demonstrates that an ALD-ICA template layer improves the ability 

for thermal-ALD to crystallize. The continued anatase nucleation and growth during 
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thermal-ALD could be caused by the ad-atom ability to match the crystalline registry and 

continue crystal growth with subsequent ALD cycles. Or the continued nucleation could 

be cause by improved oxygen content in the ALD-ICA sub-film, enabling oxygen 

diffusion to quench vacancies in the growing thermal-ALD film. However, templating 

568 cycles with ALD-ICA and followed by 552 thermal-ALD cycles is not as effective in 

establishing a fully crystalline TiO2 thin film as depositing 1120 cycles by ALD-ICA 

(Figure 4.18c). 

 

Figure 4.18. SEM micrographs for films deposited at 180 °C: a) 568 cycles ALD-ICA, 

b) 568 cycles ALD-ICA followed by 552 cycles ALD, and c) 1120 cycles ALD-ICA.   

To explore if in situ annealing is required for each ALD cycle, I 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 occur. Here I probe if is beneficial to have a few 

ALD cycles followed by the ALD-ICA cycle with in situ air anneal to promote 

crystallization of a few ALD layers. As an example for the notation for this recipe, 1:1 

ALD to ALD-ICA denotes one ALD cycle (purge times: 5/85 s) followed by one 

complete ALD-ICA (5/15/35/35 s) cycle. This cycle ratio is then super-cycled to achieve 

the desired total number of ALD cycles. The following interleaves have been tested: 1:1, 

2:1, and 3:1 ALD to ALD-ICA at ~800 total cycles and ~1120 total cycles.  
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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 the SEM micrographs for interleaved films with 800 total 

cycles. ALD-ICA has the most well-defined structure and 3:1 ALD to ALD-ICA has 

amorphous regions present, as determined by the contrast in SEM imaging. Given that 

interleaving has a demonstrated effect, approximately 1120 cycles were deposited to have 

films thick enough for GIXRD measurements (~50 nm). SEM micrographs for these ~1120 

cycle films deposited at 180 °C are presented in Figure 4.20. GIXRD to verify the presence 

of the TiO2 anatase phase for these films is presented in Figure 4.21. The ALD-ICA had 

the strongest anatase signal, with 2ɗ = 25.3°, 37.8°, and 48.0° all visible. The quantity of 

identifiable peaks decreases for the interleaved 1:1 and 3:1 ALD to ALD-ICA films; this 

could be indicative of decreasing detectable crystallinity. From the SEM top-down 

micrographs, there are not significant changes between the interleaved films. While there 

may be more subtle changes in terms of microstructure, additional metrology would be 

required to determine how crystalline quality is influenced by the ratio of thermal-ALD 

cycles to ALD-ICA cycles. Regardless, is it worth noting that crystallinity is much 

improved in Figure 4.19b and Figure 4.19c, 800 total cycle ALD to ALD-ICA interleaved 

films, compared to Figure 4.18b, the 800 total cycle ALD-ICA templated film. This result 

demonstrates the significance of continuing intermittent controlled atmosphere (ICA) air 
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anneals throughout the film growth process, thereby indicating that sub-oxidation is an 

inhibitor to crystallization throughout the ALD process, and not just at the beginning, 

middle, or end of film growth.  

 

Figure 4.20. SEM micrographs of TiO2 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. 



 117 

 

Figure 4.21. GIXRD scans for 1120 total cycles TiO2 thin films deposited at 180 °C. 

Bottom to top: Si wafer substrate, thermal-ALD , 3:1 ALD to ALD -ICA , 1:1 ALD to 

ALD -ICA,  and ALD-ICA . The three primary TiO2-anatase peaks are labeled where 

present: 2ɗ = 25.3Á, 37.8Á, 48.0Á.  

