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Conformal coatings are becoming increasingly important as technology heads 

towards the nanoscale.  The exceptional thickness control (atomic scale) and 

conformality (uniformity over nanoscale 3D features) of atomic layer deposition 

(ALD) has made it the process of choice for numerous applications found in 

microelectronics and nanotechnology with a wide variety of ALD processes and 

resulting materials.  While its benefits derive from self-limited saturating surface 

reactions of alternating gas precursors, process optimization for ALD conformality is 



  

often difficult as process parameters, such as dosage, purge, temperature and pressure 

are often interdependent with one another, especially within the confines of an ultra-

high aspect ratio nanopore.  Therefore, processes must be optimized to achieve self-

limiting saturated surfaces and avoid parasitic CVD-like reactions in order to 

maintain thickness control and achieve uniformity and conformality at the atomic 

level while preserving the desired materials’ properties (electrical, optical, 

compositional, etc.).    

 This work investigates novel approaches to optimize ALD conformality when 

transitioning from a 2D planar system to a 3D ultra-high aspect ratio nanopore in the 

context of a cross-flow wafer-scale reactor used to highlight deviations from ideal 

ALD behavior.  Porous anodic alumina (PAA) is used as a versatile platform to 

analyze TiO2 ALD profiles via ex-situ SEM, EDS and TEM.  Results of TiO2 ALD 

illustrate enhanced growth rates that can occur when the precursors titanium 

tetraisopropoxide and ozone were used at minimal saturation doses for ALD and for 

considerably higher doses.  The results also demonstrate that ALD process recipes 

that achieve excellent across-wafer uniformity across full 100 mm wafers do not 

produce conformal films in ultra-high aspect ratio nanopores.  The results further 

demonstrate that conformality is determined by precursor dose, surface residence 

time, and purge time, creating large depletion gradients down the length of the 

nanopore.  Also, deposition of ALD films over sharp surface features are very 

uniform, and verified by profile evolution modeling.  This behavior, in contrast to that 

in high aspect ratio structures, suggests strongly that detailed dynamics, local flow 

conditions (e.g. viscous vs molecular), surface residence time, and ALD surface 



  

reaction kinetics play a complex role in determining ALD profiles for high aspect 

ratio features. 
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Chapter 1 : Introduction 

1.1 Atomic Layer Deposition (ALD) 

1.1.1 Background on ALD 

ALD is a gas phase deposition technique which utilizes self-limiting chemistries 

in order to produce thin solid films down to the atomic scale.    ALD is widely accepted 

as a means to produce high quality films with thickness control (Figure 1) over large 

surface areas with excellent uniformity and unprecedented conformality (Figure 2).[1-6]  

These key attributes are inherent to the self-limiting nature of the ALD surface reactions 

where it employs alternating reactant exposures of two gaseous precursors which are 

sequentially pulsed creating a saturated chemisorbed surface in order to achieve film 

growth one sub-monolayer at a time. [3, 4, 6] The sequential behavior of the precursors 

also helps avoid the formation of gas-phase particles that sometimes plague other gas 

phase deposition techniques in order to create thin, continuous, pin-hole free films which 

are critical to the engineering of the physical and electronic properties essential to the 

nano-community. 
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Figure 1.  Linear correlation between cycle 
number and deposited film thickness in ZrO2 
ALD at 275 °C.  Demonstrates the 
unprecedented thickness control ALD has to 
offer atomic layer by atomic layer.[7] 

Figure 2.  TEM image of 210 Å hafnium 
aluminate film deposited by ALD in a 
high aspect ratio SiO2 trench.[7] 

 

Due to its ability to deposit films with excellent uniformity and conformality over 

complex topographies with unprecedented thickness control, ALD has emerged as a key 

technology used in the down scaling of semiconductor device dimensions such as the 

sub-nm gate dielectrics found in transistor and high density memory devices, such as 

metal-insulator-metal (MIM) stacks fabricated in trench and high aspect ratio dynamic 

random access memory (DRAM) structures.[3, 8-14]  Recently, ALD has expanded its 

range of applications beyond the field of conventional semiconductor technology and has 

pervaded in various fields, such as optoelectronics [15, 16], catalysis [17-19], energy 

devices [20-22], and micro-electro-mechanical systems (MEMS) [23-27].  ALD has also 

been a key driving force behind nanotechnology where complex 3D structures can be 

filled or coated to produce a wide range of nanowires [5, 28, 29], nanotubes [5, 21, 22, 
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29-31], and nanoparticles [32-39].  In order to support all of these advancing 

technologies, suitable precursors have been developed in order to deposit a wide variety 

of oxides, nitrides, semiconductor, and elemental materials (Table 1).[1, 4, 40] 

Oxides Nitrides Sulfides Semiconductors Elements 

Al2O3 [4, 41-
43] 

TiN[21] SrS GaAs Si 

In2O3 NbN CaS Si Ge 

ZrO2 [27, 42] TaN BaS InAs Cu[37] 

HfO2 [44-47] Ta3N5 ZnS InP Mo 

Ta2O5[48, 49] MoN  GaP W[50-53] 

SiO2[31] WN  InGaP Ta 

TiO2[43, 54-
57] 

BN   Ti 

SnO2[58]    Pt 

Nb2O5    Ru[39] 

ZnO[59]    Ni 

RuO[60]    Pd[38, 61] 

Table 1.   Short list of materials deposited by ALD.  Puurunen listed more than 
75 elements and 125 compounds that could be deposited by ALD in his 2005 
review.[4] 

 

1.1.2 ALD process sequence 

ALD is similar to chemical vapor deposition (CVD) in that they are both based on 

the chemisorption surface reactions, i.e., chemisorbed, where adsorbate species will 

chemically react with the atoms on the surface creating strong chemical bonds.[4]  ALD 

differs from CVD in that precursors are sequentially introduced in a cyclic fashion to a 

substrate’s surface rather than flown simultaneously, therefore, initiating self-limited 

surface reactions between a chemisorbed metal containing precursor and an adsorbed 
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nucleophilic reactant such as an -OH surface specie in order to deposit only one (or less 

than one) monolayer per cycle.[4, 7, 62]  To illustrate the basic concept of the ALD 

process sequence, we can consider the prototypical example of Al2O3 deposition resulting 

from the sequential exposures of the metal precursor Trimethylaluminum (Al(CH3)3) 

(TMA) and water.  During the first TMA half-cycle, TMA molecules are exposed to the 

surface and will adsorb on the active ligands present on the surface, in the case of TMA 

and water these are hydroxyl –OH* groups.  A thermally activated reaction will occur 

splitting the (Al(CH3)3) molecules on the surface.  The CH3 ligands will combine with the 

hydroxyl surface groups and form a volatile organic compound, such as methane CH4, 

which will desorb from the surface.  The remaining part of the molecule chemisorbs to 

the surface chemically bonding the aluminum atom with either one or two oxygen atoms 

on the surface in order to deposit a stochiometric Al2O3 film.  This reaction is referred to 

as a ligand exchange reaction.[4]  When all the hydroxyl active sites that are physically 

accessible to the (Al(CH3)3) molecules then the surface is considered saturated and the 

half cycle is complete.  Excess TMA molecules that could not react on the surface as well 

as desorbed reaction by-products are purged out of the reactor.  For the 2nd half cycle, for 

this case water, water molecules will bind to the methyl groups through another ligand 

exchange reaction causing the release of more CH4 molecules.  The reaction steps can be 

seen in Figure 3 along with the reaction mechanisms displayed below. 

First half reaction: Al-(OH*) + Al(CH3)3 � Al-O-Al(CH3)2
* + CH4 

Second half reaction: Al-O-Al(CH3)2
* + H2O � Al-OH* + CH4 

Where the asterisks denote the active surface species[63] 
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Figure 3. Schematic of the Al2O3 ALD process sequence illustrating the four 
cyclic process steps of 1) metal exposure, 2) purge, 3) oxidizing exposure, and 4) 
purge. 

 The fundamental aspect of ALD is that after the completion of the 2 half 

reactions, the surface is functionalized again to react with TMA, therefore depositing a 

new layer by repeating the cycle.  This four step sequence constitutes a full reaction cycle 

in which a fixed amount of material is deposited, referred to as the “growth rate” 

(thickness/cycle).[4]  Ideally, if sufficient doses are applied to saturate the surface and 

purge times are adequate to avoid parasitic CVD-like reactions, one monolayer of film is 

deposited.[58]  However, most processes are limited by the steric hindrance of the metal 

containing precursor due to their relatively large size, therefore, blocking active surface 

sites from being chemisorbed by other metal precursor molecules.[4, 64]  Thus, only a 

fraction of a monolayer (1/2ML) is actually deposited.[2]  In the case of Al2O3 the growth 

rate is ~0.1 nm/cycle.[63] 
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1.1.3 ALD process requirements 

Precise thickness control, excellent uniformity and unprecedented conformality 

are deemed the golden standards by which an ALD process is measured and are highly 

dependent upon the self-limiting behavior of the ALD process.  However, a number of 

interdependent parameters can highly influence the performance of the process.  This 

section will discuss only a few of the key requirements and challenges often found during 

ALD processing. 

1.1.3a Precursors 

Precursor chemistry plays a vital role in order to achieve ALD.[1]  Several 

requirements are taken into consideration when choosing a chemical precursor. (1) They 

must be volatile to produce a high enough vapor pressure (at least above 0.1 Torr) so they 

can easily be transported into the reaction zone of the process chamber.  However, many 

precursors are low vapor liquids or even solids at room temperature and therefore require 

higher temperatures to raise their vapor pressure.[1, 4]  (2) Precursors must be thermally 

stable in that they do not decompose in the source or on the substrate.[1, 4]  Reactions 

due to the decomposition of reactants are likely to produce non-self limited reaction with 

higher growth rates and possible film contamination of C, H, N or halide atoms 

depending on the precursor used.  (3) Precursors also must react rapidly and aggressively 

with surface groups from the previous exposure and not with its own adsorbates in order 

to achieve a saturated self-limiting surface in a short time (usually < 1s).[1]   

Different precursors have been employed for the deposition of an oxide ALD 

chemistry including metal halides and several types of organometallics for the metal 
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containing precursor and water, O2 plasma, and ozone for some of the more common 

oxidizers.[1, 4]  Halides have been the most widely studied of all the metal containing 

precursors, however, their main drawback lies in the corrosive nature of the HCl by-

product that is often produced causing etching of the deposited films and the encasing 

reactor.[1]  Several organometallic precursors have been investigated including metal 

alkyls, amides, alkoxides, and cyclopentadienyls, however, growth rates are usually low 

due to the steric hindrance associated with the large ligands attached to the molecules.[1, 

4] 

1.1.3b Temperature window  

ALD is a thermally activated process in order to produce self-limiting reactions 

on the surface of a substrate.[65]  Therefore, a temperature process window can be 

identified based on the constant growth rate of the ALD process (Figure 4).  Outside the 

ALD window, low temperatures are likely to exhibit low growth rates due to the fact that 

the reactant was unable to overcome the activation energy necessary to  

chemisorb on the surface.  In 

some cases high growth rates 

may occur as a result of 

precursor condensation 

ultimately leading to a CVD 

process that can physisorb on the 

surface if precursors are not 

purged properly.  This is 
 

Figure 4.  Schematic of the possible behavior for 
the ALD growth rate versus temperature 
displaying the “ideal” ALD window.[63] 
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particularly troubling when dealing with water, as it is a highly polar molecule that tends 

to stick to the surface in multilayers.  However, high temperatures can lead to the 

decomposition of the ALD precursor or desorption of the adsorbates before they are 

reacted with the 2nd reactant.[4, 63] 

1.1.3c Saturating exposures 

In order to deposit uniform and conformal films across a planar surface and 

within a 3D nanostructure, sufficient precursor exposures and time must be supplied to 

fully saturate all the accessible active sites on the surface.[7, 66]  The product of a 

precursor’s partial pressure and the time it takes to fully saturate a surface (Pt) is a useful 

measure of the exposure dose a surface has had to the precursor, 

mkTSPt π2=     Eq. 1 

Where, S is the number of molecules to saturate a surface per area, m is the molecular 

mass of the precursor, k is Boltzmann’s constant, and T is the temperature.[66]     

Determining the proper saturating dose is usually the first step in optimizing an ALD 

process and is achieved by incrementally increasing the dose of one precursor and  
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measuring the growth rate.  As 

indicated by the self-limiting nature 

of ALD, upon dose saturation, the 

growth rate will plateau designating 

the ALD regime as seen in Figure 

5.[7]  However, when depositing 

ALD within the confines of a high 

aspect ratio nanopore it becomes 

considerably more difficult to 

provide saturating exposures, not 

only due to an increase in surface 

area, but also because the reaction 

kinetics are now diffusion 

limited.[66, 67]  Therefore, Gordon et al. proposed a model where the exposure dose 

within a high aspect ratio nanopore is a 2nd order function of the aspect ratio, a, and 

require longer exposure times to completely saturate the surface.[66] 

)
2
3

4
19

1(2 2aamkTSPt ++= π    Eq. 2 

Optimizing the exposure dose is important in that over-dosing a precursor will require 

longer purge times and waste expensive precursor, while under-dosing can lead to 

thickness gradients and lower growth rates across a surface.[68] 

 

 

Figure 5.  Al2O3 deposition rate as a function 
of H2O exposure time and purge time.  
Saturating self-limited reactions are 
demonstrated by a plateau in thte growth rate 
once the reactant doses are at or above the 
saturation level.  Self-limiting purge times 
indicate reactions are not physisorbed on the 
surface due to excess precursor or parasitic-
CVD reactions.[7] 
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1.1.3e Purge window  

Purge time is a critical component of the ALD cycle sequence.  Insufficient purge 

times to fully exhaust any unreacted precursor or subsequent by-products can result in an 

overlap of the two ALD precursors, i.e. simultaneous presence of both precursors, thus 

allowing the ALD process to transition to a CVD mode.[6]  Similar to the temperature 

window, a purge window can be created as well (Figure 6).  If a CVD mode ensues 

upstream to the reaction zone, the reactants are likely to result in gas phase reactions and 

subsequently lower growth rates.  However, if the temperature is too low, multilayer 

adsorption (physisorborption) can occur in which the excess reactants will react with the 

next precursor pulse resulting in higher growth rates on the surface.  Water is particularly 

prone to this behavior due to its polarity and natural “sticky” behavior requiring longer 

purge times.[68]  However, when purges are too long, desorption and thermal  

decomposition of the adsorbed 

species can take place leading to 

possible film contamination or 

compositional changes in the film.  

Figure 5 demonstrates the self-

limiting behavior of the ALD process 

when purge times were incrementally 

increased by measuring film growth 

rates to determine growth was not in a 

CVD mode. 

 

Figure 6.  Schematic of the deposition rate as 
a function of purge time.  The figure displays 
the potential behaviors found in ALD. 
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1.1.3d Pressure regime 

Maintaining atomic level thickness control with wafer scale uniformity and 

conformality within high aspect ratio nanopores is dependent upon the complex reaction 

dynamics associated with chemisorbed reactions found in different flow regimes.   An 

important issue of the ALD process is the distinction between self-limiting and 

saturation.  The self-limiting behavior of ALD asserts that a reactant in the gas phase can 

only chemisorb with complementary active surface species and not with its own 

adsorbates or by-products, thus guaranteeing that the reaction will be self-limited.[4]  

However, chemisorption is a localized reaction affected by the surface energy and 

repulsion between neighboring adsorbates, therefore only allowing certain positions on 

the surface to bind with a molecule.[64]  This means that upon extended pulse times, the 

reaction doesn’t necessarily terminate because all the active sites have been consumed.  

However, reaction saturation occurs when an equilibrium between desorption of 

excessive precursor and adsorption of further species is reached for a given temperature 

and pressure.  Therefore, if all the active surface sites have been occupied by 

chemisorbed species, then increasing the partial pressure of a reactant should have no 

effect.[4]   

The process pressure within a system is directly related to the surface residence 

time of a precursor.  Li et al. demonstrated the impact of process pressure on film growth 

rates and wafer uniformity and high aspect ratio conformality (i.e., step coverage) in an 

Al2O3 ALD process when using Al(CH3)3 and O3.  As seen in Figure 7a, the across wafer 

uniformity is compromised as a function of decreased reactor pressure; however, 

uniformity was restored by increasing the process temperature.  Similarly, Figure 7b 
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illustrates a decrease in conformality within a nanopore with an aspect ratio of 13 when 

the process pressures become too low.  The authors suggested the increase in growth 

rates at higher pressures was attributed to the change in surface saturation levels, the 

enhancement of precursor diffusion, as well as the higher probability for surface reaction 

to occur at the active sites.[65]  Both of these cases demonstrate that the rate limiting step 

within a viscous flow regime (Knudsen number, Kn, < 0.01), meaning the velocity and 

surface irregularities are small enough for a gas to flow gently around obstructions in a 

laminar streamline, is the surface reaction kinetics.[69]   

 

Figure 7.  Influence of the process pressures found in a laminar viscous flow 
regime on (a) across wafer uniformity and growth rates, as well as (b) 
conformality with in a high aspect ratio nanostructure.[65] 

 

When the flow regime transitions to a molecular flow regime (Kn > 1) often 

associated with ultra-high aspect ratio nanopores where the mean free path of a precursor 

is equal to or greater than the nanopore diameter, the deposition kinetics become subject 

to the Knudsen diffusion of the precursor.[69]  The idea in Knudsen diffusion is that a 

molecule will ballistically transport its way down the length of the pore and interact with 

the pore wall before it interacts with another molecule.  Once the molecule hits the wall it 
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can either chemisorb to the surface or it can deflect off changing its course of trajectory 

and probably a losing some kinetic energy.[69]  Therefore, when in a molecular flow 

regime the rate limiting step is the Knudsen diffusion and will require not only longer 

surface residence times of a molecule to diffuse down a nanopore, but will require longer 

purge times for unreacted precursor and by-products to diffuse out.[66] 

1.3 Porous Anodic Alumina (PAA) 

Aluminum naturally has a highly resistant coating of oxide along its surface and 

the enhancement of this oxide to produce a porous anodic oxide film has garnered a lot of 

interest in self-assembled nanotechnology.  PAA membranes are hexagonally ordered, 

self-aligned cylindrical nanopores formed by the controlled electrochemical oxidation or 

anodization of aluminum metal in certain electrolytic forming solutions.[44, 70-72]  

Depending on the type of electrolytic solution used different film growth mechanisms 

occur.  Anodization in neutral pH solutions, such as neutral boric acid solution, 

ammonium borate, or a tartrate aqueous solutions, produce completely insoluble non-

porous barrier anodic alumina (BAA) membranes; whereas, slightly acidic solutions, 

such as phosphoric, oxalic, or sulfuric acids will produce a slightly soluble porous anodic 

alumina (PAA) membrane.[70, 71]  These two types of films differ in how thick one can 

be produced and their controlling parameters.  When aluminum is anodized at a constant 

voltage held below the oxide breakdown voltage in a neutral pH solution, the native 

barrier oxide film is thickened at a constant rate of 1.4 nm V-1, therefore, forming a 

protective BAA membrane ~1,000 nm thick.[70]  However, the thicknesses of a PAA 

membrane is time dependent and can grow many times thicker than the upper limit 
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placed upon BAA films. 

PAA is a balance between field-assisted chemical dissolution at the 

electrolyte/oxide interface and the oxide formation at the oxide/metal interface.  A BAA 

layer forms when the Al metal surface reacts with O2
- and OH- ions at the anode allowing 

the anions to diffuse into the oxide layer and continuously react with the metal beneath.  

Field-assisted migration moves Al3+ ions from the oxide/metal interface to the 

oxide/electrolyte interface, where Al-O bonds stretch under the high electric fields.  This 

leads to the dissolution of Al3+ ions at the oxide/electrolyte interface, a process aided by 

Joule heating due to the high fields at the pore tips.  The balance of the field-assisted and 

chemical dissolution at the electrolyte/oxide interface and the continual diffusion of free 

O2
- ions across the oxide layer reacting with the Al metal at the oxide/metal interface 

results in the formation of porous alumina membranes which can continually grow as 

long as conditions remain the same.[70, 71] 

The unique behavior of PAA to self-order in to a hexagonal array of parallel 

nanopores is highly dependent upon the anodization conditions.[72]  Three types of 

electrolytic acid solutions with associated voltages have been identified to lead to 

optimum self-ordering of the PAA membrane: 2.7 wt% aqueous oxalic acid at 40 V, 20 

wt% aqueous sulfuric acid at 19 V, and 10 wt% phosphoric acid at 160 V.[73, 74]  All 

three acids lead to a hexagonal arrangement of the pores, but each provides a unique 

interpore spacing, Dint, and pore diameter, Ddia (Figure 8a), which are linearly 

proportional to the anodizing potential.[70, 73]  It has been experimentally determined 

that the interpore spacings for sulfuric (~ 25 V), oxalic (~ 40 V), and phosphoric (~ 
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200V) are 66.3 nm, 105 nm, and 501 nm, respectively, while pore diameters were 

determine to be 24 nm, 31 nm, and 158 nm, respectively.[73, 74]  Therefore, as the 

anodizing voltage increases, the oxide cell increases and consequently the pore density 

will decrease.[70]  Figure 8b-c displays SEM images of a PAA template anodized in 

0.3M of aqueous oxalic acid anodized at 40 V and 8 °C.  Figure 8b illustrates the top 

down honeycomb structure while Figure 8c exhibits the straight, parallel nanopores of the 

PAA membrane aligned orthogonally to the underlying aluminum substrate. 

