
MECHANISTIC STUDIES OF ATOMIC LAYER DEPOSITION AND THERMAL ATOMIC 

LAYER ETCHING PROCESSES OF VARIOUS OXIDE THIN FILMS 

by 

Rezwanur Rahman 

APPROVED BY SUPERVISORY COMMITTEE: 

___________________________________________ 
Yves J. Chabal, Chair 

___________________________________________ 
Manuel Quevedo-Lopez, Co-Chair 

___________________________________________ 
Kyeongjae Cho 

___________________________________________ 
Jiyoung Kim 



 

 

Copyright 2018 

Rezwanur Rahman 

All Rights Reserved 

 



 

 

To my parents, brother, and my wife  

 



 
 
 

 

MECHANISTIC STUDIES OF ATOMIC LAYER DEPOSITION AND THERMAL ATOMIC  
 

LAYER ETCHING PROCESSES OF VARIOUS OXIDE THIN FILMS 
 
 
 
 

by 
 
 
 
 

REZWANUR RAHMAN, BS, MS 
 
 
 
 
 

DISSERTATION 

Presented to the Faculty of 

The University of Texas at Dallas 

in Partial Fulfillment 

of the Requirements 

for the Degree of 
 
 
 

DOCTOR OF PHILOSOPHY IN 
 

MATERIALS SCIENCE AND ENGINEERING 
 
 
 
 

THE UNIVERSITY OF TEXAS AT DALLAS 
 

December 2018 



 
 
 

 v 

ACKNOWLEDGMENTS 

First, I would like to thank my PhD supervisor, Professor Yves J. Chabal, for guiding me and 

providing an excellent work environment. When I started the PhD program at UT Dallas, the path 

was not so smooth. I was struggling to get into the research at the beginning and becoming 

demotivated. My supervisor was the only person who understood me, and gave me the opportunity 

to work on the projects that I found most interesting. I also would like to thank my mentor Dr. 

Joseph P. Klesko for proving all the valuable suggestions and useful discussions in various 

projects.  

I would like to express my sincere gratitude to my other committee members, Professor Manuel 

Quevedo-Lopez, Professor Kyeongjae Cho, and Professor Jiyoung Kim for their guidance and 

helpful suggestions on the research projects. I am thankful to all the members of the Laboratory 

for Surface and Nanostructure Modification, specially Dr. Aaron Dangerfield, Dr. Jeff Veyan, Dr. 

Natis Shafiq, Dr. Eric Mattson, Dr. Kui Tan, Dr. Fabián Peña, and Milana Thomas for their help. 

Finally, I would like to acknowledge our industrial collaborators: EMD Performance Materials, 

Electronic Fluorocarbon LLC, and Lam Research Corporation for all the useful discussions and 

support.       

August 2018   
 

 

 

 



 
 
 

 vi 

MECHANISTIC STUDIES OF ATOMIC LAYER DEPOSITION AND THERMAL ATOMIC  
 

LAYER ETCHING PROCESSES OF VARIOUS OXIDE THIN FILMS 
 
 

Rezwanur Rahman, PhD 
The University of Texas at Dallas, 2018 

 
ABSTRACT 

 
 
 Supervising Professor:  Yves J. Chabal, Chair 
                                                   Manuel Quevedo-Lopez, Co-Chair 
 
 
 
 
Atomic layer deposition (ALD) and atomic layer etching (ALE) will be the key techniques for sub-

10 nm node technology. Establishing a mechanistic understanding of the underlying surface 

chemistry is crucial for the optimization ALD/ALE processes and their use in microelectronics 

device fabrication. However, non-traditional reactions occurring concurrently with ALD/ALE 

complicate the deposition/etching process. Herein, several mechanisms are investigated for the 

ALD and thermal ALE of various oxide thin films. The first study demonstrates how the co-

reactant can affect the deposition process for TiO2 ALD from a cyclopentadienyl-based precursor. 

The next study highlights an important, but mostly overlooked, phenomenon of precursor/substrate 

reactivity during an ALD process. The third study describes the ALD of Sc2O3 thin films using a 

novel precursor with ozone. The final study reveals the limitations of thermal ALE processes for 

Al2O3 and SiO2 thin films, and proposes possible solutions to mitigate contamination issues 

inherent to the etching of these films. These investigations emphasize the need for surface-

sensitive characterization techniques to unravel the complexities of these ALD/ALE processes.   
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CHAPTER 1 