Lastly, atomic force microscopy was performed to better characterize the ALD-ICA 

microstructure and to bolster conclusions from SEM imaging. Figure 4.22a and Figure 

4.22b present AFM images from 1120 thermal-ALD cycles (Rq = 0.576 nm) and 1800 

thermal-ALD cycles (Rq = 1.31 nm) deposited at 180 °C, respectively. With increasing 

ALD cycles, the number density and size of the white nuclei increase and the thin film 

roughness increases, but grain growth does not occur up to at least 1800 cycles, or 

approximately 70 nm TiO2 deposited. With the addition of intermittent controlled 

atmosphere (ICA) air anneals, Figure 4.22c demonstrates the resultant large-grained, well-

defined microstructure with Rq of 0.773 nm from 1120 cycles (~50 nm) of ALD-ICA. 

Figure 4.22f shows the same ALD-ICA condition but with only 800 cycles, or 36 nm TiO2. 

For the thinner film, the Rq is decreased to 0.552 nm. Figure 4.22d presents the 1:1 ALD 

to ALD-ICA interleaved condition, which also exhibits a large-grained microstructure with 
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Rq of 0.997 nm. Figure 4.22e presents the 3:1 ALD to ALD-ICA interleaved condition, 

which is difficult to differentiate from the 1:1 interleave, with an Rq 0.856 nm. The AFM 

data is in good agreement with the previously presented SEM images with respect to grain 

size, surface features, and grain boundaries. Neighboring anatase grains are still 

distinguishable in the AFM images. The increasing surface roughness with increasing film 

thickness for both ALD and ALD-ICA films is consistent with typical film growth behavior 

[59]. Comparing the 50 nm ALD-ICA (Figure 4.22c) film with the 70 nm thermal ALD 

film (Figure 4.22b), it is apparent that intermittent controlled atmosphere annealing (ICA) 

is a far more effective means for growing crystalline as-deposited films. Further, 

comparing the ALD-ICA film with the interleaved films demonstrates that air annealing is 

not required every cycle for similar microstructural results, and this provides future 

direction for process and crystalline quality optimization. 
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Figure 4.22. AFM images for TiO2 thin films deposited at 180 °C from (a) 1120 ALD 

cycles, (b) 1800 ALD cycles, (c) 1120 ALD-ICA cycles, (d) 1120 total cycles 1:1 ALD 

to ALD-ICA, (e) 1120 total cycles 3:1 ALD to ALD-ICA, and (f) 800 ALD-ICA cycles.  

4.4 Conclusions 

I present an in situ intermittent controlled atmosphere (ICA) air anneal during the 

ALD cycle to deposit TiO2-anatase films less than 50 nm in thickness on silicon. In this 

chapter, I report the lowest deposition temperature, 180 °C, to achieve TiO2 crystallinity 

by TDMAT/H2O chemistry. Consistent with previous reports, TiO2 ALD by TDMAT/H2O 

precursor chemistry show Ti3+ states in XPS. However, the Ti2p scan for TiO2 films 

deposited from ALD-ICA matches with the Ti4+ state. Therefore, this work links TiO2 

oxidation state during deposition 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 crystallinity. This in situ ALD 
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layer-by-layer annealing is found to be more effective at achieving anatase crystallization 

in shorter time periods and at lower temperatures than post-deposition annealing (PDA). 

Finally, this work explores templating and interleaving ALD-ICA cycles to demonstrate 

the significance of incorporating an intermittent controlled atmosphere (ICA) anneal 

throughout the entirety of the deposition process for combatting sub-oxidation and 

depositing crystalline TiO2.  
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CHAPTER 5. ON BROOKITE FORMATION AND PURGE TIME 

IN TITANIUM DIOXIDE  THIN FILMS PREPARED BY ALD  

This chapter presents findings related to TiO2 phase dependence with deposition 

temperature and the effect of purge time during the ALD of TiO2 thin films. The first 

section will detail how depositing 1120 ALD cycles of TiO2 from TDMAT/H2O precursor 

chemistry on Si at 180 °C grows amorphous films that transform to the brookite phase upon 

post-depositing annealing (PDA) in air. I present fundamental kinetics variables for this 

phase transformation including the activation energy for brookite formation. The second 

section presents a series of experiments related to the effect of ALD purge time on as-

deposited film structure and annealed film structure. 