 

Figure 8.  PAA formed in 0.3M of oxalic acid at 40V, (a) PAA 3D Shcematic with 
labeled metrics, (b) Top down SEM displaying honeycomb structure and (c) 
cross-sectional view demonstrating straight, parallel nanopores adhered to an 
underlying aluminum substrate.[44] 
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1.4 Motivation and Objectives 

As device designs head towards the nanoscale, conventional ULSI technology is 

reaching its limits to pattern and access such small device dimensions seen in technology 

today.  Therefore, a strong driving force behind nanotechnology is the combination of 

self-limiting processes with nature’s ability to self-assemble.  Atomic layer deposition is 

proving to be a powerful self-limiting technique to deposit extremely thin films with 

excellent uniformity and unprecedented conformality even over the most demanding 

nanotopographies.  The nature of PAA to self-align and self-order in order to create a 

highly dense, parallel porous membrane over large surface areas has rendered it a useful 

material for nano-templating applications and device platform applications.   

Energy storage is one such area that has benefited from the combination of ALD 

and PAA.  Figure 9 demonstrates a Ragone plot displaying the state of energy storage 

technologies found today in terms of power density and energy density.  Ideally, energy 

storage technologies should have a high energy density (capacity to store charge) as well 

as boast high power densities (rapid charge/discharge rates).  Current battery technology 

has reasonably good energy density but lacks the power density due to its dependence on 

bulk ionic movement and chemical reactions to charge and discharge.  Recent work on 

Lithium ion superbatteries have shown that coupling nanostructures and the materials 

science of the bulk material can lead to a high power density.[75]  Electrochemical 

capacitors store charge by creating a double layer of ionic charge close to the surface of 

an electrode, therefore requiring high surface area electrodes.[76]  Nanostructures with 

high surface areas have provided electrochemical capacitors with increased energy 
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densities, as well as maintaining high power density common to this technology.[77]  

Similar to electrochemical capacitors, electrostatic capacitors are dependent upon high 

surface areas in order to achieve high energy densities.  Electrostatic capacitors make use 

of a thin dielectric material between two metal electrodes in order to store charge, and are 

therefore not limited by electrochemical reactions or ionic conduction to release or carry 

a charge.[76]  However, electrostatic capacitors lack the energy density to make them a 

viable technology as compared to electrochemical capacitors and batteries.   

 

Figure 9.  Ragone plot detailing the state of energy storage technologies by 
contrasting their power density versus energy density. 

 

Recently our group has demonstrated an operational metal-insulating-metal 

(MIM) electrostatic nanocapacitors fabricated out of multilayer ALD thin films within 

the confines of an ultra-high aspect ratio PAA membrane.  Using Al2O3 as a high-k 
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dielectric (εκ ~9) we have demonstrated equivalent planar capacitances of up to 100 

µF/cm2 within a 10 µm deep nanopore.[21]  It is believed through the use of even higher-

k materials, such as HfO2 (εk ~14) and TiO2 (εκ ~80), as well as the use of higher aspect 

ratio nanopores, higher capacitance values can be achieved. 

While the favorable nature of ALD to be self-limiting and saturating to provide 

exceptional coatings of thin films across planar wafers and in ultra-high aspect ratio 

nanosturctures, the reaction dynamics associated with different flow regimes, 

chemisorbed reactions, and interfering surface topographies can be quite complex.  This 

is particularly true for the type of precursors used in ALD (organometallics, halides, 

water, and ozone) which can produce deviations from the “ideal” monolayer self-limiting 

behavior due to multilayer physisorption, steric hindrance, secondary reactions, and 

parasitic CVD reactions.  Therefore, it is important to identify the process parameters that 

constitute an ALD process window, where the benefits of ALD are realized.  Therefore, 

the objective of this work is to gain insight on the growth behavior of ALD uniformity 

across 2D planar wafers in relation to ALD conformality within an ultra-high aspect ratio 

nanopore. 

In order to understand the relationship between the 2D and 3D scale, we first 

investigate ALD’s ability to conformally coat a complex topography found in the viscous 

flow regime.  We employ the nano-roughened surface topography of a stripped 1st 

anodized PAA surface in order to observe the influence the underlying topography will 

exhibit on the resulting ALD surface profiles as deposition conformally coats the surface.  

We employ a commercial ALD reactor in order to deposit conformal TiO2 ALD films 
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using Tetrakis(dimethylamino) titanium (TDMAT) and water.  It is imperative to 

understand the progression of ALD surface profiles in order to know the benefits or 

disadvantages of ALD to modify sharp surface structures.  This is of particular 

importance to us because PAA membranes are plagued with sharp surface asperities that 

result in localized electric fields and low field breakdown in our MIM capacitor 

technology. 

Of further interest, is the investigation of deposition mechanisms when 

transitioning from a 2D planar wafer into that of a 3D ultra-high aspect ratio nanopore.  

ALD is based upon a sequence of self-limiting and saturating behavior that often relies 

upon interdependent process parameters such as reactant dose, surface residence time, 

and purge times for specific precursors used.  When a nanopore is introduced into the 

substrate, the surface area is increased, resulting in the need for more precursor molecules 

to completely saturate a surface.  However, an increase in molecules does not necessarily 

result in conformal films down the length of a nanopore.  The molecules also need time 

to diffuse down (surface residence time) and back up (purge time) the length of the 

nanopore.  Therefore, it is imperative to study the relationship between various process 

parameters in different flow regimes, as it will be of great importance to the optimization 

of the ALD process in order to create uniform and conformal films.  For the purpose of 

this work we employ a custom-built ultra-high vacuum (UHV) ALD system to deposit 

the high-k dielectric material TiO2 using the precursors TTIP and ozone.  As a means to 

characterize these structures, we propose a novel method to extract film thicknesses from 

energy dispersive spectroscopy (EDS) line scans and a cylindrical assumption. 
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1.5 Organization of the thesis 

This thesis consists of six chapters in addition to the first Introduction chapter.  The 

summary of each chapter is given below. 

Chapter 2:  This chapter reviews experimental setups that were implemented to carry 

out this research.  It primarily focuses on the design of two ALD reactors, one custom 

built and one commercial, the nano-template synthesis process of the PAA templates, and 

a variety of ex-situ characterization techniques used to characterize the ALD thin films. 

Chapter 3:  This chapter focuses on the influence a nano-roughened topography can 

induce on ALD surface profiles during continual deposition and illuminate the use of 

ALD to modify surface structures with sharp asperities. 

Chapter 4:  This chapter focuses on the growth behavior of TiO2 ALD across planar 

surfaces when using titanium tetraisopropoxide (TTIP) and ozone as the metal and 

oxidizing precursors.  This chapter will emphasize the critical role a precursor’s surface 

residence time can have on the resulting chemistry’s growth rate and uniformity. 

Chapter 5:  This chapter focuses on a methodology to extract thin film thicknesses 

when deposited in an ultra-high aspect ratio nanopore.  It proposes the use of energy 

dispersive spectroscopy (EDS) line scans to infer film thickness through a cylindrical 

assumption. 

Chapter 6:  This chapter focuses on the influence of complex interdependent ALD 

process parameters such as precursor dose, surface residence time and purge on the 

conformality of ALD thin films within 3D ultra-high aspect ratio nanopores versus the 
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uniform growth behavior across a 2D planar surface when using TTIP and ozone as 

precursors. 

Chapter 7:  This thesis is concluded with a summary of the contributions of this 

work and some thoughts regarding the future of this work. 
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Chapter 2 : Experimental Setup 

The following chapter focuses on the tools and materials that were implemented 

in order to carry out the proposed research.  Two ALD reactors were used in this study, 

the first being a custom built ultra-high vacuum (UHV) ALD reactor.  It was designed in 

2003 and built by Dr. Wei Lei and Dr. Laurent Henn-Lecordier, two prior doctoral 

students.  The tool was originally designed to investigate the use of mass-spectrometry in 

W ALD processing for in-situ sensing and real-time wafer-state metrology.[52, 78]  After 

the completion of this work, a funded collaboration with the equipment supplier MKS 

Instruments was initiated to investigate new venues for ALD process optimization.  The 

tool was upgraded with an abundance of donated equipment, including an O3mega TM 

ozone generator, a MKS Vision 1000C mass-spectrometer, and a liquid injection system 

for low vapor pressure precursors (not used in this work).  Additionally a new delivery 

system was built to accommodate low vapor pressure precursors whose mode of delivery 

was very different than the W ALD precursors, tungsten hexafluoride and silane, which 

are both gases above atmospheric pressure at room temperature.   

A commercial Beneq TFS 500 hot wall ALD reactor was purchased and installed 

in the Maryland Nanocenter’s FabLab facilities in 2008.  Designed to be the work horse 

for the Nanocenter’s ALD thin film needs, the tool was originally configured to deposit 

such films as Al2O3, HfO2, TiO2, ZnO, and TiN.  The tool allowed users to rapidly 

deposit ultra thin films over planar and nanoscale topography with relative ease. 

In order to facilitate quantitative evaluation of ALD conformality in very high 
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aspect ratio nanopores, a nanoporous template that was easily produced and compatible 

with high resolution metrology of ALD film profiles was required.  Therefore, custom 

made porous anodic alumina membranes were used as a versatile and easy platform to 

investigate the influence of key process parameters on the conformality of titanium 

dioxide (TiO2) ALD thin films in an ultra-high aspect ratio nanopore. 

Being able to easily characterize the ALD films deposited was essential to 

evaluating and rapidly optimizing the ALD process performances at the 2D wafer and 3D 

nanopore scales.  A Sopra GES5 spectroscopic ellipsometer was acquired to provide 

maps of thicknesses and optical properties across the 2D wafer on a run-to-run basis.  

Through the use of the Maryland Nanocenter’s NISPLab, a Hitachi SU-70 high 

resolution scanning electron microscope (SEM) equipped with a Bruker energy 

dispersive spectrometer (EDS) and a JEOL 2100F Field Emission transmission electron 

microscope equipped with an Oxford EDS were both readily available in order to image 

samples and determine film composition and thicknesses. A MFP-3D atomic force 

microscope was easily accessible through Dr. Seog’s lab in order to map ALD surface 

profiles across a roughened sample. 
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2.1 ALD Systems 

2.1.1 UHV-ALD Reactor 

2.1.1a Reactor design 

A custom-built ultra-high vacuum (UHV) stainless steel ALD reactor was used in 

this study (Figure 10a).  The system consists of two 8”-diameter 6-way stainless steel 

conflate (CF) chambers employed as a load-lock and ALD process chambers.  A small 50 

L/s turbomolecular pump (TMP) is used to pump down the load-lock from atmospheric 

pressure (760 Torr) to pressures below 1E-5 Torr within 5 minutes.  The load-lock is 

imperative for rapid wafer throughput by limiting exposure of the main process chamber 

to atmosphere while minimizing potential surface contamination of the ALD reactor 

environment and wall memory effects during wafer loading and unloading.  In order to 

minimize the amount of water physisorbed on the stainless steel walls of the ALD 

process chamber, heating tapes were used to maintain a temperature of 150 °C while a 

Pfeiffer TPU261 turbomolecular pump (TMP) with a pumping speed of 260 L/s provided 

a base pressure below 1E-8 Torr with no gas load present.   
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Due to the digital process sequence of ALD, fast cycle times of reactant gases 

with sufficient purge times are critical to avoid parasitic CVD-like reactions.  Therefore 

the large volume of the process chamber, ~16 liters, makes fast cycling times of reactant 

gases rather difficult and would require extremely long purge times and high 

temperatures to suffice desorption of reactive species out of the chamber and off the 

walls.  Therefore, a smaller mini-reactor was embedded in the main UHV process 

chamber as seen in Figure 10b.  The volume of the mini-reactor measured 0.2 liters, 

therefore allowing rapid gas exchange during ALD exposures and shorter purge times.  

Compared to the large scale process reactor, the use of a mini-reactor allowed for shorter 

ALD mini- reactor

a)

b)
100 mm wafer

Substrate 

heater

Z-axis pneumatic

actuator

ALD chamber

0.1-1 Torr

10-5 Torr

Gas InletGas Outlet

Moveable cap

c)

Load-lock

 

Figure 10.  Custom built UHV ALD reactor – a) ALD platform with load-lock 
and ALD chamber. b) Embedded mini ALD reactor in UHV chamber with cap 
in the down position. c) Schematic of ALD chamber. 
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residence times ~1 sec and minimized the ratio of wall to wafer surface areas to about 3 

to 1 making it a suitable environment for in-situ process sensing at the wafer scale using 

mass-spectrometry, as well as, minimizing chamber “memory effects” often associated 

with adsorption/desorption phenomena.[52, 68, 78] 

 The mini-reactor features a pneumatically actuated stainless steel cap that is 

lowered and raised in order to easily transfer 100 mm wafers from the load-lock onto the 

substrate heater.  When the cap is in the down position, a rough vacuum seal is provided 

between the mini-reactor and the main chamber; therefore, creating a pressure differential 

respectively from ~0.1 - 1 Torr to 1E-5 – 1E-4 Torr depending on the gas load applied 

(Figure 10c). 

 The mini-reactor consists of a custom designed 100 mm stainless steel substrate 

heater.  The base of the heater was integrated with ¼” diameter tubing that operated as 

gas inlet and exhaust outlet lines.  Process gases were introduced and exhausted through 

two 1 mm wide by 100 mm long, diametrically opposing slits positioned 3mm above the 

 
12

Substrate 

heater

 

Figure 11 – Cross-section of mini-reactor 
demonstrating gas flow direction. 

Figure 12 – View of the 100 mm 
diameter substrate heater with 
visualization of flows across the 
wafer. 
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wafer as seen in Figure 11.  Figure 12 shows a top down view of the 100 mm substrate 

heater demonstrating the cross-flow direction of gases across a wafer.  An MKS 

Instruments capacitance monometer pressure gauge was integrated in the downstream 

exhaust line in order to provide the pressure reading for the mini-reactor.  The operating 

pressure within the mini-reactor was held around 130 mTorr while the gases where 

exhausted to a 20 ft3/min mechanical roughing pump.  Under these conditions a viscous, 

laminar flow was achieved within the mini-reactor and across the wafer.   

 The temperature of the substrate heating coil is regulated by a proportional 

integral derivative (PID) control loop based on the feedback of a thermocouple attached 

on the underside of the heater.  A 100 mm 13-point SensArrayTM thermocouple wafer 

was used to calibrate the substrate temperature (Appendix I, Figure a).  At 250 °C and 0.1 

Torr the temperature non-uniformity was measured to be less than 5% across the wafer 

determined by the standard deviation divided by the average temperature (σ/µ).  It was 

critical to calibrate the actual substrate temperature as a function of the PID control 

temperature as pressure and the outer UHV chamber temperature will significantly 

impact the thermal coupling between the heater and the wafer. The mini-reactor is 

considered an isothermal environment meaning the outer UHV chamber has significant 

effect on the substrate temperature which creates a significant offset from the PID 

controller setpoint temperature and the actual substrate temperature (Appendix I, Figure 

b, c).  Therefore, all temperatures hereafter refer to the estimated actual wafer 

temperature.  The cap is only conductively heated through contact with the substrate 

heater and therefore is about 20 °C lower than the heater temperature and was subject to 

deposition as well. 
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2.1.1b Gas delivery and reactant dose control 

 Liquid titanium tetraisopropoxide (Ti[OCH(CH3)2]4) (TTIP) was used as the 

titanium metal precursor.  A 20mL stainless steel reservoir containing 5g of liquid TTIP 

was heated using heating tapes connected to a PID temperature controller.  The source 

was maintained at 58 oC in order to achieve a vapor pressure of ~0.6 Torr (Appendix II).  

In order to achieve reproducible doses of the TTIP precursor, fast action pneumatic ALD 

valves were implemented on the inlet and outlet of a temperature-controlled 20 mL 

volume monitored by a 0-100 Torr capacitance manometer pressure gauge (Figure 13).  

TTIP doses were controlled by timing the opening of these valves.  The inlet valve to the 

volume was opened for 1 s in order to fill the volume to the vapor pressure of the TTIP 

precursor.  Upon reaching the given time setpoint, the inlet valve between the precursor 

source and the volume was closed and the gases were released into the chamber for 0.3 s.  

This time was deemed adequate to completely empty the 20 mL volume of TTIP, with 

the exception of some adsorption on the walls.  By monitoring the minimum and 

maximum pressures during each cycle, the doses were approximated from the ideal gas 

law, pV=nkT (where p is the pressure, V the volume, n the number of µmols, k the 

Boltzmann’s constant, and T the absolute temperature).  A 0.47 µmol dose of TTIP was 

deemed sufficient to achieve full saturation across a Si wafer within the reactor chamber.   
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Figure 13.  Schematic of gas delivery setup.  TTIP is introduced in volume V for 
1 sec and the released through the outlet ALD valve.  Description of TMA 
delivery line can be found in Appendix III. 

 

Ozone was obtained by flowing 200 sccm of O2 (Grade 5, Praxair) into an MKS 

Instruments O3mega ozone generator.  The flow produced a 20psig pressure in the single 

electrical discharge cell.   At 100% power, the ozone concentration at the outlet was up to 

20 wt% (300 g/m3) with the balance being O2.  Due to the high flow and high pressure 

required for the operation of the O3megaTM a different control scheme of the ozone 

exposure was necessary.  The O2/O3 mixture was flowed continuously into an HA-series 

catalytic ozone destruct from Ozone Engineering to deactivate ozone into oxygen.  

Therefore, only a fraction of the total flow was pulsed into the reactor using a Swagelok 

medium flow metering valve in series with a fast action pneumatic ALD valve (Figure 

13).  For a given needle valve conductance, the number of µmols of ozone was 
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determined by integrating the pressure peaks measured in the mini-reactor for different 

exposure times and comparing them to integrated peaks from known doses determined 

through pressure measurements in an attached trimethylaluminum  (TMA) vessel 

(Appendix IV). 

2.1.1c Process Control 

An automated PC-based control platform created by National Instruments 

LabViewTM was used to accurately control the valve sequences during precursor 

exposures and purges, as well as monitor pressure signals in the precursor fill volumes 

and reactor.  Recipes were created in an excel spreadsheet and uploaded to the platform 

in order to define process setpoints for each precursor, the sequence of exposures and 

purges, as well as the number of total cycles the process consist of. 

2.1.2 Beneq ALD Reactor 

2.1.2a Reactor design 

A commercial TFS 500 cross flow reactor from Beneq was used for part of this study.  

The reactor features a cold wall vacuum chamber with a constant nitrogen flow of 100 

sccm creating a base pressure of ~7 Torr.  Embedded within the vacuum chamber is a 

mini hot-walled furnace reaction chamber with a base pressure of ~1 Torr (Figure 14).  

The outer vacuum chamber is pumped down through the reaction chamber creating a 

pressure differential creating a sealing flow ensuring that all reactions occur within the 

reaction chamber and over the sample.  The mini-reactor also decreases the wall to wafer 

surface ratio helping to restrict reactions to the wafer surface.  Samples are loaded 

through a large chamber door, where the cap of the mini-reactor is removed by simply 
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lifting using an improve lever due to heat (similar to removing the lid to a pot on a stove).  

The system uses a water cooling system in order to keep the outer vacuum chamber’s 

walls cold while serpentine IR heaters surround the inner vacuum chamber radiating heat 

to the mini-reactor chamber.  Therefore, the mini-reactor and subsequent substrate within 

is heated by both radiation and conduction.  The reaction chamber utilized a cross-flow 

design, introducing and exhausting process gases through two diametrically opposing 

holes.  Gases then pass through an equally spaced porous grate allowing flow to be 

equally distributed over the wafer. 

 

Figure 14.  Commercial Beneq ALD reactor – (a) Cold wall vacuum chamber 
with serpentine IR heaters surrounding an embedded mini ALD reaction 
chamber (b) the mini ALD reaction chamber demonstrating the cross-flow 
direction of gaseous precursors. 
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2.1.2b Gas delivery and reactant dose control 

Liquid tetrakis(dimethylamino) titanium ( Ti[N(CH4)2]4, TDMAT) was used as the 

titanium metal precursor.  A 200 mL stainless steel bubbler containing 20g of liquid 

TDMAT was heated in the Beneq hot source HS200 compartment.  The source was 

maintained at 60 °C in order to achieve a vapor pressure of ~1 Torr (Appendix II).  Pulses 

of TDMAT were created by pulsing 100 sccm of nitrogen through the headspace of the 

TDAMT container (not a true bubbler system) and were introduced into the reaction 

chamber by leaving a high temperature ALD valve open for a set amount of time.  The 

downside to this pseudo-bubbler approach is that the amount of precursor is limited by 

the vapor pressure of the precursor.  If higher doses are required the set temperature on 

the source needs to be raised, which could be dangerous if heading towards the 

decomposition temperature.  The decomposition temperature of TDMAT is 

approximately 90 °C.  Water was used as the oxidizing precursor.  A 200 mL stainless 

steel bubbler containg DI water was maintained at room temperature.  Due to water’s 

high vapor pressure (Appendix II), pulses were timed using an pneumatically actuated 3-

way valve in order to determine complete purging of the lines after pulsing. 

2.2 Porous Anodic Alumina Templates 

2.2.1 Electropolished aluminum  

Aluminum foils of high purity (99.99% or better) were cut to size, rinsed with 

acetone and electropolished in order to remove any particles and micro-roughness from 

the surface that can greatly influence the quality and growth of the final pores.  Foils 
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were placed in a 1:5 perchloric acid and ethanol bath held at ~3 °C.  In order to keep the 

bath cool during electropolishing a jacket beaker connected to a circulator pump was 

used.  A mixture of 1:1 ethylene glycol and water was circulated through the jacketed 

portion of the beaker helping to maintain the ~3 °C necessary to keep the aluminum foil 

from burning due to the Joule heating during electropolishing.  It was important to 

maintain a constant stir rate within the bath solution in order to help dissipate 

accumulating heat as well as help keep an even perchloric acid concentration throughout 

the solution.   

 A sheet of either aluminum or stainless steel with larger surface area than the 

sample was placed in the bath to act as the cathode, i.e. negative electrode, where the cut 

aluminum sample is the anode, i.e. positive electrode.  Samples were electropolished for 

5 minutes and the aluminum surface has a mirror like finish.  Mirror like finishes were 

unattainable if perchloric solutions started at temperatures higher than 5 °C, however 

processes starting below 5 °C and raised to ~ 10 °C could still be attained.  