INTRODUCTION 

1.1! Motivation 

Oxides thin films are widely used in the microelectronics and optoelectronics industries for a 

variety of applications.1-2 With the continued miniaturization of devices, there is an increasing 

need to grow these thin films with very high precision (angstrom level) in high aspect ratio 

features. The traditional thin film deposition techniques (e.g., chemical vapor deposition (CVD)3 

or physical vapor deposition (PVD)4) are not able to meet the requirements for growing defect 

free, uniform, and conformal films. Atomic layer deposition (ALD)5-8 is an atomic-scale deposition 

technique for growing thin films with conformity. Unlike the other thin film techniques (CVD, 

PVD) ALD can achieve excellent step coverage and deposit uniform thin films on 3D structures.6  

Atomic layer deposition technique has been established since 1970.6 Still, there are lack of 

mechanistic understanding for many ALD processes. Ideally, an ALD process is occurred by the 

surface and gas reaction yielding layer by layer growth. However, in practical cases uncontrolled 

CVD-type growth may result from precursor decomposition or condensation, inadequate purges 

between precursor pulses, gas-phase reactions with residual water vapor, ancillary reactions 

between volatile byproducts. The difference between a perfect ALD process and other potential 

processes during ALD could be visualized as shown in Figure 1.1. It is significant to identify the 

nature of the growth to control the depositions. 
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Figure 1.1. (a) Ideal film growth by an ALD process and (b) uncontrolled growth during ALD 
processes. 
 

For example, the interaction of the specialized ALD precursors (e.g., organometallic 

cyclopentadienyl type) with various oxidants (water, ozone etc.) are largely unknown in terms of 

their reaction mechanisms. The cyclopentadienyl (Cp)-based compounds have been known since 

1950 but their uses as ALD precursors are applied from early 2000s.9-10 The Cp-based compounds 

are very attractive precursors for ALD as they have high reactivity and thermal stability.9 However, 

the mechanisms behind the high growth rates using the Cp-based compounds in many ALD 

processes are not well understood till now. Also, some of the ALD processes by Cp-based 

precursors have been found where the growth rates are higher using water as co-reactant than 

ozone.11-12 These surprising findings of the higher growth rates using water (which has less 

oxidation power compared to ozone) as a co-reactant with the Cp-based compounds arise questions 

that might be answered by the role of secondary sources (gas phase reaction, growth from 

precursor-substrate reactions etc.) in ALD. So, it is worth the efforts to find the causes behind the 

abnormalities in the growth rates. 

Another important step in the microelectronic device processing is etching. As the device sizes are 

shrinking drastically day by day, there is a high demand of controlled etching in sub-nanometer 

scale. Atomic layer etching (ALE) will be increasingly important for sub-10 nm node technologies 

(a)
Gas$phase$reaction$

+$deposition

Reaction$with$
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No$
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exchange/removal
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to achieve controlled uniform etching.13-15 Thermal ALE is a relatively new technique that can be 

viewed as the reverse of ALD.16 In most of the thermal ALE processes, a fluorine source is used 

to form fluoride surface layer. The subsequent metal precursor reacts with the fluoride modified 

surface to form volatile products. Though thermal ALE is a promising technique, etching without 

impurity inclusion is a challenge. The mechanistic understandings of the thermal ALE processes 

are crucial to design an ideal etch process. 

This dissertation contains several ALD and thermal ALE studies using in situ Fourier-transform 

infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), spectroscopic 

ellipsometry (SE), and low energy ion scattering (LEIS) as the main characterization tools to 

understand the reaction mechanisms. The in situ FTIR is useful to observe ligand exchange, film 

growth or loss, the saturation reaction conditions, thermal stability of a precursor, precursors’ 

molecular vibration. The XPS has been used for elemental analysis, chemical state identification, 

depth profile of thin films, and thin films’ thickness determination. The SE has been applied to 

measure the thickness of the grown or the etched films. The LEIS is employed to identify the 

atomic composition of the outer surface of the thin films.   

 

1.2! Selective ALD Mechanism for TiO2 Films with (EtCp)Ti(NMe2)3: Ozone vs. Water 

The first ALD study in the dissertation demonstrate the ability of a chemisorbed precursor to block 

further growth while using water as the co-reactant. Whereas, the ozone could be used as the co-

reactant to grow clean TiO2 film by ALD reactions.     

The selectivity in reaction pathways has been observed by an alkylamido-cyclopentadienyl 

titanium precursor ((EtCp)Ti(NMe2)3, 1) with ozone or water while growing titanium dioxide 
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(TiO2) films. The initial chemisorption of 1 on the OH-terminated silicon dioxide (SiO2) is 

observed by the in situ Fourier-transform infrared spectroscopy (FTIR) ≥150 °C by the removal 

of the alkylamido (NMe2) group. Figure 1.2 shows the schematic of the precursor chemisorption 

on OH-SiO2 surface.  