5.1 Introduction  

In ALD, the selection of oxidant chemistry is influenced by the deposition 

temperature and the desired energetics of the system. For instance, plasma enhanced ALD 

(PE-ALD) may be selected over thermal-ALD because the high reactivity of the plasma 

species enables deposition at lower temperatures, alters nucleation kinetics, and can deposit 

higher purity films [114, 115]. Thermal-ALD using different oxidants has been 

demonstrated to enable phase selection in the vanadium oxide (VOx) materials system 

[107]. There is precedence for oxidation altering resultant film phase using other deposition 

techniques as well. During the pulsed laser deposition (PLD) of TiO2, changing oxygen 

pressure in the deposition chamber has been demonstrated to enable selective crystalline 

polymorph formation [116]. In this chapter, I propose a relation between increased 
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deposition temperature altering amorphous film oxidation, causing TiO2-brookite phase 

formation during PDA.   

Secondly, as previously demonstrated in this thesis, thin film crystallization is 

governed by temperature and time. Generally, during vapor deposition processes, 

deposited species adsorb to the substrate surface and atoms with enough energy will move 

to lower energy sites. These adsorbed species require enough time to diffuse to more 

favorable sites, prior to being buried by the next depositing layer. Here I consider if this 

diffusion can occur during an ALD cycle. ALD literature has obscured the potential for 

surface diffusion and structural rearrangement in ALD after saturation occurs by (1) 

emphasizing self-limiting surface half reactions and (2) minimizing purge time to improve 

deposition rate. As such, in this chapter, I test the effect of increasing purge time and 

evaluate structural changes by post-deposition 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 TiO2-brookite formation is 180 °C. 

Additionally, results reported from this chapter will vary the purge time. For this work, the 

ALD cycle recipe is: 1.0 s TDMAT / 5 s N2 purge / 0.4 s H2O / x s N2 purge. At a 160 °C 

deposition temperature, the N2 purge time after the water dose will be varied from x = 25 s 

to 55 s to 85 s. As a 180 °C deposition temperature, the N2 purge time after the water dose 

will be varied from x = 25 s to 85 s to 225 s. 
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5.3 Results and Discussion: TiO2-brookite from ALD and PDA  

Most literature reporting TiO2-ALD from TiCl4/H2O and TDMAT/H2O chemistry 

demonstrate amorphous as-deposited films or films with the TiO2-anatase phase present at 

deposition temperatures below 300 °C. Interestingly, a 2019 study from Qaid et al. reported 

deposition of the metastable brookite phase from 1000 ALD cycles between 150 °C and 

300 °C on Si(111) substrates [117]. This is the only literature report to my knowledge 

growing the TiO2-brookite phase by ALD. Here brookite deposition appears to have been 

enabled by substrate crystallographic orientation and specific reactor geometry. As 

reported by Norton et al., reactor geometry, specifically surface area to volume ratio (S/V 

ratio), causes variation in the contribution from surface reactions to TDMAT 

decomposition, especially at temperatures greater than 207 °C [86]. Changing the relative 

quantity of TDMAT decomposition during deposition would influence the amount of 

DMA by-product and, as a result, the stoichiometry of the depositing film [88].  
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Figure 5.1. SEM micrographs for TiO2 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 that in our flow-through, hot-walled reactor system, the resultant 

TiO2 crystalline phase after PDA changed as a function of ALD deposition temperature. 

As demonstrated in CHAPTER 3, 1120 ALD cycles deposited at 160 °C and below result 

in a TiO2-amorphous as-deposited film, and annealing these films produces the TiO2-

anatase phase. When depositing at 180 °C, the as-deposited film remains amorphous. 