2.2.2 Two-step anodization procedure 

A two-step anodization procedure first reported by Masuda et al was used to 

create ultra-high aspect ratio porous anodic alumina membranes.[79]  Electropolished 

aluminum samples were placed in a bath of oxalic acid (0.3 M in deionized (DI) water) 

within a similar circulator jacket setup as the electropolishing setup.  The oxalic solution 

was cooled to ~8 °C and constantly stirred in order to encourage even etching of the 

alumina surface.  Using an aluminum sheet as the cathode and the electropolished 

aluminum sample as the anode, samples were anodized for ~7 hrs at 40 V.  After samples 
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reached an optimum pore ordering, they were stripped of the anodic oxide formed during 

the 1st anodization in an aqueous mixture of phosphoric acid (6 wt%) and chromic acid 

(1.8 wt%) at 60 °C.  The stripped PAA surface left an ordered pre-textured aluminum 

surface at which a second anodization of the aluminum could commence.  The second 

anodization took place under the same conditions as the first, producing well ordered 

parallel nanopores that were perpendicular to the aluminum substrate underneath.  The 

pore depth was a function of the 2nd anodization timing using a pore growth rate of ~73 

nm/min.  After the desired pore depth was achieved, pores were widened in a 0.1 M 

aqueous solution of phosphoric acid at 38 °C.  The pore widening etch rate of the PAA 

under these conditions was ~0.79 nm/min.  The amount a pore can be widened is limited 

by the interpore spacing of the PAA membrane, roughly 105 nm for a template made in 

oxalic acid.  Therefore, pores with an initial diameter of ~35 nm can only be widened to a 

maximum of ~90 nm. 

2.3 Spectroscopic Ellipsometry 

2.3.1 Operational Principles 

Film thickness is one of the most important parameters for the application of thin 

films in devices.[80]  Due to ALD’s self-limiting properties film thickness can be 

precisely controlled by the number of ALD cycles and the growth rate per cycle can be 

determined from the change in film thickness with the number of cycles.  The film 

thickness as a function of ALD cycles is determined by ex-situ spectroscopic 

ellipsometry.  Spectroscopic ellipsometry provides a fast, non-destructive and accurate 
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method to measure film thicknesses and optical properties ranging from sub-nanometers 

to a few microns.  In addition it can also be used to characterize composition, 

crystallinity, roughness, doping concentration, and other material properties associated 

with a change in optical response. 

Ellipsometry works by measuring the change in linear polarization as light 

reflects from a surface and basically consists of a light source and a detector unit.[80-82]  

A broad spectral range light source, usually ranging from near infra-red to ultra-violet, is 

passed through a set of polarizers and retarders, thus defining the polarization of the 

incoming light on a surface.  In turn, the polarization of the relected light is determined 

by the combination of another polarizer and a detector.  Ellipsometry is a specular optical 

technique, meaning the angle of incidence is equal to the angle of reflection and span the 

plane of incidence in a material.  Consequently, the linear polarized light incident upon 

the sample can be decomposed into two components: an s component which oscillates 

perpendicular and a p component which oscillates parallel to the plane of incidence.  

Ellipsometry basically measures how p- and s- components of a wave change in relation 

to one another upon reflection on the surface.  Accordingly a known polarization is 

reflected onto the sample and the ouput polarization is measured.  This change in 

polarization can be written as the complex ellipsometric parameter ρ: 

∆Ψ== i

s

p e
R

R
)tan(ρ      Eq. 1 

where, Rp and Rs , are the complex Fresnel reflection coefficients determined by the 

magnitude of the s and p components before and after reflection, and correspond to the 
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product of the amplitude ratio, tan(Ψ), and the phase shift, ∆, induced by the reflection.  

∆ is denotes the phase difference between p- and s- wave components respectively, 

before and after reflection, where: 

∆ = δ1 − δ2     Eq. 2 

Figure 15 demonstrates the relationship between the incoming linearly polarized light and 

the outgoing elliptically polarized light.   

 

Figure 15.  Ellipsometry measures the change of polarization of a linear 
polarized light when reflected on a surface.  Upon interference with the film, the 
reflected light is elliptically polarized.  Film properties, thickness, and refractive 
index are determined by the measure in phase change, ∆∆∆∆, and amplitude change, 
ΨΨΨΨ, of the reflected light.[83] 
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From the data obtained, the film thickness and the complex refractive index, ñ, 

over the photon energy range can be determined.[80-82]  The complex refractive index is 

expressed as 

ñ = n + ik     Eq. 3 

where n is the index of refraction and k is the extinction coefficient, but they are often 

represented in terms of the real, ε1, and imaginary, ε2, parts of the complex dielectric 

function ε where 

21 εεε +=      Eq. 4 

22
1 kn −=ε      Eq. 5 

nk22 =ε      Eq. 6 

However, because film properties are not measured directly (only Ψ and ∆ are) but 

instead have to be extracted from models, such as Drude and Cauchey.  The models are 

setup to describe the film structures on the sample and then fit the data using a regression 

analysis.  Therefore, determining a films index of refraction and subsequent thickness can 

be difficult to determine due to the fact that the index of refraction will change with film 

thickness for very thin films and as the number of unknown properties increases, the 

more convoluted the data becomes.[82]  However, a variable angle spectroscopic 

ellipsometer such as the Sopra GES5 allows for the interrogation of complex structures 

where each wavelength and angle will provide a new set of (n, k) values and 

corresponding equations. 
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2.3.2 Sopra GES5 ellipsometer 

A Sopra GES5 spectroscopic ellipsometer was used for rapid film 

characterization.  The GES5 uses a 75W high intensity Xenon arc lamp in order to obtain 

a continuous spectrum of light from 1.2 to 6.5 eV (190-1030 nm).  The use of the ultra-

violet range is particularly useful to study high band gap materials, such as TiO2.  Figure 

16 displays the configuration of a rotating polarizer and a fixed analyzer.  At location A, 

the linearly polarized light is reflected upon the surface where it is elliptically polarized 

during location B.  As the polarizer rotates, the ellipticity of the beam is varied with time.  

The light is again linearly polarized when passed through the fixed analyzer at location C, 

however this time its amplitude varies with the relative position of the fixed analyzer.  

The GES5 uses a charge coupled device (CCD) detector adapted for a grating 

spectrograph.  A goniometer is used to vary the angle of incidence θ from 7° to 90° along 

with a 200 mm automated XY stage for wafer mapping.  With the use of microspot optics 

the beam spot size can be reduced from its nominal 1-5 nm dimensions down to 365 x 

270 µm.  

 

Figure 16.  Sopra GES5 spectroscopic ellipsometer configuration. 
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2.4 Scanning Electron Microscopy 

2.4.1 Operational principles 

With features residing in the nanoscale, a strong need exists to image such small 

features.  Optical microscopes are limited by their lack of resolution on such small 

features therefore, electron microscopes are used to reveal information about a samples 

morphology, chemical composition, and crystalline structure and orientation of materials 

making up a sample.[84]  An SEM operates by using a focused beam of high-energy 

electrons to generate a variety of signals that can be used to image the surface of a 

sample.  The most common thermionic electron gun uses a tungsten filament cathode 

because it has a high melting point and lowest vapor pressure of all the metals, thereby 

allowing it to be heated high enough to produce the emission of electrons.  Other types of 

electron emitters are lanthanum hexaboride (LaB6) cathodes, Schottky emitters of 

zirconium oxide, or a tungsten field-emission tip.[84, 85]  Through the interaction of the 

electrons and atoms at or near the surface of the sample secondary electrons, back-

scattered electrons (BSE), characteristic x-rays, light (cathodoluminescence), and 

transmitted electrons can be produced in order to reveal details about samples 1 to 5 nm 

in size.[84, 85]   

In order to produce an image, the electron beam with an energy ranging from 0.5 

keV to 40 keV, is focused by one or two condenser lenses to a spot of about 0.4 nm to 5 

nm in diameter.[86]  The beam then passes through a pair of scanning coils which 

deflects the beam on an x and y axes so that it scans in a raster fashion over a rectangular 
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area of the sample surface.   When the beam interacts with the sample, the incoming 

electrons lose energy by repeated scattering and absorption within a teardrop-shaped 

volume of the sample called the interaction volume, which can extend from 100 nm to 

around 5 µm into the surface depending on the atomic number of the sample, the 

sample’s density, and the accelerating voltage of the beam.[84, 85]  The energy exchange 

between the electron beam and the sample results in the reflection of high-energy 

electrons by elastic scattering, emission of secondary electrons by inelastic scattering and 

the emission of x-rays, each of which can be detected by their own specialized 

detector.[84]  Signals emitted from the sample are collected by their respective detectors 

and amplified, where the intensity is then modulated on a TV monitor and rastered in 

synchronization with the electron beam in order to produce an image.[84]  Figure 17 

displays a schematic of an SEM operational setup.  In order to increase the magnification 

of the image, the raster size on the sample is decreased.[84]   



 

 

41 

 

 

Figure 17.  Schematic of an SEM setup.[87] 

2.4.2 Hitachi SU-70 SEM 

A Hitachi SU-70 SEM with a ZrO/W Schottky field emission gun was used to 

image top down and cross-sectioned samples of AAO in order to characterize AAO pore 

sizes and ALD film thicknesses.  For high resolution images an accelerating voltage of 10 

kV was used with the probe current set on high in medium mode.  Using a working 

distance of 5 mm, secondary electrons were collected using a mixture of upper and lower 

detectors.   
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2.4.3 Cross-sectional sample preparation 

In order to fabricate porous AAO samples for cross-sectioning, samples were epoxied 

to a small piece of silicon with a notch scribed in the back center pore side down.  The 

backside of the AAO template was scratched to induce etching of the aluminum substrate 

in a Cu2Cl solution.  Templates were etched with help of a sonicator for approximately 20 

min followed by sonicating the sample in isopropanol for an additional 10 min removing 

any Cu particles left on the surface.  Samples were then cleaved using the notch in the 

back side of the silicon as an initiator.  See Figure 18 for a schematic of the sample prep 

process flow.  Before imaging samples were coated with a thin film of sputtered Au/Pd in 

order to reduce sample charging during measurements.  Au/Pd films were sputtered using 

a small table top sputter in Dr. Sang Bok Lee’s lab.  The chamber was evacuated to ~60 

mTorr and samples were coated using an argon generated plasma for 15 sec. 

 

Figure 18.  Schematic of SEM sample preparation for AAO cross-sections. 
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2.5 Transmission Electron Microscopy 

2.5.1 Operational principles 

Transmission electron microscopy (TEM) is a powerful tool for investigating the 

microstructure of samples on the nanoscale.  TEM uses a high energy beam of electrons 

to transmit electrons through a sufficiently thin sample.  The maximum thickness for an 

electron to transmit through depends upon the atomic number of the material, where this 

range typically lies between 250-500 nm.[86]  However, higher electron energies help 

transmit more electrons through the sample.   

A TEM is a complex tool composed of an illumination system, specimen stage, 

and an imaging system all within an evacuated column.  The illumination system is 

comprised of an electron source usually using a tungsten filament of a LaB6 crystal, 

together with an assembly of condenser lenses located above the sample.  The specimen 

stage can either be held stationary or moved with the use of a double tilted stage.  The 

imaging system is made up of an objective lens, intermediate lenses, a projector lens, and 

a phosphor screen all positioned beneath the sample as seen in Figure 19.  After electrons 

are emitted from their source they are accelerated to their final kinetic energy by applying 

a potential difference to a cathode and an anode, which is a metal plate containing a 

central hole in which the beam is accelerated through.  The beam is then sent through a 

strong magnetic lens called the first condenser lens.  This lens forms a demagnified 

image of about 1 µm in diameter and is then projected on to the specimen by a second 

condenser lens with a magnification typically around 2.[86]  The final illumination spot 
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on the specimen can be a small as 2 µm, which should be sufficient to fill the viewing 

screen.[85, 86]   

 

Figure 19.  Schematic of the path an electron beam takes within the evacuated 
column of a TEM.[88] 

 

All TEM specimens are made a standard 3 mm diameter circular disk, where the 

specimen must be thin enough to allow electrons to be transmitted.  The specimen stage 

is meant to hold samples as stationary as possible, as any vibrational causing drifts would 

be magnified in the final image.     

Electrons that have been transmitted through the sample are then focused through an 

objective lens with a small focal length.  Therefore, the objective lens produces a 

magnified real image of the specimen at ~10 cm below the center of the lens.  The beam 

then passes through an objective aperture, which is comparable to a diaphragm that helps 

produce contrast in the image and limits the amount of blurring that arises from spherical 
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and chromatic aberrations.  The beam then travels through a selected area aperture, which 

is a diaphragm that is inserted in the plane that contains the first magnified real image of 

the specimen, i.e. the image plane of the objective lens.  This diaphragm is used to record 

the electron diffraction pattern associated with the sample.  Most TEMs make use of 

several intermediate lenses between the objective lens and the projector lens.  The lenses 

are used to first, change the beams focal length into smaller step allowing the overall 

magnification of the TEM to be varied over a large range, ~ 103 to 106 and second, by 

producing an electron diffraction pattern on the TEM viewing screen.  A projector lens is 

used to produce an image or a diffraction pattern across the entire TEM screen.  In order 

to determine the magnification of the image it is an algebraic product of the 

magnification factors associated with each of the imaging lenses used.  A phosphor 

screen is used to display the electron image as a visible form.[85] 

2.5.2 JEOL 2100F field emission TEM 

A JEOL 2100F microscope with a LaB6 thermionic emission electron source 

operated at 200 keV and a post-column Gatan CCD camera were used to image TiO2 

ALD based nanotubes held on a double tilted specimen holder.  Much of the focusing and 

imaging was done by Dr. Larry Lai of the NispLab staff. 

2.5.3 Nanotube sample preparation 

TiO2 ALD based nanotubes were fabricated by the dissolution of the porous AAO 

membrane the ALD films were deposited in.  Samples were placed in a 25 wt% 

phosphoric acid solution for 24 hrs, which dissolved the alumina membrane thus 
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releasing the TiO2 nanotubes in solution.  Nanotubes were filtered using DI water and a 

drop of solution with dispersed nanotubes was placed on a standard holy-carbon TEM 

grid and left to dry for several hours. 

2.6 Energy Dispersive X-ray Spectroscopy 

2.6.1 Operational principles 

Scanning electron microscopy (SEM) and scanning transmission electron 

microscopy (STEM) in conjunction with energy dispersive x-ray spectroscopy (EDS), is 

a powerful tool for obtaining chemical information from a wide variety of materials 

found in nanotechnology.  EDS is an analytical technique which utilizes x-rays that are 

emitted from the specimen when bombarded by the electron beam of an electron 

microscope in order to identify the elemental composition of the sample.[89]  When a 

high energy electron bombards an atom in the sample, an electron is ejected from an 

inner shell leaving a vacancy in its place, see Figure 20.  This vacancy is then filled by an 

electron from a higher energy state and releases energy in the form of an x-ray.  This 

emitted x-ray is characteristic of the element from which it was emitted.  Therefore, 

elements with high atomic numbers will produce more x-rays.  This type of x-ray is 

called a characteristic x-ray.[89]  In addition to characteristic x-rays, there are also 

background x-rays called “Bremsstrahlung” radiation.  Bremsstrahlung radiation is 

produced by the deceleration of an electron as it passes through the sample.  

Bremsstrahlung x-rays are also dependent upon the atomic number of the material being 

analyzed, but are not a good source for quantitative analysis and are in large part 
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responsible for background noise during analysis.[85, 89] 

 

Figure 20.  Characteristic x-ray production. 

When an x-ray enters the detector it passes through a beryllium window, where 

they are collected by a solid state detector comprised of a single crystal of silicon with a 

layer of lithium diffused within.  When x-rays enter the detector they create electron-hole 

pairs, where the number of electron-hole pairs are equivalent to the energy of the x-

ray.[85, 86, 89]  The detector is cooled using liquid nitrogen in order to reduce 

containments, as well as limit the production of electron-hole pairs through thermal 

generation.[85]  The charge produced from the electron-hole pair is converted to a 

voltage by a field effect transistor (FET) preamplifier and then sent to a multichannel 

analyzer where the voltages are sorted.[86]  The energy for each incident x-ray, as 

determined from the voltage measurement, is sent to a computer display for further user 

analysis.[86] 
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2.6.2 Bruker EDS detector 

A Bruker EDS detector was used in combination with a Hitachi SU-70 SEM in 

order to obtain quantitative chemical analysis of thin films.  Because SEM samples   

tend to be thicker, it is easier to focus the 

electron beam within the sample allowing 

for complete absorption of the beam in 

the sample.  This causes the beam to 

spread within the sample and leads to a 

higher generation of x-rays as seen in 

Figure 21. 

2.6.3 Oxford EDS detector 

An oxford EDS detector was used 

in conjunction with a JEOL 2100F Field 

Emission TEM.  TEM requires the use of 

very thin samples in order to transmit electrons through the sample; therefore, few x-rays 

are produced than those found in SEM, as seen in Figure 21.[90] 

2.7 Atomic Force Microscopy 

2.7.1 Operation principles 

Over the past 20 years, the quest for miniaturization has led to an increased 

interest in characterizing the unique quantum and surface phenomena that matter exhibits 

at the nanoscale.  Atomic force microscopy (AFM) is a type of scanning probe 

 

Figure 21. Schematic of the diminished 
electron beam interaction within a TEM 
sample versus an equivalent SEM 
sample.[90] 
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microscopy that provides very high resolution down to the nanometer scale to provide 3-

dimensional images of a specimen’s surface topography.  AFM operates by bringing an 

extremely sharp tip in contact or in very close proximity to a sample in order to scan the 

sample’s surface.[86]  The tip is usually a couple of microns long with a radius of 

curvature of less than 100 Å in diameter and is located at the free end of a silicon or 

silicon nitride cantilever, 100 to 200 µm long (Figure 22).[91]  The tip is brought into 

close proximity of the sample’s surface, where the forces between the tip and the sample 

lead to a deflection of the cantilever.  Typically deflections are measured by a laser 

reflected from the top surface of the cantilever and into an array of photodiodes where the 

signal is fed into an electronic interface and computer in order to control the feedback 

keeping the force constant while scanning the sample surface (Figure 23).[86]  Other 

techniques commonly used are optical interferometry, capacitive sensing, or the use of 

piezoresistive cantilevers.[91]  Depending on the sample setup many physical properties 

can be determined through the types of forces measured, such as mechanical contact 

forces, van der Waals forces, capillary forces, electrostatic forces, magnetic forces, 

chemical bonding, etc.[86, 91, 92]  In comparison to other microscopy techniques, AFM 

provides comparable or better topographical information and unobstructed views of the 

surface because images are obtained without expensive sample preparation or conductive 

coatings often necessary in SEM and TEM imaging. 
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Figure 22.  SEM image of the 
AFM Si tip at the free end of a Si 
cantilever.[92] 

 Figure 23.  Schematic of an AFM 
operational setup.[92] 

 

AFM probes can operate in two modes: constant force mode and tapping mode.  

In constant force mode the force between the tip and the sample is kept constant by 

forcing the tip to remain in contact with the sample.  In this case samples can either be 

rastered underneath the tip while the tip remains stationary or the probe can be scanned 

over the sample.  However, in either mode the sample can become damaged causing a 

loss in resolution as the sample is continually rastered.  Therefore, to reduce this problem, 

AFM systems have been modified to operate in a tapping mode.   In tapping mode, the 

cantilever is lightly tapped against the sample, reducing lateral shear forces and reducing 

damage to the sample.  The cantilever is oscillated up and down near its resonance 

frequency by a small piezoelectric element mounted in the AFM tip holder.  This mode is 

particularly useful for mapping polymers and other biological samples.[86, 91]   
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2.7.2 MFP-3D AFM 

An MFP-3D stand alone atomic force microscope was used for easy 

topographical mapping across a sample.  The MFP-3D used a silicon tip in tapping mode 

at a scan rate of 1 Hz and a driving frequency of 200 kHz.  Samples were mounted on 

glass slides where 1 µm scans were made across sample surfaces.  The AFM stage was 

encased in a vibration damping box on top of a levitated optical table in order to 

eliminate environmental vibrations that may have influenced surface measurements. 
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Chapter 3 :  Profile Evolution for Conformal ALD Over 

Roughened Nanotopography 

The self-limiting reactions which distinguish atomic layer deposition (ALD) 

provide ultrathin film deposition with superb conformality over the most challenging 

topography.  This chapter addresses how the shapes (i.e. surface profiles) of 

nanostructures are modified by the conformality of ALD.  As a nanostructure template, 

we employ a highly scalloped surface formed during the 1st anodization of the porous 

anodic alumina (PAA) process, followed by removal of the alumina to expose a scalloped 

Al surface.  SEM and AFM reveal evolution of surface profiles that change with ALD 

layer thickness, influenced by the way ALD conformality decorates the underlying 

topography.  The evolution of surface profiles is modeled using a simple geometric 3D 

extrusion model, which replicates the measured complex surface topography.  Excellent 

agreement is obtained between experimental data and the results from this model, 

suggesting that for this ALD system conformality is very high even on highly structured, 

sharp features of the initial template surface. Through modeling and experimentation the 

benefits of ALD to manipulate complex surface topographies are recognized and will 

play an important role in the design and nanofabrication of next generation devices with 

increasingly high aspect ratios as well as nano-scale features. 
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3.1 Introduction 

Paralleling the trend in electronic devices, high surface area 3D architectures for 

applications in energy [21, 93], catalysis [18, 61], and sensors [30, 94] are exploiting the 

benefits found in using nano-scaled structures with increasingly high aspect ratios.  In 

exploiting these nanostructures, the 3D topography is perhaps even more complex and 

demanding than in conventional applications found in ULSI based applications such as 

those demonstrated in trench and stacked capacitors in DRAM devices [9], barrier 

technology for copper metallization[95], and gate dielectric deposition on planar Si [8] 

and Fin-FET geometries [13].  For example, Banerjee et al recently demonstrated a novel 

metal-insulator-metal (MIM) nanocapacitor using a combination of self-limiting 

processes to build multilayered functional films and self-assembled nanotemplates with 

nanopores ~50 nm wide x 10 µm deep (aspect ratio= 200) [21].  In these structures, a 

primary performance limitation was set by the geometry of the nanoporous template 

consisting of sharp asperities, leading to enhanced local electric fields and low field 

breakdown which would ultimately limit energy storage density [21].  This example 

emphasizes the need for understanding and optimizing our ability to synthesize complex 

3D nanostructures.  Complex surface topographies consisting of high aspect ratios, sharp 

asperities, and nano-roughness significantly challenge the ability to conformally coat 

complex nanostructures using traditional physical vapor deposition (PVD) and chemical 

vapor deposition (CVD) techniques [66, 94, 96].  However, atomic layer deposition 

(ALD) offers high quality films with atomic level thickness control and unprecedented 

uniformity and conformality in the most demanding 3D nanostructures [1, 2, 67]. 
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 In this chapter, we explore the evolution of surface profiles for ALD films 

deposited on a prototype of a topographically rough surface.  We utilize highly scalloped 

Al templates formed by the removal of porous anodic alumina (PAA) membranes.  PAA 

is a self assembled, electrochemical templating technique that results in a highly dense 

close-packed hexagonal array of cylindrical nanopores on the surface of aluminum [97].  