 

 

Figure 1.2. Schematic representation of 1 and the initial OH-terminated SiO2 surface (left) with 
proposed reaction and adsorbed product (right), based on IR spectra. Reprinted with permission 
from 17. Copyright (2018) American Chemical Society. 
 

After the initial chemisorption the further reactions with the co-reactants have different deposition 

mechanisms. When ozone is used as the co-reactant, it can break apart the Cp groups and form 

formates/carbonates which is definitively seen by FTIR. In contrary, the water is not being able to 

break the Cp–Ti bonds as water has less oxidation capability compared to the ozone. Also, the Cp 

group protects the titanium center to co-ordinate with water due to the smaller ionic radius of the 

Ti4+ ion. So, the chemisorbed surface species remains intact while water is the co-reactant. 

However, 1 is highly reactive with water in gas phase as the dimethyamine group can ligand 
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exchange with water. Deposition may happen if there is any trace amount of water present while 

pulsing 1 by the gas phase reaction. 

 

1.3! Selective Growth of Interface Layers from Sc(MeCp)2(Me2pz) and oxide substrates 

The next ALD study recognizes the growth of interfacial layers by a precursor with various 

substrates. The precursor/substrate reaction may introduce additional film growth in conjunction 

with the film grown by ALD method. The reaction between an ALD precursor and substrate may 

result film growth in addition to the film grown by the ALD process. The additional film growth 

from the precursor-substrate reaction could be a crucial factor while considering ultrathin film 

growth in sub-10 nm technology. Also, the interface layer formation can greatly impact on the 

electrical and chemical properties of the thin films.18-19  In this study, a scandium precursor, 

Sc(MeCp)2(Me2pz) ( MeCp = methylcyclopentadienyl, Me2pz = 3,5-dimethylpyrazolate, 2) has 

been applied with five oxide substrates (SiO2, ZnO, Al2O3, TiO2, HfO2). The precursor reacted 

with the substrates in different extent. The precursor reacts with SiO2 and ZnO to form 

multicomponent oxide layers but not with the other oxide substrates. The selective reactivity of 

the precursor/substrate combination are attributed to the differences in the electrochemical 

potentials of the elements comprising the oxide substrates and that of scandium. Precursor 2 is able 

to react with SiO2 or ZnO substrates, since these oxides have less-negative electrochemical 

potentials than Al2O3, TiO2, and HfO2. 
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1.4! The mechanistic study of ALD grown Sc2O3 films by Sc(MeCp)2(Me2pz) and ozone 

The scarcity of suitable ALD precursors for growing Sc2O3 thin films leads to the following ALD 

study by a novel precursor and ozone. Also, this is the first mechanistic study of growing Sc2O3 

by using ozone as the co-reactant. The ALD Sc2O3 films are successfully prepared by the 

Sc(MeCp)2(Me2pz) precursor (2) and ozone as the co-reactant. The in situ FTIR shows continuous 

ligand exchange in the formates/carbonates species during the Sc2O3 films growth. XPS results are 

consistent with the high purity Sc2O3 films without any nitrogen or carbon incorporation. However, 

the in situ FTIR exhibits the Si-substrate- oxidation by ozone which also contributes to overall 

film growth in the ALD process. As previously demonstrated that 2 reacts with SiO2 to form 

silicates layer, which can later be oxidized by the ozone to reform SiO2.  

 

1.5! Thermal atomic layer etching of SiO2 and Al2O3 films by TMA with HF or CHF3 

The thermal ALE studies presented herein determines the impurity inclusion and provides 

remedial steps to establish the thermal ALE as an effective technique for future device processing.   

In this study, the thermal ALE of the SiO2 and the Al2O3 by TMA/HF process and TMA/CHF3 

process has been established. The use of CHF3 for thermal ALE process has been studied compared 

to the HF as the fluorinating agent. The TMA/CHF3 process is only partially etch the oxide films 

with some remaining fluoride-modified layer in the etched films. The fluoride-modified layer 

restrict the continuous etching. The fluorine contamination is also observed in the etched oxide 

films by TMA/HF process. We have demonstrated that water vapor at 325 °C is capable of 

removing a large amount of the fluorine and convert the fluoride layer to an oxide layer again.    
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1.6! Dissertation Organization 

The dissertation is arranged as following in seven chapters by keeping a logical order among the 

chapters: 

•! Chapter 1 contains the motivation along with brief introduction of the ALD and ALE 

studies.  

•! Chapter 2 provides the experimental methods (the surface preparation, processing 

systems, and characterization techniques). 

•! Chapter 3 presents an example of selective ALD mechanism, for growing TiO2 thin films 

by a Cp based titanium ALD precursor (1) with ozone or water as co-reactant. This study 

demonstrates the importance of the mechanistic study to understand the nature of the thin 

film growths by precursor and co-reactant interaction.  