However, upon post-deposition annealing (PDA), the brookite phase, or brookite mixed 

with the anatase phase, results. Figure 5.1 presents the SEM micrograph for the amorphous 

to needle-like brookite phase transformation. Figure 5.2 presents the GIXRD scan and 

GIWAXS scan for one of these annealed TiO2 films deposited at 180 °C. The brookite 

phase indexes well with the GIXRD data, although it is challenging to conclude if it is 

phase-pure brookite or if the film contains some anatase phase. Notably, the highest 
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intensity 2ɗ peak for both brookite and anatase overlaps at ~25.3°. The GIWAXS data 

indicates that the annealed film deposited at 180 °C contains anatase, brookite, and rutile 

signal [118-120]. The sample measured by GIWAXS was not measured in GIXRD or 

SEM, so it is challenging to state if it was dominated by the same needle-like 

microstructure. Regardless, the morphology of the crystal structure is very different than 

for phase-pure anatase, appearing as needles rather than the plates described in CHAPTER 

3. The GIXRD scan with some confidence indicates the primary phase present is the TiO2-

brookite phase.  

 

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. Brookite peak positions 

labeled as 2ɗ = 25.3°, 25.7°, and 30.8°. b) GIWAXS scans for amorphous film 

deposited at 180 °C, the film annealed for 200 °C for 2 h and the film annealed at 200 

°C to greater than 95% crystallinity.  

This section presents the combined nucleation and growth kinetics for TiO2-brookite 

formation in amorphous ALD thin films during post-deposition annealing (PDA) in air. 

The general form for the JMAK equation remains the same as previously discussed in 

Equation 3.1 as does the linearized form in Equation 3.2. Figure 5.3a plots the characteristic 

ñs-curveò for the phase transformation from amorphous to TiO2-brookite and Figure 5.3b 
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plots the linearized JMAK equation to extract the Avrami exponent, n, and the reaction 

rate, k. Table 5.1 presents the calculated Avrami exponent and the reaction rate for brookite 

nucleation and growth. The average Avrami exponent is 2.58. Notably, this is lower than 

the Avrami exponent determined in CHAPTER 3 for the two-dimensional TiO2-anatase 

phase transformation. It is expected that in changing growth morphology from disc-like to 

rod-like, that the Avrami exponent would decrease by 1 [32]. As such, I attribute the 

decreased Avrami exponent measured here for brookite formation to the change in crystal 

morphology and the growth mode is likely to remain two dimensional because the 

thickness is so constrained. 
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Figure 5.3. a) Amorphous TiO2 to brookite phase transformation curves for films 

deposited at 180 °C and post-deposition annealed at 160 °C (gold), 180 °C (blue), and 

200 °C (red). b) Linearized form of the amorphous TiO2 to brookite phase 

transformation curves for films deposited at 180 °C and post-deposition annealed at 

160 °C (gold), 180 °C (blue), and 200 °C (red). 
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Table 5.1. Calculated Avrami exponent n and reaction rate k for films deposition from 

1120 ALD cycles at 180 °C and each PDA condition. 

Dep T 

(°C) 

PDA T 

(°C) 

Avrami exponent,  

n 

Reaction rate,                              

k 

180 200 ςȢχχ  πȢπσ τȢφ ρπ πȢππς ρπ   

180 180 ςȢφρ  πȢπτ ωȢφ ρπ πȢπτ ρπ   

180 160 ςȢσφ  πȢπψ ρȢψ ρπ πȢπς ρπ   

To complete this analysis, the reaction rate k for films deposited at 180 °C, was 

plotted against annealing temperature using Equation 3.4. The combined activation energy 

for the nucleation and growth of brookite is calculated to be 1.41  0.02 eV K-1 atom-1. 

This is very close to the value attained for nucleation and growth of the anatase phase. In 

literature, the relative stability of rutile, anatase, and brookite is still debated. The 

energetics of TiO2 polymorph formation has been shown to be dependent on particle size, 

grain size, surface area, formation environment, and incorporation of impurities/dopants 

[121-123]. As such, measuring brookite and anatase to have a similar activation energy for 

nucleation and grain growth from the amorphous phase 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 CHAPTER 3, to improve the confidence and 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 changed the resultant phase 

after post-deposition annealing (PDA), I tested the effect of potential uneven chamber 

heating and TDMAT delivery line temperature. I had two main hypotheses for why 

brookite was forming in annealed films deposited at 180 °C, both of which were related to 

the change in oxidation environment: 