PAA naturally lends itself to many nanotechnology applications, such as a template for 

growing nanowires and nanotubes and for self assembling these structures in parallel, 

periodic arrays used to fabricate catalysts membranes [61, 94], dye sensitized solar cells 

[98], batteries [99] and sensors [30, 94].  When the PAA film is etched off, a self-

ordered, close-packed hexagonal array of nano-dimples is left imprinted in the underlying 

aluminum surface (Figure 24a) [100].  Nearest neighbor dimples meet at sharp points and 

the overall surface topography consists of periodic peaks and valleys (Figure 24b).  Such 

surfaces are ideal for testing the influence of film conformality on surface topography.  

 

Figure 24.  A removed PAA template imaged in SEM: (a) top-down view of the 
hexagonal nano-dimple array and (b) cross-section view of the scalloped Al 
surface, emphasizing the peak structure above the nano-dimples.  
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ALD is a self-limiting process which utilizes sequential chemisorbed surface 

reactions of precursor molecules to achieve deposition one monolayer at a time and is 

dependent upon molecule flux, adsorption/desorption probability, and surface diffusion 

[3].  Much work has focused on analytically understanding the performance of ALD 

conformality, particularly in high aspect ratio structures where process metrics, i.e., 

reactant exposures and purge times, must be modified to compensate for the higher 

surface areas and molecular flow type dynamics occurring in 3D nanostructures.  This 

includes developing simple models for determining precursor dose for conformal 

coatings [66], using Monte Carlo techniques [67], solving simultaneously Boltzmann’s 

transport and surface reaction equations [101] and correlating them with experimental 

results while trying to optimize conformality in ultra-high aspect ratio structures.  The 

prevailing message in the above reports is that ALD yields unparalleled performance 

when it comes to depositing thin films across complex 3D nanostructures, but requires 

precise process control to ensure complete surface saturation and avoid excess deposition 

characteristic of CVD-like behavior [3].  On the other hand, the surface evolution of ALD 

films across complex surface topographies, especially with sharp asperities and nano-

roughness has not been systematically explored – experimentally or theoretically.  Such 

complex topographies are still likely to incur complete saturation reactions and avoid 

topography induced nucleation delays that could potentially affect the conformality of the 

films and the resulting topography [3, 5].  Therefore this work is aimed at investigating 

the surface evolution of ALD films in the context of highly scalloped surfaces. 

 Our test-bed utilizing a combination of a removed PAA membrane from an Al 
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template and ALD provides us with the ability to monitor surface evolution of ALD films 

as they are deposited on a highly scalloped surface.  We use two different templates with 

different interpore spacings (Dint) to reveal a universal behavior for the growth of ALD 

films on such surfaces following simple scaling laws.  Furthermore, a surface extrusion 

model is used to verify this behavior and the resulting surface area as a function of ALD 

deposition thickness.  This work demonstrates that through modeling and 

experimentation the benefits and limitations of ALD can be realized for complex 

nanostructures. Understanding this behavior will play a crucial role in the design and 

nanofabrication of next generation energy devices with increasingly high aspect ratios as 

well as nano-scale feature sizes. 

3.2 Materials and Methods 

Scalloped aluminum templates were synthesized by the removal of PAA 

membranes formed during a one-step anodization method [79].  High purity 200 µm 

thick aluminum foils (99.99%, Alfa Aesar), were electropolished in a 1:5 perchloric acid 

to ethanol bath held at ~ 3 °C in order to remove micro-roughness from the surface, 

which influence the quality of the pores.  The electropolished aluminum was then 

anodized at (1) 40 V and 10 °C in an electrolytic bath of 0.3M oxalic acid to achieve an 

interpore spacing, Dint, of 110 nm or (2) at 160 V and 4°C in an electrolytic bath of 10 

wt% phosphoric acid to achieve Dint of 450 nm.  Foils were anodized for ~7 hours so 

PAA pores would self organize and align orthogonally with respect to the underlying Al 

substrate.  After anodization, the PAA film produced was removed in an aqueous solution 

of phosphoric acid (6 wt%) and chromic acid (1.8 wt%) at 60 °C leaving a hexagonally 
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organized nano-dimple array with a highly scalloped surface imprinted in the remaining 

aluminum. 

 Titanium dioxide (TiO2) ALD thin films were thermally deposited at 150 °C in a 

Beneq TFS-500 cross-flow ALD reactor using Tetrakis(dimethylamido)titanium 

(TDMAT) and water.  Pulses and purges of 500 msec for both precursors resulted in 

atomic thickness control with a growth rate of 0.055 nm/cycle as a sub-monolayer of film 

was consistently deposited for each cycle.  Three samples were loaded during the first run 

and deposition was carried out in 3 intervals of a fixed number of cycles, i.e. 244 or 1000 

for templates anodized in oxalic or phosphoric acid, respectively.  After each interval one 

sample was removed from the reactor and characterized via high resolution scanning 

electron microscopy (SEM, Hitachi SU-70) and atomic force microscopy (AFM, MFP-

3D Asylum Research) in tapping mode.  Film growth rates were determined using a 

spectroscopic ellipsometer (Sopra GES5) on planar Si samples. 

3.3 Results & Discussion 

The evolution of ALD surface profiles over complex nano-topography was 

investigated with particular focus on how ALD modifies surface topography.  PAA 

membranes formed in phosphoric acid with a Dint of 450 nm were removed from the 

underlying aluminum surface revealing a highly textured surface of peaks and valleys 

that rise above an array of hexagonal dimples as seen via cross-sectional SEM (Figure 

24a-b).  Peaks are seen positioned along the [121] direction of the template, whereas 

valleys are found to traverse the [111] direction. Peak structures are multifaceted in shape 

due to the convergence of multiple hexagonal dimples.  Peaks that rise notably above the 
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average peak height and non-hexagonal dimples are considered defects.  Defects are 

preferentially found along domain boundaries and are generally created during the 

anodization process when starting from a completely disordered structure, as opposed to 

a stamped template where the ordering is considered perfect [102].  

 Templates formed in phosphoric acid were coated with three consecutive layers of 

1000 cycle TiO2 ALD.  Top-down SEM images display surface profiles of TiO2 ALD 

deposited on the scalloped Al surface after 0 cycles, 1000 cycles, 2000 cycles, and 3000 

cycles (Figure 25a-d).  Images reveal that increased ALD deposition results in the 

formation of triangular patterns originating from the peak structures across the surface.  

In Figure 25b, it appears that ALD deposition is nucleating at these sharp tips, thus 

dominating ALD growth across the surface and creating areas of higher growth over 

others as seen in Figure 25c.  As deposition continues, growth fronts originating from 

these peaks start to merge and exhibit symmetric, repeating patterns of raised triangles 

decorating the surface with “nano-petunias” as seen in Figure 25d. 
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Figure 25.  Progression of TiO2 ALD profiles across a scalloped Al surface 
formed using phosphoric anodizing acid imaged in SEM after (a) 0 cycles, (b) 
1000 cycles (~55 nm), (c) 2000 cycles (~110 nm), and (d) 3000 cycles (~165 nm).  
(e) SEM image of a scalloped Al surface using oxalic anodizing acid coated with 
733 cycles (~40 nm) of TiO2.  Top-down images (d and e) display the same 
formation of triangular ALD surface profiles for the same ratio of equivalent 
thickness (t) to interpore spacing distance (Dint) for each anodizing acid. 

 

A simple scaling law was devised to adequately compare the ALD surface 

profiles deposited on templates formed with different interpore spacing using either 

phosphoric or oxalic acid.  Using the film’s growth rate, deposition on one template could 

be scaled by a factor of k defined in equation (1) as 

 

intD
tk =       (1) 

where t is the measured film thickness for a set number of cycles deposited on planar 

surfaces, in order to calculate an equivalent film thickness (τ) for a template with a 
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different interpore spacing ( oDint ).  Leaving τ = oDk int* .  SEM images display templates 

produced with different interpore spacings of 450 nm for phosphoric acid (Figure 25d) 

and 110 nm for oxalic acid (Figure 25e) coated with equivalent film thicknesses of 165 

nm for 3000 cycles and 40 nm for 733 cycles of TiO2 ALD, respectively.  Both samples 

display the formation of triangular patterns across the surface, revealing a universal 

behavior for templates with similar scalloped surfaces but different dimensions. 

TiO2 films were deposited for 733 cycles to a film thickness of ~40 nm on 

scalloped Al templates formed in oxalic acid.  A tilted top-down SEM image of a thin 

delaminated film of TiO2 retaining the original hexagonal pattern from the initial 

scalloped Al surface is shown in Figure 26a.  However, the film’s surface topography no 

longer displays the sharp peak structures that extruded from the initial, now-covered 

surface.  A tilted-bottom up view of the delaminated film suggests the emergence of 

growth fronts for the evolving ALD film, where they eventually merged as indicated by 

arrows in Figure 26b.  As a TiO2 film is conformally deposited over the original 

scalloped template, the ALD film topography changes shape with deposition and displays 

substantial smoothing of the original scalloped surface. This behavior underscores the 

benefits of conformal ALD to blunt or smooth sharp asperities and surface features with 

increasing film thickness.  This is particularly important in some applications, e.g., for 

local enhancement of electric fields at asperities and consequent low field breakdown of 

an MIM nanocapacitor [21]. 
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Figure 26.  A delaminated conformal TiO2 ALD film imaged in SEM: (a) tilted 
top-down view of merged growth fronts influenced by the hexagonal pattern of 
the removed underlying surface and (b) tilted bottom-up view of the film where 
dashed arrows in the cross-section indicate where growth fronts merged and 
laterally moved due to film broadening at the peaks (solid black arrows) and 
causing the disappearance of the nano-dimples (solid white arrows). 

 

We attribute the display of growth fronts to the direct consequences of ALD 

conformality over surface topography that includes rounded as well as sloped regions.  

While other physical or chemical deposition mechanisms convey some measure of 

conformality over topography, ALD’s self-limiting chemistry provides unprecedented 

capacity to maintain conformality even in the most challenging nanotopography.  

Sidewall deposition, i.e. on the inclined surfaces, is as rapid as on the rounded surfaces.  

This causes the rise of directional growth fronts where there is a significant change in 

incline on the surface (i.e. shift from the sloped side walls to that of the concave valley or 

dimple).  Growth fronts merge at crossing points between the inclined and curved regions 

and move laterally as deposition proceeds as indicated by the dashed arrows found in 

Figure 26b.  When the initial surface is comprised of scalloped peaks and valleys that rise 

above lower dimples, the successive ALD layers exhibit changes in the surface profile, 
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leading to the lateral growth and rounding of the peaks and reduction (or ultimately 

disappearance) of the valleys and lower dimple areas, as seen in Figure 26b.    

This behavior is evident from AFM maps for ALD TiO2 film profiles seen in 

Figure 27.  TiO2 films deposited on templates formed in phosphoric acid for 0 cycles, 

1000 cycles (55 nm), 2000 cycles (110 nm), and 3000 cycles (165 nm) were mapped 

using AFM in order to monitor the progression of surface profiles and the decrease in 

surface area with increasing ALD film thickness.  Figure 27a displays an AFM contour 

map for 2000 ALD cycles (110 nm), with the position of underlying peaks (A, B, C, and 

D) of the initial scalloped surface denoted along with the [121] and [111] directions.  The 

map illustrates the emergence of triangular surface profiles as areas of higher topography 

allow growth fronts to extend out and finally merge along the [111] direction.  AFM line 

scans taken of increased deposition across the [121] direction were layered and separated 

by the experimental growth rate for TiO2, where 0, 1, 2, and 3 indicate the number of 

intervals for 1000 cycles, with 0 being the bare template (Figure 27b).  
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Figure 27.  (a) AFM contour map of a 2000 cycle (~ 110 nm) TiO2 ALD film on a 
scalloped Al surface dictating the [111] and [121] directions with peaks A, B, C, 
and D (denoted by x) across the template.  (b) AFM line scans across the 121 
direction after 0 cycles, 1000 (~ 55 nm), 2000 cycles (~110 nm), and 3000 cycles 
(~165 nm) of deposited TiO2 ALD (arrows denote locations of peaks). The 
profiles are numbered 0-3 for intervals of 1000 cycles each. 

 

These results illustrate the broadening of peaks in the original scalloped surface 

initiated at positions A, B, C, and D.  As neighboring peaks positioned at A and B as well 

as C and D expand, they first cause a sharpening of the valley between them, and then 

begin to close and diminish the valley with further ALD coverage.  At the location of the 

original dimples in the scalloped surface, e.g. between B and C, much less of this effect is 

seen due to the lower plateau centered at the dimple being considerably wider to begin 

with.  Ultimately, this behavior lends itself to the formation of the triangular pattern or 

“nano-petunias” across the surface.  Although surface features of the samples were 

smaller than the AFM tips used, an increase in deposition indicates a decrease in surface 

area as growth fronts merge and the complex peak structure is rounded.  ALD’s ability to 
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conformally coat and thereby modify a topographically rough surface will prove to be of 

great importance when engineering detailed geometries sometimes found in 3D 

nanostructures.  For example, ALD growth kinetics in high aspect ratio structures become 

primarily mass-transport limited via molecule diffusion in and out of the pores rather than 

surface reaction-limited [66].  Therefore, as the ALD deposition profile evolves, the 

entrance to a pore potentially found between B and C in Figure 27 will start to close off, 

creating an ever decreasing orifice diameter for molecules to diffuse through with each 

cycle, and increasingly challenging ALD’s ability to conformally deposit within a high 

aspect ratio nanopore. 

3.4 ALD-PAA Simulation 

A simple geometric 3D extrusion model was developed by Dr. Israel Perez, a 

former graduate student, to demonstrate the influence of a complex surface topography 

and track the progression of ALD surface profiles.  The model replicated the topography 

found on a scalloped Al template after removal of the PAA membrane by using the two 

key dimensions: interpore spacing, Dint, and the scallop’s equivalent sphere radius, rs.  

The interpore spacing of the scalloped array is a well known dimension and is related to 

the anodization potential used for a specific anodization acid [103].  For the purpose of 

this simulation Dint is taken as 105 nm corresponding to oxalic acid templates.  The rs 

value is the radius of curvature of the nano-dimple imprinted in the Al surface and was 

extrapolated from AFM data of a bare scalloped Al surface.  The maximum peak height 

was measured as the difference in the z-height between the bottom of the dimple and the 

top of the peak, which for a PAA surface anodized in oxalic acid at 40 V is 
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approximately 42 nm.  Knowing this value allows the surface to be modeled by adjusting 

rs, until the maximum ideal peak height is ~42 nm, which gives a value of rs ~65 nm.  

Therefore, an ideal scalloped surface was coded in MatLab® by spacing hemispheres 

with radius rs in a hexagonal array, with inter-sphere spacing of Dint in the closed pack 

direction, and removing all intersecting data.   

As mentioned earlier, much work already exists in the literature covering the strict 

theoretical modeling of ALD in terms of thickness as a function of cycles [104], 

nucleation and growth kinetics [53], and Monte Carlo simulations in ultra-high aspect 

ratio nanopores [67].  For the purpose of this simulation, “ideal” ALD was assumed, 

where one monolayer of film is conformally deposited per cycle and ignores nucleation 

delays potentially present during the initial cycles of TiO2 ALD on a removed PAA 

surface [105].  Instead it used experimentally determined growth rates and assumed that 

for each cycle the entire surface will be conformally coated with a specific amount of 

material given by the growth rate for the specified ALD process.  The 2D cross-section 

schematic in Figure 28 depicts the step-by-step simulation sequence for a single ALD 

cycle.  Starting with five equally spaced points on the initial surface (Figure 28a), surface 

normals were determined (Figure 28b).  New data points were placed along each surface 

normal at a distance specified by the growth rate of the ALD process being simulated 

(Figure 27b).  The new data points were no longer equally spaced along the x-axis; 

therefore, they were best fit with a new line (Figure 28c).  A new set of equally spaced 

data points were created and placed along the best fit line, ultimately, creating the new 

surface (Figure 28d). 
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Figure 28.  Geometric 3D extrusion model: (a) five equally spaced data points on 
the surface of a sharp peak. (b) surface normals are projected out and the data 
points for the new surface are placed along them using the prescribed growth 
rate; (c) the new data is fit with a “best fit” line; (d) the “best fit” line is used to 
generate more data which is equally spaced in the x-direction. 

 

The model described above used an initial surface prepared using oxalic acid and 

therefore, cannot be directly compared with experimental results on a template prepared 

using phosphoric acid at 160 V.  However, a similar scaling factor, k, used to compare 

film thicknesses from different templates can be used to compare the experimental results 

with the simulation, where Dint is 450 nm and == sim
o DDint 105 nm.  Top view SEM 

images (Figure 29a-d) and top view simulation results (Figure 29e-h) were compared 

illustrating the surface evolution of ALD on a scalloped Al surface mirrors what is seen 

in the extruded surface simulation. 
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Figure 29.  (a-d) Scalloped Al surface imaged in SEM after TiO2 ALD deposition 
of 0 cycles, 1000 cycles (~55nm), 2000 cycles (~110nm), 3000 cycles (~165nm); (e-
h) simulation of surface evolution by extruding a model of the initial surface at 
same rate as the deposition per cycle for ALD TiO2. 

    

Cross-sectional view SEM images along the [111] direction of a scalloped Al 

surface show three discrete 1000 cycle TiO2 ALD films deposited one on top of another 

(Figure 30a).  Each film set displays a distinct interface where the surface was exposed to 

air for ex-situ characterization and indicates the presence of surface contamination.  As 

deposition continued, films took on the form of the underlying film’s surface eventually 

creating a rounded knoll atop the initial peak in the Al template’s surface signifying there 

was no substantial topography-induced nucleation.  Top down and cross-sectional 

profiles along the [111] and [121] directions of the 3D model (Figure 30b) reemphasize 

that ALD deposits in a conformal manner, and that the formation of triangular islands 

seen in both SEM images and the 3D model is an artifact of the underlying surface and 

not due to nucleation and growth resonating from the tips of the sharp peaks. 
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Figure 30.  Cross-sectional surface profiles as a function of film thickness: (a) 
SEM image of three discontinuous 1000 cycle TiO2 ALD films along the 111 
direction of a scalloped Al surface and (b) modeled profiles of TiO2 ALD films 
along the 111 and 121 directions of a scalloped Al surface. 

 

Surface area plays an integral part in the design and nanofabrication of next 

generation energy devices such as MIM nanocapacitors.  Matlab® simulations developed 

by Dr. Perez were used to estimate the change in surface area as a function of film 
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thickness.  The surface area was estimated by summing the areas of all the quadrilaterals 

that comprise the modeled surface as defined by the X, Y, Z coordinate data.  The planar 

equivalent area is the 2D surface equivalence to the area projected onto the XY plane 

from the 3D model.  From these estimations the initial surface of a template formed in 

oxalic acid was estimated to have a 30% larger area than its planar equivalent.  Templates 

formed in phosphoric acid would have smaller surface areas due to larger interpore 

spacings, meaning there are fewer peaks for the same planar area used above.  Starting 

with the initial surface of the scalloped Al template an ALD simulation was performed 

for 1000 cycles with a growth rate of 0.1 nm/cycle.  The normalized surface area (the 

estimated surface area divided by the planar equivalent surface area) as a function of 

ALD film thickness was plotted with corresponding 3D representations of the evolving 

surface profile (Figure 31).   

 

Figure 31.  Normalized surface area as a function of ALD film thickness. 
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As the deposition proceeds the normalized surface does not change appreciably until after 

~45 nm.  After 45 nm of film growth, the normalized surface area asymptotically decays 

towards a limiting value of 1 implying that the surface has been effectively “planarized”.  

The shoulder at 45 nm seems to coincide with the appearance of lines in the film where 

film growth fronts have started to merge along the [111] direction of the hexagonal 

scalloped cell, see Figure 31.  This is the moment at which the curvature of the saddle 

points between the peaks in the scalloped surface is completely inverted by the continued 

extrusion of the ALD deposition over the sharp peaks.  Further deposition results in the 

extension of these lines towards the center of the scallops further unifying the surface. 

3.5 Conclusion 

TiO2 ALD films were deposited on a highly scalloped Al surface to demonstrate 

the ability of ALD to provide exceedingly conformal films over a complex topography of 

a template’s initial surface.  SEM images and AFM scans reveal the progression of 

triangular surface profiles that change with ALD layer thickness, influenced by the way 

ALD conformally coats the underlying topography, and further emphasizing that ALD 

nucleation is rather insensitive to the surface topography at least for the experimental 

process chemistry investigated here.  