•! Chapter 4 discusses an unusual precursor/substrate selective reactivity studies of a Cp 

based scandium ALD precursor (2) with various oxide substrates. This study shows the 

possibility of an ALD like process to form multicomponent oxides for various 

microelectronics and optoelectronics applications.  

•! Chapter 5 contains a mechanistic study of the Cp based scandium precursor (2) with ozone 

to grow Sc2O3 films by ALD method, and demonstrates the role of ozone for the re-

oxidation of the modified-substrate. 

•! Chapter 6 discusses thermal ALE studies of Al2O3 and SiO2 thin films by TMA with HF 

or CHF3. The comparative studies of HF and CHF3 as the fluorine source in thermal ALE 
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processes, the existing problem of fluorine inclusions and possible remedies have been 

described. 

•! Chapter 7 summarizes the studies, and provides future prospects to improve the 

limitations that described in previous chapters. 

Finally, the dissertation emphasize the importance of mechanistic studies in ALD/ALE processes. 

The growing need for conformal deposition/etch in sub-10 nm technology node necessitate basic 

understanding about the process. The mechanistic studies are required to identify the true nature 

of an ALD/ALE process. 
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CHAPTER 2 

EXPERIMENTAL METHODS 

2.1! Surface preparation 

Surface preparation contains various chemical treatments to create anticipated surface terminations 

(–OH, –H, –CH3 etc.) on the thin film substrates. The methods for cleaning and attaining several 

surface terminations are discussed in Chapters 3 and 4.  

 

2.2! Characterization techniques 

2.2.1 Fourier Transform Infrared Spectroscopy 

Fourier Transform Infrared Spectroscopy (FTIR) uses the interaction of the electromagnetic 

radiation with nuclear vibrations in molecules to study the structure of molecules.1 During the 

irradiation of a molecule by the infrared waves, one particular frequency may match the vibrational 

frequency of the molecule. That particular frequency will excite the molecular vibration. The 

radiations with the frequency will be absorbed by the molecule due to the transfer of the photon 

energy to excite molecular vibrations. The absorption intensity depends on how effectively the 

infrared photon energy can be transferred to the molecule.1 

There are four types of normal vibrations: stretching vibration (ν), in-plane bending vibration (δ), 

out-of-plane bending vibration (γ), and torsion vibration (τ). Only some of the normal vibration 

modes in a molecule can be detected by the infrared spectroscopy which are referred as “infrared 
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active”. When a vibration mode changes the dipole moment in a molecule, that mode is infrared 

active. 

The main component in the FTIR system is the Michelson interferometer which is composed of 

one beam splitter and two mirrors as shown in Figure 2.1. 

 

 

Figure 2.1. Optical diagram of a Michelson interferometer in FTIR. Reprinted with permission 
from1. Copyright (2013) John Wiley and Sons. 
 

The common IR sources are: the Nernst glower (made of rare-earth oxides), and the Globar (made 

of silicon carbide). The beam splitter is usually consisted of a thin layer of germanium between 

two pieces of potassium bromide (KBr). Germanium-KBr beam splitter works from 4000 to 400 

cm–1 wavenumber range. Germinum splits the light and KBr protects the Germanium. However, 

the use of KBr is problematic as its hygroscopic nature. The low humidity environment around the 

beam splitter is maintained by purging with dry air or nitrogen. The infrared detector works as a 

transducer to convert infrared light signals to electric signals. There are two types of detectors: the 
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thermal detector and the semiconductor detector. The most commonly used thermal detector is 

deuterated triglycine sulfate (DTGS). Infrared radiation causes a temperature change in DTGS 

which changes its dielectric constant. This dielectric constant affects its capacitance and results in 

a voltage change across the DTGS. It operates in the wavenumber range 4000 to 400 cm–1. DTGS 

detectors are inexpensive but less sensitive than the semiconductor detector. The mercury 

cadmium telluride (MCT) is highly used semiconductor detector. A MCT detector absorbs infrared 

photons that causes the valence band electrons to migrate to the conduction band of the 

semiconductor. The electrons in the conduction band generate electric current signals. The MCT 

detectors are ten times sensitive than the DTGS detectors. However, MCT detects narrower band 

radiations (4000 to 700 cm–1), needs to be cooled to liquid-nitrogen temperature, saturates easily 

with high intensity radiation.1 

A single-beam spectrum is obtained by the infrared spectrum converted from an interferogram by 

Fourier transform. A single-beam spectrum contains both spectra from the sample and background. 