1. Brookite forms due to exposure to the TDMAT/H2O reaction by-product 

dimethylamine (DMA) from chamber walls, 

2. Brookite forms due to exposure to thermal decomposition of TDMAT. 

Practically, I attributed these hypotheses to the following process/reactor-related causes: 

1. Brookite forms from uneven chamber heating 

a. Non-uniform chamber heating across the deposition region causes 

TDMAT decomposition and increased presence of dimethylamine 

(DMA) to act as a reducing agent on the depositing TiO2 film. 
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2. Brookite forms from raised chamber temperature causing increased thermal 

decomposition of TDMAT, resulting in increased depositing TiO2 exposure 

to reducing agent dimethylamine (DMA) 

3. Brookite forms from the TDMAT/H2O reaction on chamber walls causing 

increased exposure of the deposition TiO2 film to the reaction by-product / 

reducing agent dimethylamine (DMA). 

To test the process/reactor cause #1, I first checked the temperature uniformity within 

the deposition region. Moving an in situ thermocouple through the length of the deposition 

region, no obvious temperature inhomogeneity was found. Further, film thickness 

throughout the deposition region always remains consistent, thereby supporting that the 

temperature is homogeneous throughout. Second, I changed the temperature of the 

chamber inlet temperature relative to the deposition region temperature and surveyed the 

resultant annealed microstructure. Varying the inlet region temperature from 110 °C to 160 

°C to 180 °C to 190 °C did not have a conclusive effect on annealed TiO2 film structure. 

Regardless of the inlet region temperature, the deposition region set to 180 °C always 

resulted in an annealed phase-pure brookite structure or mixed phase brookite and anatase.  

To test the process/reactor cause #2, I would recommend increasing the temperature 

of the TDMAT delivery line to induce thermal decomposition of the TDMAT precursor 

prior to it reaching the deposition region. If some proportion of the dosed TDMAT is 

decomposed, then the growing TiO2 film would have exposure to potential reducing agent 

dimethylamine (DMA).  However, I did not test this hypothesis given that I did not want 

to dirty the line or chamber and compromise upcoming depositions, as the CHAPTER 3 

and CHAPTER 4 experiments were ongoing. 
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To test the process/reactor cause #3, I would recommend dosing DMA after the ALD 

cycle to create a reducing environment like the Babadi et al. study [88]. This could be 

performed via an ALD-ICA process with DMA as the controlled atmosphere anneal. The 

resultant as-deposited structure could be analyzed with electrical measurements and XPS 

to evaluate electrical conductivity and presence of Ti3+ states. The anneal could be imaged 

with SEM and phase identified with XRD or Raman spectroscopy. 

From the results presented in CHAPTER 4, where TiO2-anatase nucleation was 

induced in as-deposited at 180 °C to 220 °C by providing as oxidizing environment during 

ALD, I believe that deposition temperature alone cannot explain why TiO2-brookite forms 

upon PDA from films deposited as 180 °C. I did attempt to directly sub-oxidize the growing 

TiOx film by not providing a sufficient water dose for surface saturation. This caused an 

overall decrease in the growth per cycle (GPC) and suppressed crystallization (nucleation) 

by PDA altogether. As such, this did not run as a proper self-limiting ALD process and did 

not provide a promising path for exploration. I believe that the most promising future work 

for understanding how to control phase would be to use ALD-ICA with a reducing 

atmosphere to directly control the oxidation state of the growing film. 

5.4 Results and Discussion: the effect of purge time on TiO2-ALD  

In this section, purge time has been explored as a parameter is TiO2-ALD. The N2 

purge time following the TDMAT dose was held constant at 5 s. This value was minimized 

to 5 s after varying as high as 45 s. During this purge time sweep, GPC remained constant, 

however, films deposited with the recipe 1.0 s TDMAT / 45 s N2 purge / 0.4 s H2O / 45 s 

N2 purge were amorphous, rough, and did not crystallize with post-deposition annealing. 
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Films deposited with a shorter, 5 s, N2 purge after the TDMAT dose were amorphous with 

a smooth surface and did crystallize with PDA. Further, a recipe with a short purge after 

the metal-organic precursor and longer purge after the co-reactant dose felt more consistent 

with PE-ALD and PH-ALD recipes which vary the energetics after/during the co-reactant 

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

 Figure 5.5 reports SEM micrographs for resultant grain structures following PDA. 