We demonstrated the usefulness of a simple geometric 3D extrusion model to 

simulate the evolution of ALD films’ surface profiles as they conformally coat the 

complex surface topography of a modeled scalloped Al surface.  The scalloped Al surface 

was modeled and calibrated using dimensions extracted from SEM and AFM scans.  The 

surface was then extruded in a stepwise manner using experimentally obtained growth 



 

 

71 

 

rates of the particular ALD chemistry being simulated.  The model illustrates how 

conformal ALD films cause the surface topography to change with each deposited layer, 

ultimately leading to a decrease in surface area as a function of film thickness.  Results 

from this model and experimental data are in excellent agreement, leading to the 

conclusion that no nucleation related effects were observed and the resulting triangular 

pattern is an artifact of the underlying textured Al surface.   

This work illustrates the benefits of ALD to conformally coat and manipulate 

surface topographies in which sharp asperities or nano-roughness could potentially limit 

device performance.  Ultimately this work will play an important role in the design and 

nanofabrication of devices which exploit nano-processes such as PAA and ALD.  
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Chapter 4 :  TiO2 ALD Thin Film Growth Behavior Across 2D 

Planar Wafers Using TTIP and Ozone 

This chapter discusses the critical role of interdependent process parameters, such 

as temperature, dose, surface residence time, and purge time, have on one another as the 

process window for TiO2 ALD thin films based on the precursors titanium 

tetraisopropoxide (TTIP) and ozone is determined across planar substrates.  As with any 

deposition technique, determining a process window of parameters is critical when 

optimizing a new ALD process.  This usually incorporates a limited number of deposition 

experiments combined with ex-situ thickness and uniformity measurements.  In the case 

of ALD, an effective regime is typically indicated by the self-limiting properties of the 

ALD precursors thus leading to a constant thickness per ALD cycle.  This behavior is 

confirmed by wafer-scale measurements of across-wafer thickness and uniformity.  As 

seen in Chapter 1, the ALD process space includes many parameters that can influence 

the growth behavior of a film including dose, surface residence time, purge time, process 

pressure and temperature.  Even when limiting ourselves to the most obvious parameters, 

the task of finding an optimal process recipe can prove challenging. 
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4.1 Introduction 

Titanium dioxide (TiO2) has been extensively studied due to its versatile chemical 

and physical attributes for a wide range of applications as a thin film and a bulk material.  

Titania’s high refractive index, ranging from 2.2-2.6 depending on the deposition method 

used, makes it a common component in optical filters and coatings.[33, 106]  Due to its 

good transmission in the visible and near infra-red regions, TiO2 is a leading 

photocatalyst and serves as a critical component in emerging photovoltaic technologies, 

as well as in photonic crystal waveguides.[16, 33, 107]  TiO2 also exhibits some very 

attractive electrical properties in terms of it high dielectric constant of 40-110, making it 

a highly sought after candidate for electrostatic nanocapacitors, DRAM, and thin-film 

transistor applications.[8, 14, 48, 106, 108]  The main limitation in using TiO2 for 

electrical applications is its high leakage current caused by oxygen deficiencies in the 

material.[14, 106]  

 A variety of thin film deposition techniques have been used to deposit TiO2, 

including chemical vapor deposition (CVD)[55], sputtering[109], plasma-enhanced CVD 

(PECVD)[110, 111], and atomic layer deposition (ALD)[14, 104, 112-114].  ALD has 

attracted widespread attention on account of its excellent atomic level thickness control 

over large surface areas with unprecedented uniformity and conformality.  The ALD 

process is a gas phase deposition technique which relies on self-limiting chemisorbed 

surface reactions through the employment of two alternating reactant precursor exposures 

separated by intermediate purge steps in order to build films atomic layer by layer.  The 

digital introduction of precursors helps diminish gas-phase particles that sometimes 
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plague CVD processes in order to create thin, continuous, pin-hole free films.  However 

the optimization of ALD process recipes is often challenging as interdependent variables, 

such as dose, surface residence time, purge time, temperature or pressure, must be 

optimized for a given reactor design and chemistry.   

Precursor chemistries play an important role in ALD in that they must be volatile, 

yet thermally stable.[4]  A wide variety of precursors have been employed for the 

deposition of TiO2.  Commonly used Ti precursors are halides, alkyl amides, or 

alkoxides, such as TiCl4, tetrakis(dimethylamino) titanium (Ti[N(CH3)2]4, TDMAT), 

titanium tetraisopropoxide (Ti[OCH(CH3)2]4, TTIP), respectively.[104-106]  Each 

precursor group has their limitations; halides produce HCl as a corrosive by-product 

provoking etching of the films or the reactor and the organometallic precursors tend to 

decompose at temperatures greater than 300 oC leading to parasitic CVD-like 

reactions.[4]  The most common oxidizer used for the deposition of TiO2 is water, but 

hydrogen peroxide, molecular oxygen, and oxygen plasma have also been used.[57, 104, 

105, 112, 113, 115]  The push to find high-k dielectric materials with low leakage current 

has lead researchers to investigate ozone (O3) as an alternative to water as an oxidizing 

agent as it reduces the incorporation of impurities, such as hydroxyl ions (OH-).[116-118]  

O3 is a strong oxidizing agent and is highly volatile allowing for lower doses, lower 

deposition temperatures, and unlike water, physisorption on the surface is not a problem 

allowing for shorter purge times.[56, 117]  However, despite the interest in O3 as an ALD 

oxygen source, the surface reaction mechanisms are not well understood.  In H2O and O2 

plasma-based ALD processes, hydroxyl groups are generally considered the reactive sites 

for the chemisorption of the metal precursor.  However, during the ALD of TiO2 from 
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TTIP and O3, surface carbonates have been identified as the reactive sites for TTIP 

chemisorption.[56]  

 The self-limiting behavior of an ALD reactant depends on many factors, such as 

process temperature, reactant dose, surface residence time, purge time, process pressure, 

etc.  However, thus far, only a small set of ALD processes have been explored in order to 

understand the detailed relation between process parameters and their surface reaction 

mechanisms that happen during deposition.  It is generally known that ALD is a 

thermally activated process, where lower temperatures usually result in the use of higher 

reactant doses in order to achieve self-limiting growth; however, this leads to longer 

surface residence times.[65]  The reactant dose (Pt) is defined as the partial pressure of 

the precursor times the exposure time.  Where the partial pressure of a reactant is 

determined by how many molecules of a precursor are introduced into the system and the 

exposure time is the amount of time needed to supply a saturating dose (S) to the 

surface.[66]  Conventional methods to increase exposure doses are typically done by 

extending the precursor exposure times, therefore, allowing more time for molecules to 

react and saturate the surface.[66, 67]  However, longer pulse times can lead to low 

throughput.  As seen in work by Li [65], it was recognized that higher process pressures 

resulted in higher surface residence times and had considerable influence on film growth 

rates.  The surface residence time is how long reactants remain exposed to a surface 

before being pumped away to the exhaust and is based on the partial pressure of a 

reactant within the system and the temperature of the reaction chamber.  Therefore, this 

chapter investigates the role of key process parameters such as temperature, reactant 

dose, surface residence time and purge time on the growth behavior of TiO2 ALD thin 
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films when using TTIP and ozone as the metal and oxidizing precursors, respectively.  

We use a novel scheme to introduce reactants into the reaction chamber by breaking up 

the reactant dose and introducing it as a set of µpulses in parallel or in series.   

4.2 Experimental Setup 

High-k dielectric titanium dioxide (TiO2) films were deposited in a custom built 

stainless steel ultra-high vacuum (UHV) cross-flow wafer scale ALD reactor using 

alternating reactant exposures of TTIP (99.99% grade, Air Liquide) and ozone (O3).  A 

0.1L mini-reactor is embedded in the UHV process chamber equipped with a 100 mm 

substrate heater and a pneumatically actuated cap.  Precursors and nitrogen gases were 

introduced and exhausted through 2 opposing slits positioned 3 mm above the wafer.  

The mini-reactor was operated at 100 mTorr and the substrate heater was maintained at 

200 °C.  The substrates used were 100 mm Si (100) test wafers cleaned in a 1% 

hydrofluoric acid, followed by a DI rinse and dried via N2 gas. 

 Liquid titanium tetraisopropoxide (TTIP) was used as the titanium metal 

precursor.  The TTIP precursor container was heated to 58 oC in order to achieve a vapor 

pressure of ~0.6 Torr. In order to achieve reproducible doses of the TTIP precursor, fast 

action pneumatic ALD valves were implemented on the inlet and outlet of a temperature-

controlled 20 mL volume monitored by a 0-10 Torr capacitance manometer pressure 

gauge.  TTIP doses were controlled by timing the opening of these valves.  The inlet 

valve to the volume was opened for 1 s in order to fill the volume to the vapor pressure of 

the TTIP precursor.  Upon reaching a given time setpoint, the inlet valve between the 

precursor source and the volume was closed and the gases were released into the chamber 
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for an exposure time of 0.3 s.  By monitoring the minimal and maximal pressures during 

each cycle, the number of molecules entering the system were approximated from the 

ideal gas law, pV=nkT (where p is the pressure, V the volume, n the number of µmols, k 

the Boltzmann’s constant, and T the absolute temperature). 

Ozone was obtained by flowing 200 sccm of O2 (Grade 5, Praxair) into an MKS 

Instruments O3mega ozone generator.  The flow produced a 20psig pressure in the single 

electrical discharge cell.   At 100% power, the ozone concentration at the outlet was up to 

20 wt% (300 g/m3) with the balance being O2.  Due to the high flow and high pressure 

required for the operation of the O3megaTM a different control scheme of the ozone 

exposure was necessary.  The O2/O3 mixture was flowed continuously into an HA-series 

catalytic ozone destruct from Ozone Engineering to deactivate ozone into oxygen.  

Therefore, only a fraction of the total flow was pulsed into the reactor using a Swagelok 

medium flow metering valve in series with a fast action pneumatic ALD valve.  For a 

given needle valve conductance, the number of µmols of ozone was determined by 

integrating the pressure peaks measured in the mini-reactor for different exposure times 

and comparing them to integrated peaks from known doses determined through pressure 

measurements in an attached trimethylaluminum vessel. 

Wafer maps of film thicknesses and refractive indexes were obtained using a 

Sopra GES5 spectroscopic ellipsometer integrated with an automated xy stage and a 75W 

high intensity Xenon arc lamp to obtain a continuous spectrum of light from 2.0-6.0 eV.  

Thickness profiles were taken at 5 equidistant points across the wafer in the direction of 

the cross-flow, with the first point being closest to the gas inlet and the last point being 
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closest to the exhaust outlet.  The percentage of non-uniformity within a wafer was 

determined by the ratio of the standard deviation over the average film thickness (σ/µ). 

4.3 Results 

In order to investigate the influence of substrate temperature on the deposition of 

TiO2 ALD temperatures were varied from 160 °C to 200 °C with a viscous flow regime 

of 100 mTorr.  TTIP doses of 0.24 Torr-sec and over-saturating exposures of ozone, 1.3 

Torr-sec, were introduced into the system followed by an evacuation purge of 20 sec for 

each precursor.  Figure 32 displays the relationship between film thicknesses and the 

changing number of deposited cycles for two different temperatures, 160 °C and 200 °C.  

The plot demonstrates fairly good thickness control of the titania process at a processing 

temperature of 200 °C, where the slope is the growth rate per cycle and is equivalent to 

~0.65 Å/cycle.  Films were deposited with the same conditions for 150 cycles at a 

substrate temperature of 250 °C and were measured to have a growth rate of ~0.66 

Å/cycle.  However, for the 160 °C case, a growth rate of only ~ 0.2 Å/cycle was 

achieved.  The term ALD window usually refers to the temperature range in which the 

growth rate is constant.[4]  Lower growth rates could be attributed to the substrate 

temperature not being high enough to overcome the activation energy required for a TTIP 

molecule to chemisorb on the surface.  Therefore the optimal temperature window for 

TiO2 ALD using TTIP and ozone was deemed to be between 200 °C and 250°C.  

However, temperatures higher than 250 °C where not investigated due to the 

decomposition temperature of TTIP to be reportedly around 275 °C [105, 112, 113].   
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Figure 32.  Film thicknesses as a function of number of ALD cycles as 
determined by ellipsometry for two different reaction temperature, 160 °C and 
200 °C.  Linear regression demonstrates a growth rate of ~0.65 Å/cycle for the 
200 °C case and that the growth never really took off for the 160 °C case. 
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Figure 33.  Representation of pressure within the mini-reactor during three 
different runs: (a) single µµµµpulse of TTIP, (b) 3 µµµµpulses of TTIP in parallel and 
(c) 3 µµµµpulses of TTIP in series. 

 

In order, to illustrate the effect of the process parameters dose and surface 

residence times of a reactant on the deposition rates of TiO2 thin films across planar 100 

mm Si wafers a set of experiments were designed using a novel scheme to introduce the 

TTIP precursor into the mini-reactor chamber.  Figure 33 displays alternating exposures 

of an over-dosed µpulse of ozone (1.3 Torr-sec) and three different scenarios for 

introducing TTIP doses: a single µpulse, µpulses in parallel, and µpulses in series.  

Figure 33a demonstrates the first scenario of a single µpulse of TTIP being flowed into 

the mini-reactor followed by a 20 sec purge before introducing the ozone precursor and is 
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monitored by a down stream pressure gauge.  By subtracting the base pressure and 

integrating under the curve the dose of 1 µpulse of TTIP was determined to be 0.24 Torr-

sec.  The surface residence time was determined by monitoring how long it took for the 

increased process pressure during a precurosor half-cycle to return to the base pressure of 

100 mTorr.  Therefore, surface residence time of the TTIP precursor was determined to 

be ~10 sec and the ozone surface residence time was determined to be ~ 14 sec.  A 20 sec 

purge was deemed sufficient for both precursors to completely evacuate the reactor.   

We refer to exposures introducing TTIP µpulses as “in parallel” if they comprise 

of a group of consecutive rapid fire single µpulses, meaning that the µpulses are spaced 

so closely in time that the 2nd µpulse subsequent in the sequence occurs well before a 

residence delay is observed for the previous µpulse, i.e. the “in parallel” case behaves 

like a single bigger pulse.  This allows for higher TTIP doses by increasing the partial 

pressure, but also increases the TTIP surface residence time within the mini-reactor, as 

seen in Figure 33b for 3 µpulses again followed by a 20 sec purge.    It was noticed that 

the TTIP surface residence time for doses introduced in parallel push the limits of the 20 

sec purge by barely having sufficient time to return to the base pressure before the ozone 

µpulse is introduced.  The third scenario introduces TTIP exposures as “in series” which 

are a combination of single µpulses separated by a 10 sec delay allowing the pressure 

between each µpulse to head towards the base pressure, as seen in Figure 33c for 3 

µpulses and a 20 sec purge immediately after the introduction of the last µpulse.  After 

each µpulse the pressure within the chamber heads towards the base pressure before the 

next µpulse is introduced, allowing for higher doses, but without increasing the surface 
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residence time of the precursor within the system.  Therefore, the TTIP surface residence 

time will be consistent with the single µpulse case and ensures that the 20 sec purge is 

adequate before introducing the ozone µpulse.   

One of the hallmarks of the ALD process is the self-limiting surface chemistry, 

meaning that an increased dose should still yield a consistent film thickness.  However, 

growth rates are not only a function of the dose, but are also dependent on the surface 

residence time of the precursor within the chamber.    The reported density of TiO2 ALD 

films is 3.84 gcm-3 [119] and was used to calculate an ideal monolayer of film thickness 

as 3
1−

= ρd  ~3.3Å.[120]  Amorphous TiO2 ALD films were deposited using an over-

saturating dose of ozone with one of the three dosing schemes described above.  A 

precursor’s partial pressure within a volume is proportional to the number of molecules 

with in said volume; therefore, as the number of µpulses increase, the partial pressure 

also increases, thus creating a direct relationship between the dose and the number of 

molecules in the system.  Figure 34 demonstrates the relationship between a film’s 

growth rate as a function of the number of molecules associated with the three dosing 

schemes used to introduce TTIP into the reaction chamber.  The plot demonstrates that 

increased doses lead to higher growth rates and subsequent film densities.  However, as 

discussed earlier, doses introduced in parallel will have higher surface residence times 

than those introduced in series.  Although the same number of TTIP molecules entered 

the system for each scheme, the increased surface residence times led to higher growth 

rates and increased film densities, again exemplifying the importance of a precursor’s 

surface residence time.  It can be believed that the increase in dose leads to an over-
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saturation of precursor within the reaction chamber.  Therefore, when a delay between 

µpulses is introduced as is the case with the “in series” scheme, the delay behaves as an 

intermediate purge step, allowing some of the excessive molecules to purge away, as well 

as, desorb any physisorbed molecules.  The plot also demonstrates that doses introduced 

in series have higher growth rates than the single µpulse case even though they have 

similar surface residence times within the process chamber.  This goes against the idea 

that ALD is self-limiting and results in much more complex mechanisms than originally 

thought. 

 

Figure 34.  Growth rate as a function of the number of TTIP molecules when 
doses are introduced in parallel or in series.  Demonstrates that an increase in 
molecules leads to higher growth rates and subsequent film densities, however, 
TTIP doses introduced in series have lower growth rates and densities as 
opposed to their in parallel counterparts. 
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Purge time is a crucial parameter in the ALD process sequence.  Inadequate purge 

times to fully exhaust any unreacted precursors from the reactor before the introduction 

of the next precursor will result in an overlap of the two precursors, creating parasitic 

CVD-like reactions leading to higher growth rates.  However, decreasing growth rates 

can indicate desorption of adsorbed species during extended purges contradicting the 

fundamental requirement that a chemisorbed reaction is irreversible.   TiO2 films were 

deposited for 250 cycles at a substrate temperature of 200 °C using two different TTIP 

dosing schemes: the single µpulse (0.24 Torr-sec) and the 3 µpulses in parallel (0.56 

Torr-sec).  Both cases used an over-saturating dose of ozone (1.3 Torr-sec) and a 

subsequent 20 sec purge.  Growth rates plotted as a function of TTIP purge time exhibit 

the self-limiting behavior typical of a TiO2 ALD deposition (Figure 35).  While a 10 sec 

purge seemed adequate to deposit self-limiting films for the single µpulse case, it does 

not appear to be sufficient for the dose of 3 µpulses in parallel.  This is due to the fact that 

the surface residence time of the TTIP molecules during the 3 µpulse case exceeds the 10 

sec purge time used; therefore creating a parasitic CVD reaction when the ozone pulse is 

introduced.  However, as purge times are increased, the saturating behavior for both cases 

demonstrates that the purge time did not affect the growth rate indicating that the higher 

growth rate was not due to multi-layer physisorbed molecules or parasitic CVD-like 

reactions and the origin of the higher growth rates can be attributed to a density increase 

of surface carbonates or hydroxyl groups as a result of higher TTIP doses and surface 

residence times.   
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Figure 35.  Growth rates as a function of TTIP purge time for two different 
TTIP doses and an over-saturating dose of ozone (1.3 Torr-sec) for 250 cycles at 
a reaction temperature of 200 °C.   

 

Across wafer uniformity is also a useful process metric to evaluate the self-

limiting behavior of ALD.  TiO2 ALD films were deposited across 100 mm wafers for 

250 cycles using an over-saturating dose of ozone and one of the three dosing schemes 

for TTIP at a process temperature of 200 °C.  Figure 36 displays highly uniform film 

growth rates associated with the three different TTIP dosing schemes as a function of 

position across a wafer, with 0 mm being closest to the inlet and 70 mm being closest to 

the exhaust.  The single µpulse case displays the best film uniformity of 99.6% (standard 

deviation, 1 sigma) where the uniformity only degrades by 2% as the worst case 

associated with the “in parallel” cases.  These results support the idea that film deposition 

was not influenced by parasitic CVD-like reactions and implies that all of the active 

surface sites are reacted. 
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Figure 36. Growth rate profiles of TiO2 ALD films after 250 cycles deposited on 
100mm wafers. 

 

4.4 Discussion 

It is widely accepted that in H2O and O2-plasma based ALD processes, hydroxyl 

groups play an important role as the reactive sites for the chemisorption of the metal 

precursor, including TTIP.[56, 121]  Conversely, Rai et al reported that with the use of 

ozone as the oxidizing agent, the dominating reactive species for TTIP chemisorption 

were surface carbonates.[56]   When ozone is used as an oxidizer, the reaction goes 

through a combustion process producing CO2 and H2O as by-products, leaving surface 

carbonates as the reactive sites for the TTIP molecules.[56, 122, 123]  However, if purge 

times are not deemed long enough after an ozone dose, physisorbed, i.e., weakly bound 
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molecules through Van-der Wall forces, water molecules become a source of hydroxyls, 

therefore, partially re-hydroxylating the surface for a TTIP molecule.[47]  Although, the 

use of ozone greatly reduces the presences of H2O it does not eliminate it therefore 

creating two competing reaction pathways during the TiO2 ALD process.  Reactions with 

surface carbonates are deemed 1st order reactions, where reactions with surface –OH 

groups are considered secondary reactions.  However, the growth rates associated with 

ozone based TiO2 ALD are comparable to H2O and O2-plasma assisted works, suggesting 

that the increase in growth rates during the ALD processes are possibly associated with 

the method at which TTIP doses are introduced into the system.[54, 56, 57, 124, 125] 

Ideally, the self-limiting surface adsorption and reaction process of ALD should 

garner one monolayer of film thickness per cycle, provided sufficient doses and purge 

times are supplied.  However, a perfect layer by layer growth does not always occur, and 

the growth behavior for which it does is deemed the “ideal” case.[126]  Therefore, most 

ALD processes deposit less than a monolayer of film and are dubbed “non-ideal”.  