The background spectrum holds the information from the instrument (the detector, beamsplitter, 

mirror, and the IR source) and atmosphere (water vapor and carbon dioxide).1 Transmittance 

spectrum are obtained by the ratio of the single-beam spectrum of a sample to the background 

spectrum to eliminate the background influence. Transmittance (T) is defined as following1: 

T = I/I0  

Where, I is the intensity of a single-beam spectrum of sample and I0 is the intensity of the 

background spectrum.  The absorbance (A) spectrum is obtained from the transmittance by the 

following equation: A = –log (I/I0). An absorbance spectrum is used for the quantitative analysis, 

as the peaks of a transmittance spectrum are not linearly proportional to concentration.  
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The experiments on the ALD and ALE processes that presented in this dissertation are 

characterized by transmission in situ FTIR. Thermo Nicolet 6700 infrared interferometer 

(400−4000 cm−1) has been used. Details regarding the FTIR system is described in Chapter 3.  

The following measures should be taken to obtain high quality (high signal to noise) FTIR data: 

optimization of the setup by confirming the beam alignment, sample alignment to the Brewster 

angle (74° to normal, in case of silicon substrate), double side polished silicon substrate to 

minimize scattering loss, constant temperature during the IR measurements, removal of the 

atmospheric water and carbon dioxide by purging with nitrogen.  

2.2.2 X-ray Photoelectron Spectroscopy 

The X-ray Photoelectron Spectroscopy (XPS) is a surface technique of a solid for elemental 

identification, elemental distribution, chemical state identification, and quantitative calculation. 

XPS involves irradiating a solid with mono-energetic soft X-rays and analyzing the emitted 

electrons by energy under vacuum.2 Al Kα (1486.6 eV) and Mg Kα (1253.6 eV) X-ray guns are 

used as to create soft X-rays. These photons have limited penetrating power in a solid on the order 

of 1-10 µm only to interact with atoms in the surface region. The spectral information appears 

from roughly 10 nm of the sample surface depth.3 The photoelectric effect causes the electron 

emission by the X-rays. The emitted electrons have measured kinetic energies. Knowing the 

kinetic energy (EK), we can calculate the binding energy of the atom’s photoelectron (EB) based 

on the following relationship4:  

EB= hν − EK – Φ 

Where Φ is the parameter representing the energy required for an electron to escape from a 

material’s surface, h is Planck’s constant and ν is the frequency.  



 

14 

Usually, a XPS instrument is consisted of the three main parts: 1. ultrahigh vacuum system, 2. 

source guns (x-ray gun, electron gun, and ion gun), and 3. electron energy analyzer.4 A simple 

photoelectron spectrometer is schematically demonstrated in Figure 2.2. Ultrahigh vacuum 

environment (10−8–10−10 mbar) is necessary to reduce the chances of low-energy electrons being 

scattered by gas molecules on their way to reach the detector. Scattering can decreases signal to 

noise ratio in spectra. Ultrahigh vacuum also helps to keep the sample surface free from gas-

molecule contamination.4  

 

 

Figure 2.2. Typical build-up of a simple photoelectron spectrometer. Reprinted with permission 
from3. Copyright (2008) Springer-Verlag Berlin Heidelberg. 
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Usually, the XPS spectrum is a plot of intensity versus binding energy.  Photoelectrons are ejected 

from different electronic shells (1, 2, 3 etc.) and subshells (s, p, d, f).  Each binding energy peak is 

marked as an element symbol with a shell symbol from where the photoelectron was emitted and 

an additional fraction number of total angular momentum, for example, Ti 2p1/2, Cu 2p3/2, and so 

on.4 Auger electrons may be emitted because of relaxation of the excited ions remaining after 

photoemission, which is also observed in a XPS spectrum. This Auger electron emission occurs 

roughly 10–14 s after the photoelectric event.2 

The XPS measurements in this dissertation are performed by a PHI 5600-CI (Physical Electronics) 

XPS system and data analyzed by MultiPak 9.4.0.7 software. The details regarding the system and 

the software is described in Chapter 3.   

2.2.3 Spectroscopic Ellipsometry 

Spectroscopic Ellipsometry (SE) is consider as a non-destructive, non-perturbing and non-invasive 

thin film characterization technique for obtaining the thickness and the dielectric function.5-6 

Spectroscopic ellipsometer uses a white light source to illuminate the sample. The light is passed 

through a first polarizer. When the polarized light reflects from the sample, both the phase and 

amplitude of the components describing the light can change (Figure 2.3).7 Two parameters Δ 

(quantification of the phase change) and Ψ (amplitude change) are determined as a function of 

wavelength (from UV to IR) and angle of incidence to determine the film thicknesses and 

refractive index.6 At the end the light falls onto the detector. The commonly used detectors in SE 

are photomultiplier, semiconductor photodiode, or CCD array.7 SE can be used to determine 

accurate dielectric functions of thin films of few atomic layers thick. The least squares regression 

analysis of the SE data is useful for the depth profile of the multilayer structure, the thickness and 
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composition of each bulk-like layer, the degree of crystallinity in each layer, the thickness and 

properties of a contaminant over-layer if present.6 

 

 

Figure 2.3. Basic scheme of an ellipsometer components. Reprinted with permission from7. 
Copyright (2009) Springer Netherlands. 
 