These TiO2 films are deposited from 1120 thermal-ALD cycles at 160 °C. With increasing 

purge time, the TiO2 anneal structure exhibits increased nucleation and decreased grain 

size. Figure 5.5a and Figure 5.5b are not fully crystalline, but would crystallize if annealed 

for a longer time duration. In CHAPTER 3, I reported on how increasing ALD temperature 

increased the vibrational frequency of the film, enabling greater nucleation. Here, it appears 

that decreasing purge time results in decreased nucleation, and so these as-deposited films 

have decreased vibrational frequency and as a result. This trend supports the hypothesis 

that increasing process time increases the likelihood for nucleation, although it is difficult 

in this case to deconvolute ad-atom rearrangement during the ALD cycle from temperature 

effects due to longer time at temperature during a longer ALD process. Regardless, this 

result demonstrates that ALD cycle time can be increased to decrease the resultant 

nucleation and microstructural grain size with a given post-deposition low temperature 

anneal.  
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Figure 5.5. SEM micrographs following 5.5 h PDA in air of TiO2 films deposited at 

160 °C from 1120 cycles. N2 purge time after the H2O dose is varied from a) 25 s to 

b) 55 s to c) 85. 

 Figure 5.6 presents SEM micrographs of 180 °C as-deposited thin structure with N2 

purge time after the H2O dose varying from 25 s to 85 s to 225 s. Here, nucleation and 

growth are starting to occur over the course of the 230 s total cycle time. TEM would be 

required to determine what crystalline phase these structures are, how ordered these 

structures are, if they have preferred orientation, etc. Once again, it is difficult to 

deconvolute the effect of cycle time on TiO2 film growth from the overall effect of an 

increased time at temperature due to longer total process time. By increasing total ALD 

cycle time from 30 s to 230 s, the overall process time at 180 °C is increased from 9.3 h to 

71.6 h. In comparing the 90 s total cycle time, or 28 h total process time, to a PDA at 180 

°C, it is apparent that PDA is a more time-efficient method of achieving crystallinity. For 

an amorphous TiO2 film deposited at 180 °C via a 28 h process and annealed in air at 180 

°C for 28 h, the measured % crystallinity from image analysis of SEM micrographs is about 

68%. This is far more crystalline than the film deposited with a 230 s total ALD cycle or 

71.6 h total process time and the film was only held at 180 °C for a total duration of 56 h. 

This result implies that the energetics are too low at 180 °C for significant atomic 
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rearrangement to occur during the ALD cycle or that the chemistry is not favorable during 

thermal-ALD, and so ALD-ICA should be considered.  

 

Figure 5.6. SEM micrographs of 180 °C as-deposited 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 h respectively). 

5.5 Conclusions 

In this chapter, TiO2-brookite nucleation and growth from amorphous TiO2 thin 

films has been explored. To date, most of the literature reporting on the deposition of 

TiO2 from ALD with TDMAT/H2O chemistry describes growth of the amorphous or 

anatase phase. To my knowledge, only the one study from Qaid et al. reports deposition 

of the TiO2-brookite phase from TDMAT/H2O chemistry. This chapter reports on the 

formation of TiO2-brookite during PDA of amorphous TiO2 films deposited by ALD 

from TDMAT/H2O chemistry at 180 °C. I believe brookite forms rather than anatase 

because of differences in the stoichiometry of the as-deposited amorphous film. The 

JMAK equation was used to calculate the activation energy for brookite nucleation and 

growth approximately equal to 1.41  0.02 eV K-1 atom-1. The activation energy for 

anatase nucleation and growth is similar to brookite. This result supports the metastable 

nature of these phases given that the energy barrier for formation is similar.  












































