Consequently, the non-ideal behavior observed during TiO2 ALD using TTIP and ozone 

is not surprising due to the large steric hindrance associated with the large size of the 

allkoxide ligands of the TTIP molecule.  Figure 37 is a schematic of the TTIP molecule 

and Table 2 is its associated bond lengths and angles.[55]  From the associated bond 

lengths and angles the radius of the TTIP molecule was calculated as 5.1 Å, which is 

much larger than the 3.3 Å associated with one monolayer of TiO2 film. 
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Figure 37.  Schematic of the structures of a free TTIP molecule, where the black 
ball is the Ti atom, the dark grey balls are oxygen, the light grey balls are 
carbon, and the white balls are hydrogen.  Their associated bond lengths and 
angles are reported in Table 3.[55] 

 

Table 2. Bond lengths (Å) and angles (degrees) associated with the titanium 
tetraisopropoxide molecule shown in Figure 38.[55] 
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Through investigative studies by Rai, it was determined that H2O is a by-product 

during the TTIP ligand exchange during TiO2 ALD.[56]  This has lead to the use of TTIP 

as both the metal containing and oxidizing precursor at elevated temperatures nearing its 

decomposition temperature.[127]  Due to this innate behavior of the TTIP precursor, the 

increase in surface residence time of the TTIP molecule is known to have a significant 

effect on the extent of decomposition and formation of excessive H2O during the TTIP 

half cycle.[128, 129]  Therefore, the use of doses in parallel will increase the H2O 

production and lead to unexpected secondary reactions leading to higher growth rates.  

However, when doses are introduced in series, the H2O production is significantly 

decreased, leading to lower growth rates than the parallel case.  Nevertheless growth rates 

were still higher than those of the single µpulse case.  This can be attributed to the 

extended purge during the TTIP half cycle due to the 10 sec delays between µpulses, 

where excessive H2O molecules produced during the ligand exchange will have less 

opportunity to create secondary reactions.  Although all films demonstrated an increase in 

growth rate, none exceed the deposition of a full monolayer of TiO2 film growth. 
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4.5 Conclusion 

The growth behavior of TiO2 ALD thin films have been investigated as a function 

of key interdependent ALD process parameters, such as temperature, reactant dose, 

surface residence time, and purge time.  It was determined that TiO2 ALD films deposited 

using TTIP and ozone as precursors are thermally activated between 200 °C and 250 °C 

and display good linearity between film thicknesses and cycle numbers.  A unique dosing 

scheme to introduce precursors was developed in order to examine the relationship 

between a precursor’s partial pressure and its surface residence time.  It was determined 

that growth rates and subsequent film densities are highly dependent upon the surface 

residence time of a precursor.  It was proposed that the use of TTIP and ozone as 

precursors leads to a more complex ALD reaction mechanism, where the production of 

H2O was assumed to be a by-product during the TTIP half-cycle leading to secondary 

reaction mechanisms and higher growth rates.  Longer purge times and excellent across 

wafer uniformity ascertained that secondary reactions are the reason for higher growth 

rates and are not associated with multilayer physisorption or parasitic CVD-like 

reactions. 
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Chapter 5 : Metrology of ALD Conformality in 3D Ultra-high 

Aspect Ratio Nanopores 

This chapter details a method to extract film thicknesses and subsequent 

conformality of deposited ALD films in ultra-high aspect ratio nanopores with the use of 

a chemical analysis tool.  TiO2 ALD films were deposited in porous AAO membranes 

with an aspect ratio of 111.  EDS line scans were taken across the cleaved interface of the 

membrane in order to extract Ti intensity profiles as a function of pore depth.  A 

relationship between the Ti intensity profiles and film thicknesses was determined 

through a cylindrical assumption and planar film thicknesses measured by ellipsometry.  

Film thickness profiles demonstrate a strong gradient down the length of the nanopore 

and are in strong agreement with direct measurements of wall thicknesses measured from 

corresponding released nanotubes imaged via TEM.    
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5.1 Introduction 

ALD’s ability to deposit conformal thin films in ultra-high aspect ratio structures 

makes a desirable technique used in the design and fabrication of nanotechnology.  

Traditional techniques used for extracting thin film thickness and conformality within 

high aspect ratio nanostructures, such as scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM), usually involve extensive sample preparation, 

including sample thinning and cross-sectioning which typically takes a lengthy amount of 

time.  Nanopores present a considerable dilemma in terms of cross-sectioning due to their 

one dimensional shape and small diameters.   Ideally, the cross-section of a nanopore 

should be cut directly along the center axis in order to reveal the thin film composing the 

nanotube within.  When pores are cut accurately film thicknesses can be measured along 

the pore side walls down the length of the pore.  However, if it is not cut accurately along 

the pore axis film thickness measurements can be skewed as a result of the pores’ 

cylindrical character, meaning film thicknesses can appear larger than they actually are.   

 Previous studies on conformality of thin films within high aspect ratio nanopores 

consist of cutting a bulk nanoporous film parallel to the nanopores’ long axis and 

scavenging the cross-sectioned interface in order to find pores that have been cleaved 

along their specific axis.  Gordon et al. used a dual-beam SEM-FIB in order to cleave and 

image a thin film deposited inside elliptical pores etched deep into a silicon wafer.[66]  

The SEM-FIB cleaves the silicon along the natural crystallographic axis and allows for 

continuous cutting without having to remove the sample.  Elam et al. imaged a thin film 

deposited within a porous anodic aluminum oxide (AAO) by embedding the film in 
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epoxy and perpendicularly polishing the sample along the nanoporous axis.  This allows 

for top down images of the deposited in pores to be accurately measured at different 

depths within the sample.[67]  However, in order to obtain a highly resolved thickness 

profile down the length of a high aspect ratio nanopore would require several iterations of 

polishing and SEM imaging for one sample.  Employing traditional SEM cross-

sectioning techniques to characterize thin film conformality is possible, but proves to be 

time consuming and highly dependent upon accurate cleaving along a structures central 

axis.   

 Although SEM provides a direct observation of ALD films within nanopores 

allowing for qualitative assessment of ALD conformality, quantifying film thicknesses 

and subsequent conformality has proven to be difficult.  In combination with SEM 

imaging Elam et al. employed the use of electron probe micro-analysis (EPMA) in order 

to create zinc compositional profiles as a function of pore depth of a cross-sectioned ZnO 

ALD coated porous AAO membrane.  Although this work demonstrates the deposition 

behavior of various process parameters by calculating the relative concentration of Zn 

down the length of the nanopore it does not provide an actual thickness measurement. 

Perez et al. demonstrated a methodology to experimentally determine thin film 

thicknesses and subsequent conformality using template-synthesized nanotubes 

fabricated by ALD within a porous AAO template.[44]  The novelty of using AAO is that 

once thin films are deposited within the pores the template is removed by a dissolution 

process, releasing cylindrical nanotubes comprised of the ALD thin films.  Released 

nanotubes were then imaged using bright-field TEM and then analyzed using an image 



 

 

94 

 

analysis program based on a simple geometric model and the grey scale contrast of the 

image.  This technique gave direct measurements of film thickness and subsequent 

conformality of films down the length of a nanopore.  However, the shortcoming of this 

technique is that nanotubes have a tendency to break at various points along the axis 

making it difficult to locate complete nanotubes.  Also, this technique requires very clean 

sample prep in order to use the image analysis program. 

In this chapter, a method is proposed to extract thin film thicknesses and 

subsequent conformality down the length of an ultra-high aspect ratio nanopore through 

the use of cross-sectional SEM combined with energy dispersive spectroscopy (EDS) line 

scans.  EDS is a chemical microanalysis technique that detects the energy of x-rays 

emitted from the sample when the SEM electron beam hits the surface and does not 

require intensive sample preparation to perform measurements.  Film thicknesses were 

determined through a cylindrical assumption using metal intensity signals measured 

during EDS line scans and compared to film thicknesses directly measured from the 

release of ALD based nanotubes from a porous AAO membrane in TEM.  Although 

TEM analysis is a more accurate method of measuring film thicknesses and determining 

film conformality down the length of a nanopore, the rigid sample preparation and 

serendipity of finding a full nanotube means a comparable method is necessary. 

5.2 Materials and Methods 

A porous AAO template was synthesized using a two-step anodization method set 

forth by Masuda.[79]  Aluminum foils (99.99%, Alfa Aesar) were electropolished and 

anodized at 40 V and 10 °C in an electrolytic bath of 0.3M oxalic acid.  Foils were 
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anodized for ~7 hrs during a first anodization in order to produced ordered orthogonal 

pores with respect to the substrate.  The 1st anodized membrane was removed using an 

aqueous mixture of phosphoric acid (6 wt%) and chromic acid (1.8 wt %), leaving a 

textured and ordered aluminum surface for the 2nd anodization to initiate from.  Foils 

were anodized for a 2nd time for ~2 hrs 17 min for a pore depth of ~10 µm deep.  Pores 

were widened to ~90 nm using a pore-widening solution of phosphoric acid (0.1M) at 38 

°C.  Membranes were not removed from the underlying aluminum substrate; therefore, 

pores were only open on one end. 

 High-k dielectric TiO2 thin films were deposited by alternating reactant exposures 

of titanium tetraisopropoxide (TTIP) (99.99%, Air Liquide) as the metal precursor and 

ozone as the oxidizing agent.  The ALD equipment consists of a stainless steel ultra-high 

vacuum outer chamber with a 100mm mini-capped reactor embedded within.  Precursors 

were introduced through 3 mm slit raised above the wafer in a cross-flow direction and 

exhausted through an opposing downstream 3 mm slit to a mechanical pump.  Porous 

AAO templates were adhered flat to a 100 mm wafer by silver paint with the open ended 

pore exposed to precursor flow.  Substrate temperatures were maintained at 200 °C and a 

base pressure of 100 mTorr. 

Liquid titanium tetraisopropoxide (TTIP) was held in a temperature controlled 

vessel heated to 58 oC in order to achieve a vapor pressure of ~0.6 Torr.  A TTIP dose of 

0.47 µmols was fed into the reactor for an exposure time of 0.3 sec followed by a 20 sec 

evacuation of unreacted precursor and byproducts.  Ozone was produced by flowing 200 

sccm of O2 through an MKS O3mega ozone generator. An over-dosing exposure of ozone 
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(1.82 µmols) at a concentration of 300 g/m3 was introduced into the reactor and followed 

by another 20 sec evacuation step.  A growth rate of 0.66 Å/cycle was achieved over 250 

cycles and was determined from the films deposited across the Si planar wafers the 

porous AAO templates were attached to using a Sopra GES5 ellipsometer. 

After ALD deposition, a piece of the porous AAO sample was used for TEM 

analysis.  Samples were placed in a 25 wt% phosphoric acid solution for 24 hrs, which 

dissolved the alumina template thus releasing the TiO2 nanotubes in solution.  Nanotubes 

were filtered using DI water and a drop of solution was placed on a standard holy-carbon 

TEM grid.  TEM studies were performed on a JEOL 2100F microscope with a LaB6 

source operated at 200 keV.  Images were taken using a post-column Gatan CCD camera 

and analyzed using ImageJ open source program.  Film non-conformality was determined 

by the [max-min]/[max+min].   

The rest of the coated porous AAO sample was used to make cross-sectioned 

samples for EDS analysis.  Samples were epoxied to a small piece of silicon with a notch 

scribed in the back center pore side down.  The backside of the AAO template was 

scratched to induce etching of the aluminum substrate in a Cu2Cl solution.  Templates 

were etched with help of a sonicator for approximately 20 min followed by sonicating the 

sample in isopropanol for an additional 10 min removing any Cu particles left on the 

surface.  Samples were then cleaved using the notch in the back side of the silicon as an 

initiator.  Before EDS measurements were taken samples were coated with a thin film of 

Au/Pd in order to reduce sample charging during measurements.  EDS studies were 

performed using a Bruker’s Quantax micro-analysis system attached to a Hitachi SU-70 
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high resolution scanning electron microscope operating at a 20 kV accelerating voltage 

and a magnification of 6K.  EDS line scans were performed across the cleaved cross-

section of the coated AAO membrane parallel to the nanopores, as seen in Figure 38a, at 

various stage tilts in order to determine a zero point.  Scans consisted of 100 equally 

spaced point measurements dictated by the position and length of the user drawn EDS 

line marker. 

 

 

Figure 38.  (a) SEM image displaying a cleaved TiO2 coated AAO template epoxied to a 
silicon substrate demonstrating the position of an EDS line scan position and (b) the 
corresponding averaged Ti Intensity curves versus the length of the EDS line scan for 
the tilts 5, 0, and -5 degrees. 

5.3 Results 

5.3.1 EDS Inferred Thickness 

Porous AAO membranes with dimensions of 90 nm in diameter and 10 µm deep, 

creating an aspect ratio of ~111 were coated with 250 cycles of TiO2 ALD at a deposition 

temperature of 200 °C.  Membranes were attached to silicon chips by firmly pressing the 

AAO template pore side down into a small dollop of epoxy making sure the epoxy is 
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thinned under the membrane in order to prevent excessive charging or drifting of the 

sample during measurements.  However, due to uneven pressing of the sample into the 

epoxy samples could be tilted at various angles due to the amount of epoxy left under the 

sample.  After the aluminum base of the AAO membrane was etched away samples were 

broken in half exposing a cleaved cross-section of the ALD coated AAO pores as seen in 

Figure 38a.  The SEM image in Figure 38a demonstrates the difficulty found in cleaving 

a porous AAO membrane as indicated by the many sheared pores across the interface 

making it nearly impossible to visually measure film thickness down the length of a pore.   

Therefore, EDS was used to measure the intensity of Ti atoms as a means to 

measure the composition of TiO2 down the length of the AAO membrane.  Oxygen could 

not be measured due to the template being comprised of Al2O3 itself, thus convoluting the 

O signal from the TiO2 ALD film.  EDS line scans approximately 11.5 µm long were 

placed along the cleaved surface of the AAO membrane parallel to the pores as seen in 

Figure 38a.  Scans were taken starting from slightly below the pore entrance and ending 

well into the vacuum designated area.  However, depending on the tilt of the sample this 

does not necessarily guarantee the electron beam is entirely off the sample.  The electron 

beam has a plume depth and resolution of 1 µm and for that reason samples were 

measured at various SEM stage tilts in order to determine a zero point dictating that the 

beam is no longer measuring the sample.  Samples were measured at 5, 0, and -5 degrees, 

with 0 being the original positioning of the stage.  As seen in the graph of Figure 38b, all 

three tilts display the decreasing intensity of the Ti down the length of the scan, however, 

scans made at stage tilts 0 and -5 degrees never measure 0% Ti inferring that the beam is 
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scanning at an angle back into the sample.  It is imperative to find the 0% ± 2% in order 

to determine the Ti intensity at the bottom of the pore without any overlap into vacuum.  

The electron beam moves in small increments and measures a percentage of Ti relative to 

the maximum amount of Ti measured in the sample.  Therefore, when near the bottom of 

the pore, the beam scans over part of the sample as well as the vacuum space off the 

sample.  Meaning that when the beam is at a scan location of 10.9 µm the intensity 

profile is still indicating that Ti is being measured even though the sample is only 10 µm 

long.  However, when samples are tilted due to sample preparation, not only are the scans 

indicating the beam is measuring more Ti atoms at the bottom of the pore, but the 100% 

intensity at the top of the pore is skewed as well due to the beam scanning over a larger 

area coated with 100% TiO2 (ie. the surface).  However, the scan made at a 5 degree 

stage tilt displays 0% Ti at the end of the scan.  Therefore, the EDS profile for the length 

of the AAO membrane can be determined by setting the 100% Ti intensity as the pore 

entrance and going a length of 10 µm down the scan length to determine where the 

bottom of the pore is. 

In order to extract film thicknesses as a function of pore depth a relationship was 

devised between the intensity of a specified element measured by EDS and the volume of 

a nanotube.  It was assumed that ALD films deposited within a porous AAO membrane 

form cylindrical nanotubes and therefore, allowed a cylindrical assumption to be made: 

)()( xkVxI ∝      Eq. 1 
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where, I is the EDS intensity for a specified element, k is a    constant, and V is the 

Volume of a cylinder (Eq. 2) at a given position x down the length of a nanopore (Figure 

39a). 

LxrrxV pore ))(()( 2
1

2 −= π     Eq. 2 

Where, rpore is the original radius of the nanopore, r1 is the radius of the nanopore after 

deposition at a position x down the length, L, of the nanopore.  As the electron beam 

scans the surface of the cleaved interface of the porous AAO it encounter hundreds of 

nanotubes due to the resolution of the electron beam.  Therefore, the model multiplies the 

number of nanotubes for which the beam scans by the area of the cylinder (Eq. 3), where 

the number of nanotubes is calculated by the width of the beam, ω, divided by the 

interpore spacing, Dint, of the AAO membrane (Eq. 4) (Figure 39b).  
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pore −= π     Eq. 3 
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N

ω
=      Eq. 4 

Assuming the electron beam to be a cube, the model also takes into consideration the 

length of the nanopore the electron beam scan at any given time by multiplying the area 

of the nanotube by the length of the beam, ω, in Eq. 5. 

ωπω ))((
)( 2

1
2 xrrN

L

xV
pore −=     Eq. 5 

By substituting Eq. 5 into Eq. 1 the intensity of an element measured by EDS can be set 

to the area of the nanotube as a function of position x being measured by a beam of 



 

 

101 

 

length, ω (Eq. 6). 
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kxI pore −=∝    Eq. 6 

In order to extract film thickness as a function of position x, the radius of the nanotube at 

position x after deposition must be determined (Eq.7).     

2
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It is known that the film thickness is the difference between rpore and r1(x) (Eq. 9) (Figure 

39c).  Therefore, we can determine Ao by using the planar film thickness as measured by 

ellipsometry to calculate r1(0). 

)()( 1 xrrxt pore −=      Eq. 9 

By using Eq. 7 in conjunction with Eq. 9, thickness profiles can be extracted for ALD 

films down the length of a porous AAO membrane by using the I(x) associated with the 

position within the pore. 
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Figure 39. Schematic of how the EDS inferred thickness method was derived. (a) 
Demonstrates an electron beam of width ωωωω scans several nanotubes of length (L) 
at position x.  (b) Demonstrates the electron beam of area ωωωω

2222 spanning several 
nanopores within the porous AAO template with an interpore spacing of Dint.  (c) 
Demonstrates film thickness at position x is a function of the inner radius at 
position x.  

 

Pores 90 nm in diameter and 10 µm deep were coated with 250 cycles of TiO2 

ALD resulting in a planar film thickness of 16.6 nm.  Samples were cleaved and placed in 

the SEM at a -5 degree stage tilt using an SEM probe current of 20 kV.  EDS line scans 

11.5 µm in length were placed across the cleaved interface parallel to the pores.  TiO2 

ALD film thickness profiles within the porous AAO membrane were extracted using the 

EDS inferred thickness method and plotted versus pore depth (Figure 40).  Thickness 
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profiles demonstrate a strong gradient down the length of the pore with a conformality of 

~55%.  Conformality within the last 0.5 µm of the pore is ~88%. 

 

Figure 40.  Graph of EDS inferred film thickness as a function of pore length.  
Curve displays a notable gradient down the length of the pore with film 
thickness measuring around ~7nm near the bottom of the poor. 

5.3.2 TEM Nanotube Metrology 

TEM images reveal HfO2 nanotubes produced by the removal of the AAO 

membrane after ALD deposition are cylindrical in shape, characteristic of the pores in 

which they were formed, as seen in Figure 41.  Nanotubes appear as long rectangular 

ribbons with dark edges running along their lengths.  Figure 41a displays a cluster of 

nanotubes illustrating the broadening structure reminiscent of a nail-head connecting the 

nanotubes to one another.  This structure is created by the deposition of ALD on the top 

surface of the AAO membrane.  Figure 41a also demonstrated the thinning of the wall 

down the length of the nanotube indicating reduced deposition deep within the pores and 

a decrease in conformality.  Figure 41b shows a single HfO2 nanotube with no nail-head 



 

 

104 

 

top implying the nanotube broke midway down the length of the nanotube.  The inset in 

Figure 41b is the selected area diffraction (SAD) pattern confirming the amorphous 

character of the HfO2 nanotubes.  To see the fabrication method of HfO2 nanotubes 

please refer to Appendix V. 

 

 

Figure 41.  TEM images of HfO2 nanotubes made by deposition of HfO2 ALD 
into porous AAO membranes followed by membrane dissolution;  a) Group of 
HfO2 nanotubes demonstrating the nail-head top of the nanotube and thinning 
of wall thickness down the length of the nanotube and b) a single HfO2 nanotube 
broken midway down the full nanotube with an inset of the selected area 
diffraction pattern dictating that the films are amorphous.[44] 

 

Bright field TEM records the intensity of electrons transmitted through a thin 

sample in order to produce an image.  Therefore, the darker edges of the nanotube can be 

attributed to a higher material density at the nanotube wall.  Due to this correlation the 

nanotube wall thicknesses can be extracted using ImageJ image analysis program.[44]  

Nanotubes were fabricated by the deposition of TiO2 using ALD within a 10 µm deep 

nanoporous AAO membrane followed by dissolution of the membrane.  A TEM image 
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found in Figure 42 displays the bulbous bottom half of a 10 µm long TiO2 nanotube with 

a measured wall thickness of ~ 7 nm near the bottom and ~ 9 nm about 0.5 µm up the 

nanotube.  This constituted 87.5 % conformality within the bottom portion of the 

nanotube.  It should be noted that the TEM sample consisted of a significant amount of 

debris which is believed to be a mixture of dried phosphoric acid particulates and dust 

particles from the sample preparation. 

 

Figure 42.  TEM image of a TiO2 nanotube with wall thickness of ~7 nm near the 
bottom and ~9 nm about 0.5 µµµµm up the length of the nanotube. 