The SE measurement requires only weak light sources, therefore the incident light usually does 

not alter the surface. The optical system can be placed outside a processing environment and 

operated in air, vacuum, or liquids.5 A well aligned ellipsometer with high quality optics is capable 

of submonolayer sensitivity.5  

In this dissertation measurements are performed using a Horiba Jovin Yvon ellipsometer. The 

ellipsometer is calibrated using a known standard SiO2/Si sample. The SE data are collected and 

later analyzed using appropriate model layers available in the DeltaPsi2 software. The specific 

models for different systems have been provided in Chapters 3, 4, and 6. 
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2.2.4 Low Energy Ion Scattering 

Low energy ion scattering (LEIS) is a thin film characterization technique to acquire information 

on the atomic composition of the outer surface.8-9 In LEIS, the noble gas ions (He+, Ne+, Ar+) with 

an energy of a few hundred eV impinge on a solid target and interact only with the top atomic 

layers.8 The LEIS could be applied to characterize different types of materials (comprising metals, 

semiconductors, ceramics, organics, and polymers). However, the materials vapor pressure have 

to be low enough to sustain under vacuum.9  

The main parts of a LEIS system consists of an ion source, a target manipulator and a detection 

system with the energy analyzer (Figure 2.4).8, 10 In LEIS, the sample is bombard with noble gas 

ions at an angle α (< 60°) with respect to the surface normal (Figure 2.5).9 Only projectiles that are 

backscattered into a certain solid angle (typically 140°) are analyzed. The projectiles are scattered 

from surface atoms by binary collisions, with an energy, Ef = kE0, where k is called the kinematic 

factor and E0 is the energy of the noble gas (Figure 2.5). Kinematic factor k is calculated from the 

energy and momentum conservation by the following equation9: 
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Where, m1 and m2 are masses of the projectile and target atoms respectively, θ is the scattering 

angle. The positive sign applies to m2/m1 ≥ 1 while both positive and negative signs are solutions 

if 1 ≥ m2/m1 ≥ |sin θ|. Backscattering (θ > 90°) for a mass ratio m2/m1 < 1 is not possible, therefore 

hydrogen cannot be detected in backscattering.9  
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Figure 2.4. Schematic of the double toroidal energy analyser of the Qtac100 LEIS instrument. 
Reprinted with permission from10. Copyright (2010) Johnson Matthey Plc. 
 

In this dissertation the LEIS measurements have been performed with an IonTOF LEIS instrument  

equipped with a Qtac100 double-toroidal analyzer. The base pressure of the analysis chamber is 

kept at ~10−10 Torr during the measurements. The details regarding the LEIS measurements have 

been explained in Chapter 6. 
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Figure 2.5. Schematic of experimental conditions in LEIS. Reprinted with permission from9. 
Copyright (2006) Elsevier Ltd.  
 

2.3! Atomic layer deposition, atomic layer etching, and the home-built reactors 

2.3.1 Atomic Layer Deposition  

Atomic layer deposition (ALD) is a technique to grow conformal thin films.11-15 Over the past two 

decades ALD has been used for making high-κ gate dielectrics for transistors, diffusion barriers 

for metal interconnects, high aspect-ratio memory devices, and many more applications.15 The 

limitations of the traditional film growth techniques (PVD, CVD) for obtaining continuous and 

pinhole-free films are being overcome by the ALD.  ALD can achieve excellent step coverage and 

conformal deposition on high aspect ratio structures due its self-limiting nature.12 

A typical ALD process consists of sequential alternating pulses of precursors at gas phase that 

react on a substrate to grow thin film. The initial precursor pulse could be chemisorbed or physi-

adsorbed on the substrate depending on the nature of the precursor/substrate interaction. Then the 
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chamber is purged with an inert carrier gas (N2 or Ar) to remove any unreacted precursor or 

reaction by-products. Subsequently, another precursor is pulsed to react with the previous surface 

to form a monolayer or sub-monolayer of a desired film. The reactor is purged again with the 

carrier gas to remove any unreacted precursor or reaction by-products. Each precursor pulse step 

is named as “half reaction”. This four steps process is repeated until the required amount of the 

film grown. The ALD steps can be represented as shown in Figure 2.6.  

 

Figure 2.6. Schematic representation of ALD using self-limiting surface chemistry and an AB 
binary reaction sequence. Reprinted with permission from16. Copyright (1996) American 
Chemical Society. 
 