5.4 Discussion 

ALD is widely emerging in the world of nanotechnology due to its precise 

atomic-level thickness control and unprecedented conformality over very demanding 3D 

nanoscale topographies.  It has already been demonstrated as a useful deposition 

technique in the fabrication of energy devices[20-22], memory and thin film transistor 

applications[9, 14, 28], optoelectronics[15, 16], catalysis[17-19], coating 

nanoparticles[32-36], as well as various MEMS[23-27] and NEMS[5, 29, 49, 130] 

devices.  A large contingent of ALD process chemistries have been identified, placing a 
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great need on rapid characterization and optimization of ALD process parameters for 

nanostructure applications.[4] 

 The distinctiveness of ALD derives from its self-limiting adsorption/desorption 

reactions during each precursor half cycle.  However, the self-limiting behavior falls 

short due to depletion effects and process complexities associated with the precise 

amount of precursor and sufficient purge times to avoid parasitic CVD-like behavior.  

While the benefits of ALD are usually kept intact for planar cases, it is not always the 

case for high aspect ratio nanostructures, such as porous AAO, where deposition 

mechanisms are now diffusion limited rather than surface kinetics limited.[66]  Due to 

this behavior, the development of new metrology techniques for measuring thin films in 

complex nanostructures is critical as is emphasized by the International Technology 

Roadmap for Semiconductors.[131]  However, qualitative and quantitative metrology for 

novel nanostructures has proven challenging due to decreasing dimensions encountered 

in next generation devices. 

The use of EDS line scans as opposed to SEM and TEM imaging is meant to help 

alleviate frustrations found during sample preparation and imaging of ALD thin films 

within nanoporous structures.  Sample preparation of this method is meant to be 

relatively easy as precise cleaving of a nanopore is not necessary due to the fact that the 

electron beam used during SEM measurements penetrates the sample well past the 

interface of the cleaved surface and creating a cascade of x-rays to be measure via EDS.  

TiO2 ALD film thicknesses extracted from the EDS inferred thickness method are in 

excellent agreement with direct measurements of nanotube wall thicknesses determined 
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in TEM.  There could be discrepancies based on how well one can measure wall 

thicknesses from TEM images. 

5.4 Conclusions 

The combination of porous AAO and ALD presents an attractive platform for the 

advancement of nanotechnology; however, measuring thin films deposited in high aspect 

ratio nanostructures has proven difficult.  This work demonstrates an EDS analysis 

method that makes use of a cleaved, ALD coated porous AAO template revealing the 

parallel nanopores along the template’s cross-section.  The sample preparation of this 

method is meant to be relatively easy as compared to methods that utilize precise cross-

sectioning and sample thinning techniques and are considered quite time consuming.   

A means to extract film thicknesses and conformality of ALD thin films deposited 

in the high aspect ratio nanopore of an AAO template was demonstrated through the use 

of an EDS inferred thickness model.  The model was based on a cylindrical assumption in 

which a nanotube formed within an AAO nanopore is comprised of the ALD film used.  

Extracted film thicknesses from the EDS inferred thickness model were validated by 

comparing results to film measurements of a released nanotube imaged via TEM.  Initial 

film thicknesses within the nanopore/tube were considered to be equivalent to film 

thicknesses measured across the planar surface.  The results from the EDS inferred 

thickness method are comparable to direct TEM measurements and demonstrate the 

usefulness of this method to extract film thickness and conformality, as will prove to be 

directly relevant to the understanding and control of ALD processes and their integration 

into nanotechnology.   
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Chapter 6: ALD Conformality and Process Optimization in 3D 

Ultrahigh Aspect Ratio Nanopores 

This chapter discusses the critical role of interdependent process parameters, such 

as reactant dose, surface residence time, and purge time on the conformality of an ALD 

thin film when transitioning from a 2D planar system into that of a 3D ultra-high aspect 

ratio nanopore.  It has been demonstrated in Chapter 4 that excellent uniformity can be 

achieved with higher precursor doses and increased surface residence times, even though 

the growth rates exhibited a non-ideal saturation of the surface.  The production of H2O 

during the TTIP half-cycle is proposed as the culprit to secondary reactions that complete 

the ALD cycle and deposit more than the expected sub-monolayer of growth.  When 

transitioning from a 2D planar case in the viscous flow regime to that of a molecular flow 

regime found in an ultra-high aspect ratio nanopore, the complex reaction dynamics that 

occur in the planar system is intensified in a nanopore.  Increased doses are necessary to 

compensate for the increase in surface area, as well as longer surface residence times for 

molecules to diffuse down the pore and extended purge times to allow unreacted 

precursor and by-products diffuse out.  However, as these process parameters are deemed 

necessary to deposit conformal films within a high aspect ratio nanopore, the complex 

reaction dynamics that occur on the planar surface will have great influence on the 

deposition within the nanopore. 
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6.1 Introduction 

In order to keep up with Moore’s Law, the International Semiconductor Roadmap 

has emphasized a need to access reduced feature sizes found in the device designs of 

transistor and memory technologies.[132]  However, as capacitor technology transitions 

from the early days of planar capacitors to that of trench capacitors having aspect ratios 

greater than 60:1, conformal coatings are playing an increasing crucial role.[133]  

Conventional deposition techniques, such as the physical vapor deposition (PVD) 

methods sputtering and evaporation, as well as chemical vapor deposition (CVD), are 

found to have limited abilities to coat complex structures with increasing aspect ratios 

due to their poor step coverage.[66]  The increasing need to deposit thin, continuous pin-

hole free films in complex 3D geometries is not only limited to ULSI technologies, but is 

also essential to a wide range of other technologies, such as optoelectronics[2, 15, 16], 

catalysis[18, 49, 134], energy devices[20-22, 98, 135], gas sensors[30], micro-electro-

mechanical systems (MEMS)[23, 24, 26, 136], and nano-electro-mechanical systems 

(NEMS)[33, 37, 38, 49], that all exploit the benefits found in using nano-scaled structures 

with increasingly high aspect ratios.  Therefore, researchers have turned to atomic layer 

deposition (ALD) to offer high quality films with atomic level thickness control and 

unprecedented uniformity and conformality in the most demanding 3D nanostructures. 

ALD is a gas phase deposition technique which utilizes self-limiting surface 

chemistries to control film thickness down to the atomic scale.  This control is inherent in 

the self-limiting surface chemistry where reactants are sequentially pulsed creating 

saturated chemisorbed surface reactions in order to achieve a monolayer or less of film 
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per cycle.  Much work has focused on the interplay of key ALD process parameters, 

particularly in terms of thickness control and uniformity.[14, 68, 80, 104, 113]  It was 

determined that when in a 2D planar viscous flow regime, the rate limiting step of the 

ALD deposition is the surface reaction kinetics across a planar surface; therefore, when 

precursors are underdosed, a thickness gradient occurs due to an insufficient amount of 

precursor being supplied to completely saturate the surface.[66, 68]   

In recent years, there has been an increasing interest in the combination of ALD 

deposited within the high aspect ratio nanopores found in a porous anodic alumina (PAA) 

membrane.  PAA is a self-assembled, electrochemical templating technique that results in 

the formation of a high density of cylindrical nanopores within a close-packed hexagonal 

array on the surface of an aluminum template.[97, 137]  PAA naturally lends itself to 

many applications in nanotechnology, such as a template for nanowire and nanotube 

fabrication[29, 49, 98, 99], scaffolds for catalysts[18, 49, 134], dye sensitized solar 

cells[98], batteries[93], and sensors[30].  Recently Banerjee et al, demonstrated an 

operational metal-insulator-metal (MIM) electrostatic nanocapacitor by depositing 

multilayers of ALD TiN-Al2O3-TiN films within a PAA membrane with an aspect ratio 

of ~200.[21]  Although they demonstrated an equivalent planar capacitance of ~100 

µF/cm2 using Al2O3 as the dielectric layer (εk ~9), it is believed that with the use of high-

k dielectrics, such as HfO2 (εk ~14) or TiO2 (εk ~80), as well as, higher aspect ratio 

nanopores higher equivalent capacitance values can be achieved.[21, 138] 

The combination of ALD and PAA has led to considerable attention to optimizing 

ALD conformality within ultra-high aspect ratio nanopores in a molecular flow regime.  
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Works include simple models for determining precursor dose[66], Monte Carlo 

techniques to understand the importance of precursor sticking probability[67], solving 

simultaneously Boltzmann’s transport and surface reaction equations[101, 139] and 

correlating them with experimental results while trying to optimize conformality in ultra-

high aspect ratio structures.  These models and work demonstrate that when deposition 

transitions from a 2D planar structure in a viscous flow regime to that of a 3D 

nanostructure in a molecular flow regime different reaction mechanisms dominate the 

deposition, where in a 3D nanostructure the rate limiting step is the Knudsen diffusion of 

precursor molecules[66, 140].  Therefore, deposition within a 3D nanostructure in a 

molecular flow regime requires much more control over deposition parameters than for 

planar or micro-scale features found in a viscous flow regime.  Although there has been 

much focus on both the 2D and 3D cases separately, there has been little focus on the 

actual influence the 2D planar deposition may present on the conformality within a 3D 

ultra-high aspect ratio nanopore.  

In this chapter, we investigate the impact of key process parameters such as 

reactant dose, surface residence time, and purge time on conformality profiles of ALD 

layers deposited into the nanopores of a PAA membrane while comparing them to the 2D 

planar deposition behavior.  We focus on the deposition of TiO2 as a high-k dielectric 

material using titanium tetraisopropoxide (TTIP) and ozone as the metal containing and 

oxidizing precursors, respectively.  This study will illustrate that while uniform films can 

be achieved, the growth behavior across the planar surface will have a significant impact 

on conformality profiles within an ultra-high aspect ratio nanopore due to changing 
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aspect ratios and the interplay between diffusion and surface reactions when transition 

between viscous and molecular flow regimes. 

6.2 Experimental Setup 

PAA templates were synthesized using a two-step anodization method as seen in 

Chapter 2.[97]  In short, a piece of electropolished aluminum foil (99.99%, Alfa Aesar) 

was anodized at 40 V and 103 °C in an electrolytic bath of 0.3 M oxalic acid.  Foils were 

anodized for ~7 hrs in order to produce well ordered parallel pores with respect to the 

aluminum surface.  These 1st anodized membranes were etched off by an aqueous 

solution of phosphoric acid (6 wt%) and chromic acid (1.8 wt%), leaving a pre-textured 

and ordered aluminum surface.  Foils were anodized for a second time for 2 hrs 17 min 

defining a pore depth of ~ 10 µm.  Pore diameters were adjusted to ~90 nm by using a 

pore widening solution of 0.1 M of phosphoric acid at 38 °C. 

High-k dielectric TiO2 films were deposited in a custom built ultra-high vacuum 

(UHV) cross-flow wafer scale ALD reactor, using titanium tetraisopropoxide (TTIP) and 

ozone (O3) as precursors.  Precursors were introduced and exhausted through 2 opposing 

slits positioned 3 mm above the wafer.  The mini-reactor was operated at 130 mTorr and 

the substrate heater was maintained at 200 °C.  TTIP doses were varied using the same 

dosing scheme found in Chapter 4 (Figure 33) for a single µpulse, 3, and 6 µpulses in 

both parallel and in series, while ozone doses were maintained in an over-saturation 

regime.  Purge times were maintained at 20 sec between both precursors’ half cycles, 

except when investigating the purge time parameter during the TTIP dose on deposition 

behavior. 
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TiO2 films were deposited on both flat Si substrates and in PAA templates.  Si 

samples were dipped in a 3% HF solution to remove the native oxide and PAA templates 

were adhered to the Si near the inlet of the precursors.  After deposition planar maps of 

film thickness were obtained using a Sopra GES5 spectroscopic ellipsometer with an 

automated xy stage.  Thickness profiles were taken of equidistant points across the wafer 

in the direction of the flow, with the first point being closest to the gas inlet and the last 

point being closest to the exhaust outlet.  The percentage of uniformity is determined by 

the ratio of the standard deviation over the mean value (σ/µ) of all points taken across the 

wafer subtracted from 100%. 

High resolution top down and cross sectional SEM was performed on bare and 

ALD coated PAA samples using a Hitachi SU-70 SEM equipped with EDS. Cross 

sectional PAA samples were made by removing the underlying aluminum in a CuCl2 

solution and cleaving the remaining PAA membrane. EDS line scans were taken across 

the cleaved ALD deposited PAA templates. Film thickness as a function of pore length 

was extracted from the EDS compositional scans by setting the intensity proportional to 

the cylindrical volume of the sample being measured.  The percentage conformality was 

determined by taking the (max - min) / (max + min)*100% and subtracted from 100%. 

6.3 Results 

PAA membranes were fabricated in oxalic acid and anodized for 2 hrs and 17 

mins allowing pores to grow to a depth of 10 µm and pore widened for 46 min and 

achieving pore diameters of ~88 nm.  Pore diameters and depths were verified using top-
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down and cross-sectional SEM images.  The pore density was calculated from the 

interpore spacing of 110 nm and determined to be 1.27 x1010 pores/cm2.  One pore repeat 

unit consists of a hexagonal unit cell and a cylindrical pore, therefore the surface area of 

one unit is calculated to be 2.77 x 10-8 cm2.  Therefore, the surface area of a PAA 

membrane increases by ~350% as compared to a planar Si wafer. 

ALD is dependent upon sufficient doses in order to completely saturate a surface 

and deposit uniform and conformal films.  Therefore, the effects of the process 

parameters, dose and surface residence time of the TTIP reactant, on film uniformity 

across a 2D planar Si wafer versus conformality within a nanoporous PAA membrane 

were investigated.  The TTIP precursor dose was varied from an “ideal” planar saturation 

level to that of over-saturating, while maintaining the ozone dose at an over-saturation 

level.  In order to increase the dose and surface residence time of a precursor, doses were 

broken up and introduced into the reaction chamber in the same fashion as that discussed 

in Chapter 4.  TiO2 films were deposited simultaneously across planar Si wafers and in 

PAA membranes with an aspect ratio of 111 for 250 cycles.  Figure 43 displays 4 

consecutive ALD runs demonstrating highly uniform thickness profiles across the surface 

of a 100 mm planar wafer, with the direction of flow going from 0 mm to 70 mm.  The 

single µpulse case introduced 0.55 µmols into the system with a surface residence time of 

about 10 sec, as determine by monitoring the increase in the reactor pressure until it 

returned to the base pressure of 100 mTorr (as seen in Chapter 4, Figure 33).  The single 

µpulse scheme was deemed the ideal planar saturation level as it produced ideal growth 

rates of ~0.66 Å/cycle, as reported in the literature, and had across-wafer uniformity of 
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99.6 % (standard deviation, 1 sigma).  As doses were introduced in parallel to achieve an 

over-saturating dose (i.e. increased TTIP partial pressure, therefore, increased amount of 

molecules) and subsequent longer surface residence times, thickness profiles 

demonstrated that wafer uniformity was maintained at ~ 98%, even as growth rates 

increased.  It was discussed in Chapter 4 that the increase in growth rates are due to 

complex secondary reaction mechanisms associated with using TTIP as a precursor.  

Interestingly, as doses were introduced “in series”, the resulting film continued to 

maintain uniformity even though its growth rate decreased from the “in parallel” 

counterpart as a result of the 10 sec delay between µpulses creating an intermediate purge 

step. 

 

Figure 43.  Highly uniform films of TiO2 ALD thin films 
deposited across 2D planar wafers for 250 cycles for 
three different dosing schemes.  Demonstrates increased 
film thicknesses, yet maintained film uniformities. 

 

Figure 44a illustrates that the benefits of uniform ALD seen for planar wafers in 
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the viscous flow regime (Figure 43) do not translate into good conformality down the 

length of a high aspect ratio nanopore in the molecular flow regime.  Thicknesses with 

respect to 0 µm pore depth correspond to the planar thicknesses at pore entrances, where 

deposition in a pore for the single µpulse case demonstrates film thicknesses deplete from 

the initial 166 Å ± 1 Å at the pore entrance ( 0 µm) down to roughly 70 Å ± 2 Å near the 

bottom of the pore (8.5 µm).  This decrease in film thickness constitutes a decrease in 

conformality by ~30%.  Initially this drop in film thickness was believed to be due to 

insufficient doses as a result of higher surface area and/or insufficient surface residence 

times for a molecule to diffuse down the length of the nanopore.  However, as doses were 

increased from an “ideal” saturating dose to an over-saturating dose “in parallel”, films 

within the pore exhibited notable gradients down the length of the pore (Figure 44a).  

Conformality as a function of the number of molecules introduced into the system for 

each dosing scheme is shown in Figure 44b for three different regions within the 

nanopore.  Conformality was determined between 0 µm to 8.5 µm pore depth in order to 

determine the overall trend in conformality and avoid any influence that may be imposed 

by inaccurate computation of the EDS inferred thicknesses.  The results in Figure 44b 

demonstrate that films are ~70% conformal for the single µpulse case (black dashed line) 

as opposed to ~35% conformal associated with the 6 µpulse case introduced in parallel 

(blue dashed line) from 0 µm to 8.5 µm down the length of the pore.     
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Figure 44. a) TiO2 thickness profiles down the length of a 10 µµµµm deep nanopore 
for increasing doses introduced in parallel and b) their corresponding 
conformalities as a function of the number of TTIP molecules introduced in 
parallel for three different regions within the nanopore: 0-8.5 µµµµm, 0-5 µµµµm, and 5-
8.5 µµµµm. 

 

As the number of TTIP molecules is increased as a function of the dose scheme 

used, steeper gradients appear to occur within the first 5 µm of the nanopore, implying 

two deposition regions may occur within the pore.  Figure 44b displays the conformality 

as a function of the number of molecules associated with each dosing scheme as 

deposited within 1) the top half of the nanopore from 0 µm to 5 µm and 2) the bottom 

half the pore from 5 µm to 8.5 µm.  The plot highlights that the first 5 µm of a nanopore 

has a significant decrease in conformality as opposed to the bottom half of the pore.    

The results further indicate the decrease in conformality within the first 5 µm as the 

number of TTIP molecules and subsequent surface residence times associated with the 

dosing schemes “in parallel” are increased, where as the bottom half of the nanopores 

appear to be in good correlation to each other.  Therefore, the overall trend in 

conformality, from 0 µm to 8.5 µm, echoes the conformality within the top half of the 
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nanopore. 

Figure 44 indicated that an increase in TTIP dose and surface residence time 

produced significant gradients down the length of an ultra-high aspect ratio nanopore.  

Therefore, it was believed that an increase in TTIP purge time could significantly 

improve conformality within the pores.  Purge times were varied for a TTIP dose of 3 

µpulses introduced in parallel in combination with an over-saturating ozone dose, 250 

cycles of TiO2 were deposited simultaneously across 100 mm planar Si wafers and PAA 

membranes with an aspect ratio of 111.  Figure 45 demonstrates highly uniform films 

were maintained across planar wafers as purge times were varied from 10 sec to 60 sec.  

Thicknesses associated with a 10 sec purge resulted in significantly higher growth rates 

indicative of a CVD behavior, conversely, some CVD process are still capable of 

producing uniform films.  On the other hand, the combination of uniform films and the 

saturating behavior of the film thicknesses as purge times were increased, reiterated that 

deposition is attributed to the complex reaction dynamics associated with complex 

secondary reaction mechanisms when using TTIP as a precursor.   
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Figure 45.  Highly uniform films of 
TiO2 ALD thin films deposited across 
2D planar wafers using an over-dose of 
ozone and a TTIP dose of 3 µµµµpulses (1.6 
µµµµmols) in parallel followed by various 
purge lengths. 

 Figure 46.  TiO2 thickness profiles 
down the length of a 10 µµµµm deep PAA 
nanopore for different purge times 
after 3 µµµµpulses introduced in parallel.  
Profiles are associated with the planar 
depositions found in Figure 48. 

Nonetheless, when transitioning to an ultra-high aspect ratio nanopore the benefits 

of planar uniformity still do not translate into good conformality within the pore.  Figure 

46 exhibits steep thickness gradients down the length of a 10 µm deep nanopore.  Film 

thicknesses within the nanopores are dependent on film thicknesses found across the 

planar surface.  Planar results in Figure 45 indicate that film thicknesses associated with a 

10 sec purge exceed the 440 Å film thickness limit imposed by the nanopore diameter of 

88 nm.  Therefore, films deposited with in the PAA membrane actually clog the pore and 

result in a strong gradient within the pore.  Figure 47 plots the conformality of the films 

in an ultra high aspect ratio nanopore as a function of the purge time.  Results indicate 

that an increase in purge time does not improve film conformality rather it tends to 

saturate.  This behavior alludes to a more intricate interaction between a precursor’s dose 

and surface residence time in a molecular flow regime exists. 
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Figure 47. Conformality determined for thickness 
profiles found in Figure 49 as a function of the TTIP 
purge time following a dose of 3 µµµµpulses introduced in 
parallel. 

 

Thickness profiles displayed in Figure 46 show significant gradients down the 

length of an ultra-high aspect ratio nanopore and imply that longer purge times do not in 

fact improve conformality.  Therefore, doses were introduced in series with the fore 

thought that a 10 sec delay between µpulses would act as an intermediate purge step, 

allowing more molecules to be introduced into the system without the increase in surface 

residence time.  TiO2 films were deposited across 100 mm planar wafers simultaneously 

with a PAA membrane with aspect ratios of 111 for 250 cycles.  As discussed earlier, 

Figure 43 shows a film deposited across a 2D planar surface with 98.6% uniformity 

(standard deviation, 1 sigma).  Although film growth rates are ~ 26% higher than those of 

the single µpulse case, the intermediate purge step seems to dispel some of the secondary 

reactions associated with using TTIP as a precursor.  Therefore, when transitioning to an 
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ultra-high aspect ratio nanopore the benefits of planar uniformity are starting to be 

translated into good conformality within the nanopore.  Figure 48 reveals that although 

gradients still exist down the length of the pore, they are not as severe as the dose 

introduced in parallel scheme and tend to behave more like a single µpulse.   

 

Figure 48.  TiO2 thickness profiles down the length of a 
3D ultra-high aspect ratio nanopore with an aspect ratio 
of 111 for different dosing schemes.  Profiles are 
associated with the planar depositions found in Figure 43. 

 

Figure 49 presents the conformality as a function of the number of TTIP 

molecules introduced into the system for the three different dosing schemes used, as well 

as, the various purge times investigated with the 3 µpulses “in parallel”  dosing scheme.  

Results signify that dose introduced “in series” improves the conformality within a 

nanopore as compare to the single µpulses case and doses introduced “in parallel”.  It 

further demonstrates that the purge time had no significant effect on the conformality 
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with in an ultra-high aspect ratio nanopore.  Therefore, conformality benefits from the 

introduction of intermediate purges between µpulses, as to allow more molecules to be 

introduced into the system to compensate for increased surface areas, but also allows 

unreacted precursor, by-products to purge out of the system while allowing any 

secondary reactions to equilibrate before more precursor is introduced. 

 

 

Figure 49.  Conformality determined for thickness profiles found in Figure 
44, 46 and 48 as a function of the number of TTIP molecules introduce 
into the system for various dosing schemes and purge times. 

 

6.4 Discussion 

   Maintaining wafer scale uniformity and nanopore conformality is dependent upon 

the complex reaction dynamics associated with chemisorbed reactions found within 
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different flow regimes.  Highly uniform TiO2 films were deposited across 2D planar 

wafers even with an observed increase in growth rates.  Chapter 4 attributed the increase 

in planar growth rates to the complex reaction dynamics associated with the production 

of H2O as a by-product when using TTIP as a precursor, where higher doses and longer 

surface residence times encouraged secondary reactions.  However, when transitioning to 

an ultra-high aspect ratio nanopore these complex reaction mechanisms are magnified 

and are highly influenced by the dose and surface residence time of the precursor.  As 

doses and surface residence times were increased to compensate for the increase in 

surface area and the diffusion of precursors down the length of an ultra-high aspect ratio 

nanopore, notable gradients were observed as a function of pore depth.  Several 

explanations can be attributed to the decrease in conformality within a nanopore, such as 

the transition from viscous flow to molecular flow, the continually changing aspect ratio, 

and the complex reaction mechanisms associated with using of TTIP and ozone as 

precursors. 

One of the trademarks of the ALD process is the self-limiting surface chemistry 

which is dependent on sufficient amounts of precursor to be supplied to completely 

saturate a surface.  Therefore, when transitioning from a 2D planar wafer to that of a 3D 

nanopore, higher doses are necessary to account for the increase in surface area.  

However, when transitioning from the 2D, viscous flow to 3D, molecular flow, higher 

doses are not the only requirement to deposit conformal films.  When transitioning from 

different flow regimes, different deposition mechanisms will dominate the deposition 

kinetics.  In a viscous flow, reactions are limited by the surface reaction times, whereas, 
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in molecular flow the rate limiting step is the Knudsen diffusion of the larger precursor 

molecules (in this case TTIP).  Therefore, in order to compensate for higher surface areas 

and longer diffusion times, the dose (i.e. the partial pressure) and surface residence time 

of the TTIP precursor were increased.  During the course of deposition the aspect ratio 

changes with every cycle requiring precursors to either be put in a constant over-

saturating regime or the doses and surface residence times need to be compensated for 

with each cycle.  Also with an increase in aspect ratio, it is imperative that unreacted 

precursor and by-products are given sufficient time to purge out of the system before the 

next precursor is introduced. 

The production of water during both the TTIP and ozone half-cycles is considered 

detrimental when in the confines of an ultra-high aspect ratio nanopore.  Water is 

considered a very “sticky” molecule due to its high polarity and therefore, can linger 

within a system requiring extensive purge times.  In the case of ozone, if purge times are 

insufficient, a parasitic CVD-like reaction can occur within the nanopore due to both the 

metal and oxidizing precursors being present in the system simultaneously. To further 

compound the situation is the transition regime that exists between systems in viscous 

flow versus that of a molecular flow.  In the viscous flow regime, higher partial pressures 

of a precursor can lead to higher particle interactions directing the flow in a laminar 

streamline across a surface (i.e. the velocity at the wall is zero), therefore, the time it 

takes to completely saturate a surface is relatively short and decreases with higher 

pressures.  However, when in the molecular flow regime, the mean free path between two 

molecules is so large that the flow is dominated by gas-wall collisions, taking a longer 
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time for a reactant to find an active surface site.  When transitioning from one flow 

regime to another, a transition regime is created, where gas molecules not only collide 

with each other, but with the wall of the system as well.  In the case of TTIP, the 

production of water can have a detrimental impact on the deposition kinetics within this 

transition regime.  After a TTIP molecule adsorbs to the surface, its by-product of water 

can possibly self-react leading to a completed ALD reaction or it could react with the 

incoming flux of TTIP molecules, thus leading to a parasitic CVD-like reaction.  When 

CVD-like reactions occur within the pores the precursor is inevitably depleted thus 

creating thickness gradients down the length of the nanopore.  Nevertheless, some TTIP 

molecules will diffuse through the transition region unreacted and will chemisorb on the 

surface within the molecular flow regime, therefore, resuming an ALD reaction.  

However, molecules in a molecular flow regime are subject to their wall interaction and 

can therefore change direction regardless of their incoming trajectory.  Therefore, the 

probability of a molecule to continue to flow in the positive direction (i.e. towards the 

bottom of the pore) rather than in the negative direction (i.e. back towards the transition 

region) is cut in half.  Therefore, the deposition within an ultra-high aspect ratio nanopore 

can be thought of as a mixture of CVD and ALD-like behaviors. 

6.5 Conclusions 

ALD is receiving credit for some of the most demanding deposition processes in 

nanotechnology due to its exceptional ability to coat ultra-high aspect ratio structures 

with very thin films.  PAA provides a versatile and easy platform to analyze ALD 

profiles in order to optimize the ALD processes and achieve conformal films.  It was 
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demonstrated that maintaining atomic level thickness control with wafer scale uniformity 

and nanopore conformality is subject to the complex reaction dynamics associated with 

chemisorbed reactions in various flow regimes.  The influence of interdependent process 

parameters such as reactant dose, surface residence time, and purge time on uniformity 

and conformality profiles of TiO2 ALD was investigated.  The study illustrates that 

uniform films were achieved across a 2D planar wafer in viscous flow, even with 

observed growth rates.  However, the complex mechanisms associated with higher 

growth rates in the viscous flow regime are magnified when in the confines of an ultra-

high aspect ratio nanopore leading to a decrease in film conformality.  Several possible 

explanations were attributed to the decrease in conformality within a nanopore, such as 

the transition from viscous to molecular flow, the continually changing aspect ratio, and 

the complex reaction mechanisms associated with using of TTIP and ozone as precursors.  

Precursor doses, surface residence times, and purge times are only a few of the 

contributing factors in understanding the complex reaction dynamics found within the 

ALD process.  Further investigations of the complex interplay of process parameters is 

essential to the optimization of the ALD process and will play an important role in the 

design and nanofabrication of next generation energy devices. 
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Chapter 7: Conclusions and Future Work 

7.1 Conclusions 

Nature’s ability to self-assemble and self-limit is leading the way for next 

generation energy devices.  Atomic Layer Deposition is receiving responsibility for some 

of the most demanding deposition processes in the nano-community, by demonstrating its 

unique ability to process ultrathin films with unprecedented uniformity and conformality 

across 2D planar and complex 3D nanostructure topographies.  PAA has proven itself to 

be a versatile and easy platform for device design as well as nanostructure templating.  

Our recent development of an operational MIM electrostatic nanocapictor requires the 

use of high-k dielectric thin films deposited into the confines of an ultra-high aspect ratio 

PAA membrane.  Currently our work is limited by the use of Al2O3 as our high-k 

dielectric material.  It is believed that through the use of higher-k materials, such as TiO2, 

higher capacitance values can be achieved.  As no two ALD chemistries or reactors are 

the same, the deposition of TiO2 ALD required an in depth study of the growth behavior 

when transitioning from a 2D planar system to that of a 3D ultra-high aspect ratio 

nanopore in order to optimize the process conditions to achieve conformal ALD films.   

Using a commercial Beneq ALD reactor, I reemphasized the conformal behavior 

of ALD to coat the complex surface topography of a highly scalloped Al surface 

produced after the removal of the 1st anodized PAA membrane.  I demonstrated that the 

evolution of surface profiles change with the ALD layer thickness and are influenced by 

the way ALD conformally decorates the underlying topography.  Excellent agreement 
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was seen between the experimental data and the results of a simple geometric 3D 

extrusion model developed by Dr. Israel Perez confirming that ALD produces highly 

conformal films even on highly structured, sharp features of a complex nanotopography.  

The model demonstrates how the surface effectively becomes planarized with increased 

ALD film thickness, where ALD growth fronts from higher surface features dominate the 

surface profiles and eventually merge.  This work illustrates the benefits of ALD to 

conformally coat and modify surface topographies in which sharp asperities or nano-

roughness could potentially limit device performance. 

I iterated that ALD is a self-limiting and self-saturating gas phase deposition 

technique that is highly dependent on the precursor chemistries used and the interplay of 

critical process parameters, such as temperature, reactant dose, surface residence time, 

and purge time.  Using a custom built UHV ALD system; I deposited high-k TiO2 thin 

films using TTIP and ozone while employing a unique dosing scheme in order to evaluate 

the relationship between film metrics, growth rate and uniformity, and the process 

parameters: precursor’s partial pressure, surface residence time, and purge time.  Results 

demonstrated increased growth rates as a function of increased reactant surface residence 

times within the process chamber.  It was proposed that the complex reaction 

mechanisms associated with using TTIP as a precursor led to secondary reaction 

mechanisms and higher growth rates due to the production of H2O as a by-product during 

the TTIP half cycle of the ALD process.  Longer purge times confirmed that the 

increased growth was not due to physisorbed precursor molecules or parasitic CVD 

reactions.  Although the films exhibited higher growth rates, they still revealed 
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exceptionally uniform films across the wafer, further emphasizing that the ALD reaction 

was self-limiting and self-saturating. 

I proposed a method to extract film thicknesses and subsequent conformality of 

deposited ALD films within ultra-high aspect ratio nanopores through the use of EDS 

line scans.  A relationship between the deposited ALD film thickness and intensity 

profiles from EDS line scans along a cleaved PAA template was determined through a 

cylindrical assumption and the growth rate determined from planar film thicknesses.  

Film thickness profiles were compared to direct measurements from TEM images of 

released ALD based nanotubes.  EDS inferred profiles and TEM images demonstrated 

that although there was a strong depletion of film thickness down the length of the 

nanotube, films could still be accurately measured. 

I demonstrated the crucial interplay of process parameters, such as reactant dose, 

surface residence time, and purge time on the deposition of thin films in ultra-high aspect 

ratio nanopores as compared to deposition across a planar wafer.  I deposited high-k TiO2 

thin films using TTIP and ozone as precursors, while employing a unique dosing scheme 

to evaluate the relationship between film metrics, uniformity and conformality, and the 

process parameters.  Results indicate that uniform films across a 2D planar wafer do not 

translate into conformal films within a nanopore when less than optimized processes are 

used.  Several explanations were attributed to the decrease in film conformality and the 

subsequent rise of CVD-like behaviors within an ultra-high aspect ratio nanopore.  

Possible explanations include the transition from viscous to molecular flow, continually 

changing aspect ratios, and the complex reactions associated with using TTIP and ozone.  
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7.2 Future Work 

Growth rates, uniformity and conformality are to a large extent the golden 

standards to evaluate the performance of an ALD process.  We have shown that our 

cross-flow ALD system is a versatile platform to study the impact of reactant exposures, 

surface residence times, and purge times on film growth behaviors across planar 2D 

wafers as well as complex 3D nanostructures.  TiO2 ALD films have a strong potential to 

be the next generation high-k dielectric material.[141]  Throughout this work a number of 

tools and methodologies have been developed to examine the extrinsic (growth rate, 

thickness uniformity and conformality) properties of TiO2 ALD films using TTIP and 

ozone as the self-limiting precursors.  Therefore, a logical continuation of this work is to 

further the investigation of the complex reaction mechanisms associated with the use of 

the precursors TTIP and ozone through in-situ chemical analysis using mass 

spectrometry.  It is also important to characterize the intrinsic (electrical, optical, 

compositional) properties of the TiO2 films not only across planar 2D wafers but in 

complex 3D nanostructures is a key component to the next generation of MIM 

electrostatic nanocapacitors. 

 TiO2 ALD exhibits its highest dielectric constant in its rutile phase at εk ~80.[141]  

However, as deposited TiO2 films are amorphous and require high temperature annealing 

that could potentially lead to grain growth in the high-k dielectric causing an increase in 

the leakage current, as well as potentially damage the metal electrode within an MIM 

electrostatic nanocapacitors.[141, 142]  It has been noticed that the deposition of TiO2 on 

the conductive metal Ru leads to the deposition of rutile TiO2.[125]  Ru and RuO2 are 
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both conducting materials that can both be used as the bottom electrode of an MIM 

nanocapacitor.[60, 141]  Recently, our UHV ALD reactor has been outfitted for the 

deposition of Ru and RuO ALD.  Preliminary results achieved by Keith Gregorczyk 

illustrate the complex deposition mechanisms of depositing Ru within a PAA membrane.  

Ru ALD films were deposited at 250 °C using Ru(Cyprus)TM and molecular oxygen (O2) 

on four different pretreated substrates: Si, SiO2, Al2O3, and TiO2.  Planar results found 

that after 200 cycles of deposition, Ru was deposited on the Si, SiO2, and TiO2 films with 

a growth rate of ~0.5 Å/cycle with a very short nucleation time.  However, films were 

extremely rough as seen by SEM images of the surface.  Films deposited on Al2O3 coated 

wafers demonstrated a lengthy nucleation period of greater than 200 cycles, thus 

potentially leading to problems in using Ru as a bottom electrode in our MIM 

nanocapacitor work.  We are currently investigating the use of a TiO2 ALD nucleation 

layer under the Ru in order to push forward with the high-k rutile TiO2 creating an 

insulator-metal-insulator-metal (IMIM) nanocapacitor.  However, as with depositing any 

new chemistry the process metrics have to be optimized in order to find the optimal 

conditions for both extrinsic (growth rate, uniformity, conformality) and intrinsic 

(electrical, optical, compositional) properties for Ru ALD deposited across planar 2D 

wafers, as well as in ultra-high aspect ratio nanopores. 

  Future work in the commercial Beneq reactor encompasses pushing the limits of 

ALD conformality within ultra-high aspect ratio nanopores.  The Beneq tool has been 

touted for it unprecedented conformality within high aspect ratio structures, however, this 

process metric has only been seen for ideal ALD chemistries Al2O3 and ZnO using high 

vapor pressure sources.  Conformality studies of ZnO ALD deposited within PAA 
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membranes using diethylzinc (DEZ) and water has highlighted the complex 

adsorption/desorption mechanisms that can often be associated with using water as an 

oxidizing precursor.  Results demonstrated that longer purge times during the ALD 

process allowed for the manipulation of film deposition down the length of a nanopore 

due to water’s ability to physisorb multilayers.  It was found that longer purge times 

assist in desorption of these multilayers, thus effecting the film’s resulting film thickness 

and subsequent conformality within an ultra-high aspect ratio nanopore.  This work could 

prove to be useful in the fabrication and design of new energy devices, such as solar cells.   

Additional process optimization on the Beneq tool is being continued by Alex 

Kozen in order to further the conformality studies of ALD chemistries whose precursors 

require the use of a bubbler system due to their low vapor pressures.  However, due to the 

virtual valving system the Beneq system employs it makes changing the precursor dose 

extremely difficult.  It is has been discussed in this paper that the conformality within a 

high aspect ratio nanopore is dependent upon higher doses as well as higher surface 

residence times.  Therefore, machinery to enforce a quasistatic flow is being introduced.  

ALD conformality is vital to next generation nanotechnology and requires the process 

development and optimization of many ALD processes. 
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Appendices 

Appendix I.  Substrate Temperature Calibration 

Figure II. Calibration of ALD substrate heater as measured by a 13 point thermocouple 
wafer. a) Diagram of 100 mm 13 point SensArrayTM thermocouple wafer. b) Wafer 
temperature as a function of controller temperature at 100 mTorr.  c) Wafer temperature 
as a function of pressure at 175 °C setpoint temperature. 

a) 
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b) 

 

c) 
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Appendix II.  Reactant Vapor Pressure 

Figure III.  Reactant vapor pressure vs temperture for titanium tetraisopropoxide (TTIP). 

 

Vapor pressure laws for liquid precursors (Source: Air Liquide, France) 

TTIP  log P [Torr] = 9.465 - 3222/T [K] 

        TDMAT       log P [Torr] = 8.6 – 2850/T [K] 

        Water       log P [Torr] = 8.07 – 1730/T [K] 
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Appendix III. Trimethylaluminum (TMA) Gas Line Delivery System 

Reproducible precursor doses of TMA were achieved by implementing a pressure end-

point control system where each precursor vapor is introduced through a needle valve 

into a temperature-controlled volume.  Upon reaching a given pressure setpoint, the inlet 

valve between the precursor and the volume was closed and the gases were released into 

the chamber for 0.3 s.  The minimum and maximum pressures were monitored for each 

cycle in order to determine the number of µmols introduced into the system.  After each 

pulse, any gas remaining between the fill valve and the needle valve, where dumped into 

the exhaust vacuum through a bypass valve. 

Figure IV.  Record of maximum and minimum pressures in TMA delivery volume over 
100 cycles.  Calculated doses (open diamonds) are shown on the right axis. 
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Appendix IV.  Calibration of Ozone Dose 

Figure V. Calibration of Ozone does is only controlled by a needle valve and exposure 
time.  Compared the pressure increase in the mini-reactor (PRGA) during known TMA 
doses and O3 pulses to establish exact O3 does in mols (done in conditions where no 
chemical reactions occurred). Calculated integrated peak for PRGA under different known 
TMA doses to establish regression. 
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Appendix V. HfO2 ALD Nanotube Fabrication[44] 

A porous AAO template was synthesized by a two-step anodization method.[79]. 

In brief, a piece of electropolished aluminum foil (99.99%, Alfa Aesar) was anodized at 

40V and 10°C in an electrolytic bath of 0.3M oxalic acid. In the first step of the 

anodization process, the foil was anodized for long enough (~ 7 hours) so that the pores 

were ordered and growing orthogonally with respect to the substrate. The AAO film that 

was created was then etched off by an aqueous mixture of phosphoric acid (6 wt %) and 

chromic acid (1.8 wt %), leaving a pre-textured and ordered aluminum surface. In the 

second step of the anodization process, the foil was anodized for a set amount of time (~1 

hour) defining the depth of the pores to be ~4um. Pore diameters were adjusted to ~60 

nm using a pore-widening solution of phosphoric acid (0.1 M) at 38 °C.  Membranes 

were not detached from the substrate before ALD processing and therefore its nanopores 

only had one open end. 

High-K dielectric HfO2 thin films were deposited by alternating reactant 

exposures of tetrakis(ethylmethylamino)hafnium (TEMAH), that is, Hf[N(CH3)(C2H5)]4 

[99.99% grade, Sigma Aldrich], as the organometallic precursor and DI water as an 

oxidant.  The ALD equipment consists of a stainless steel tube (25” in length and 3” in 

diameter) in a tube furnace.  Precursors and nitrogen gases were introduced through one 

end of the reactor, while un-reacted precursors and reaction byproducts were exhausted at 

the opposite end of the tube to a rotary vane vacuum pump.  Substrates were introduced 

into the system through a removable flange at the exhaust end of the reactor.  The wafer 

temperature was measured via a thermocouple to be 200 ˚C.  During each of the self-
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limited half reactions corresponding to the alternating exposures of TEMAH and water, 

reactants were dosed to achieve full surface saturation resulting in excellent thickness 

control at the atomic level as a sub-monolayer of oxide was consistently deposited for 

each cycle. 

A reservoir containing 5 g of liquid TEMAH was placed in an incubation oven set 

to 105 ˚C to achieve a vapor pressure of approximately 2 Torr.  Prior to each exposure, 

the TEMAH gas was fed into a 20 mL isothermal volume and TEMAH doses were 

controlled by timing the opening of a pneumatically actuated valve.  A 0.85 µmol dose of 

TEMAH was determined to be sufficient to achieve full saturation on a Si substrate 

located in next to the AAO template.  In the case of water, the vessel was kept at room 

temperature.  Accurate water dosage was achieved by filling up a 20 mL isothermal 

volume up to a targeted pressure monitored by a capacitance gauge and then discharging 

the gas into the reactor for a fixed amount of time. This pressure end-point control 

approach was required to minimize the effect of the cooling of the water source over the 

process duration due to the forced vaporization of the precursor and the resulting 

decrease of its vapor pressure.  Full saturation was achieved by filling up the volume at 7 

Torr.  We estimate the partial pressures of both the water and TEMAH doses to be ~7 

mTorr from the pressure spike recorded by a downstream pressure sensor (average 

change in pressure over peak width). 

Throughout the deposition process, 30 sccm of nitrogen was continuously flowed 

into the reactor maintaining a reactor pressure of 96 mTorr.  A growth rate of 1 Å cycle-1 

was achieved over 100 cycle process.  Prior to each pulse, a 10 s N2 purge was initiated to 

ensure that un-reacted precursor and reaction byproduct, mainly (CH3)(C2H5)NH, were 
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adequately purge out of the reactor. 

After ALD deposition, samples were place in 0.1M NaOH solution for 1 hour 

which dissolved away the alumina membrane freeing the HfO2 film in solution.  After 

filtration with DI water, a drop of the solution was placed on a carbon coated Cu TEM 

grid.  
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