The ALD of ZnS is an ideal example for understanding the reaction steps, the overall binary 

reaction:  ZnCl2 + H2S → ZnS + 2HCl.16  

This binary reaction can be divided into the two half-reactions: 

(A) ZnCl* + H2S → ZnSH* + HCl 

(B) SH* + ZnCl2 → SZnCl* + HCl  



 

21 

The (A) half reaction exposes the surface to the H2S to deposit sulfur species. After purging the 

reactor with carrier gas the zinc is deposited in the (B) half-reaction by exposure to the ZnCl2. The 

repetition of the half reactions, with the inert gas purging in between, in an ABAB... sequence will 

deposit ZnS.16 

2.3.2 Atomic Layer Etching  

Atomic layer etching (ALE) is a material removal technique in a controlled layer by layer 

sequence.17-21 ALE uses self-limiting reactions to remove material based on the analogous ALD 

concept.17-18  Generally, an ALE process consists of sequential steps of the surface modification 

(reaction A) and the removal (reaction B) of a material. First a thin reactive surface layer is formed 

which is subsequently more easily removed than the unmodified material.18 

Thermal ALE process steps can be simply explained by the example of the alumina (Al2O3) etching 

by trimethylaluminum (TMA, Al(CH3)3) and hydrogen fluoride (HF) as shown in Figure 2.7.20   

 

Figure 2.7. Schematic illustration showing the fluorination and ligand-exchange reactions during 
thermal Al2O3 ALE using HF and Al(CH3)3 as the reactants. Reprinted with permission from20. 
Copyright (2016) American Chemical Society. 
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In fluorination step, HF reacts with the Al2O3 film to form an AlF3 surface layer and H2O as a 

reaction product. In the ligand-exchange step, TMA reacts with the AlF3 surface layer on the Al2O3 

substrate to form volatile AlF(CH3)2 reaction product.22 In between the reactions steps the inert 

gas (N2 or Ar) is purged to remove any unreacted precursor or reaction by-products. 

2.3.3 Home-built ALD/ALE reactors 

The ALD and ALE studies are performed using three different reactors essentially built and 

operated in similar fashion. All the reactors are interfaced with Thermo Nicolet 6700 infrared 

interferometer (400−4000 cm−1) range, equipped with a liquid-N2-cooled broadband mercury 

cadmium telluride (MCT-B) or deuterated-triglycine sulfate (DTGS) detectors. The reactors could 

be represented schematically as shown in Figure 2.8. The gas lines are made of 1/4″ stainless steel 

tubing. The gas flow is monitored and controlled using MKS 1479A series mass flow controllers 

(MFC) and Swagelok diaphragm ALD valves. The N2 gas used to purge the reactor is purified in 

an OXI-GON OG-120M N2 purifier (oxygen impurity levels of <10-6 ppm). The Ozone (O3) is 

generated by passing pure oxygen through an IN-USA 5000 ozone generator. The details of the 

reactors’ operation have been described in chapter 3.   
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Figure 2.8. Schematic of home-built reactor equipped with in situ FTIR capabilities. 
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3.1! Abstract 

The need for the conformal deposition of TiO2 thin films in device fabrication has motivated a 

search for thermally-robust titania precursors with non-corrosive byproducts. Alkylamido-Cp 

precursors are attractive because they are readily oxidized, yet stable, and afford environmentally-

mild byproducts. We have explored the deposition of TiO2 films on OH-terminated SiO2 surfaces 

by in-situ Fourier transform infrared spectroscopy using a novel titanium precursor 

[(EtCp)Ti(NMe2)3 (1), Et = CH2CH3] with either ozone or water. This precursor initially reacts 

with surface hydroxyl groups at ≥150 °C via the loss of its NMe2 groups. However, once 

chemisorbed, its subsequent reactivity toward ozone or water is very different. There is a clear 

reaction with ozone, characterized by the formation of monodentate formate and/or chelate 

bidentate carbonate surface species; in contrast, there is no detectable reaction with water. For the 

ozone-based ALD process, the surface formate/carbonate species react with the NMe2 groups 

during the subsequent pulse of 1, forming Ti–O–Ti bonds. Ligand exchange is observed within the 

250–300 °C ALD window. X-ray photoelectron spectroscopy confirms the deposition of 

stoichiometric TiO2 films with no detectable impurities. For the water-based process, ligand 

exchange is not observed. Once 1 is adsorbed, there is no spectroscopic evidence for further 

reaction. However, there is still TiO2 deposition under typical ALD conditions. Co-adsorption 

experiments with controlled vapor pressures of water and 1 indicate that deposition arises solely 

from 1/water gas-phase reactions. This striking lack of reactivity between chemisorbed 1 and 

water is attributed to the electronic and steric effects of the EtCp group, and facilitates the 

observation of gas-phase reactions.  

!
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3.2! Introduction 

Atomic layer deposition (ALD) is a film growth technique capable of sub-nm thickness control 

and exceptional conformality in high aspect ratio features and on 3D architectures.1-7 Recently, 

ALD-grown TiO2 thin films have been used for passivation of crystalline silicon surfaces,8 

corrosion protection of copper metal,9 perovskite solar cells,10-11 high-κ materials (e.g., SrTiO3),12-

19 composite nanostructures for water splitting,20 enhancement of photocatalytic activity of 

quantum dot-sensitized TiO2 nanotube arrays21 and carbon nanotubes,22 and functionalization of 

titanium metal and titanium alloy surfaces for improved wettability.23 

Higher process temperatures are often desired for the ALD of TiO2 and SrTiO3 films to achieve 

greater density, purity, and crystallinity. However, many titania precursors have limited thermal 

stability, precluding their use in high-temperature processes. TiCl4 is highly reactive and thermally 

stable, but may generate corrosive byproducts or result in chlorine contamination in the film.24-25 

Titanium alkylamides and alkoxides26-28 are widely used, but suffer from thermal decomposition 

at ≤300 °C.29 Consequently, numerous heteroleptic precursors have been developed for TiO2 ALD 

at >300 °C,18-19, 30-36 including several TiCpX3 piano-stool complexes with high thermal stability. 

For instance, MeCpTi(OMe)3 (Me = CH3, Cp = cyclopentadienyl (–C5H5)) was used with ozone, 

achieving a growth rate of 0.27 Å/cycle at temperatures up to 325 °C.16 Cp*Ti(OMe)3 (Cp* = 

pentamethylcyclopentadienyl (–C5Me5)) was studied with ozone14-16, 37-38 and also oxygen 

plasma13, 17 to deposit TiO2 and SrTiO3 films, with ozone-based processes often operating at 

temperatures >300 °C.14-16, 38 TiO2 films were also deposited with either CpTi(NMe2)3 or 

Cp*Ti(NMe2)3 and ozone,  yielding growth rates of ~0.4 Å/cycle at 275 °C and ~0.3 Å/cycle at 

350 °C, respectively.16 However, the reaction mechanisms for titanocene ALD processes using Cp-
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based precursors are largely unknown; the lone study of the Cp*Ti(OMe)3/ozone process using in-

situ quadrupole mass spectroscopy (QMS) revealed that the precursor chemisorbs via the OMe 

ligand and reacts with ozone via combustion of Cp* and the remaining OMe groups.38!!

The situation with water is particularly interesting, due to the high reactivity of Cp-based precursor 

molecules with water in the gas phase. ALD processes using Cp-based precursors for oxide films 

generally have high growth rates, and include those for the deposition of ZrO2,33, 39-50 HfO2,43, 45, 

49, 51-54 and metal oxides of Group 255-58 and rare-earth59-75 elements, among others. Surprisingly, 

the growth rate achieved with water has been found in some cases not only to exceed that of the 

analogous ozone process, but to be relatively high for typical ALD processes.67, 74 These intriguing 

results provide a strong motivation to investigate the interaction of a Cp-based molecule with water 

within an ALD situation, i.e., when water is adsorbed on the surface. Indeed, there is a general 

lack of mechanistic studies performed on ALD processes for titania using Cp-based precursors for 

lack of in-situ characterization, in particular with chemical-sensitive tools. Furthermore, there are 

no reports of Cp-based titanocene ALD processes using water as the co-reactant. Consequently, it 

is important to examine this system in greater detail.  

We have therefore used in-situ Fourier transform infrared spectroscopy (FTIR), combined with ex-

situ X-ray photoelectron spectroscopy (XPS), to investigate the reaction mechanisms and the 

chemical compositions of the deposited films. For this comparative study of TiO2 ALD using 

(EtCp)Ti(NMe2)3 (1), Et = CH2CH3, with either ozone or water, the FTIR and XPS studies are 

complemented by spectroscopic ellipsometry (SE) to further quantify the thickness of the resulting 

films. With ozone, a well-defined ALD process is observed, characterized by ligand exchange. 

Upon ozone exposure, formate/carbonate species are produced by the combustion of the EtCp 
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ligand of chemisorbed 1. These species then react with the NMe2 groups of 1, resulting in Ti–O–

Ti bond formation and the restoration of the O–Ti–EtCp surface layer. In contrast, no ligand 

exchange is observed by in-situ IR spectroscopy with water as a co-reactant, providing a strong 

clue that water does not react with chemisorbed 1. Co-adsorption experiments with controlled 

vapor pressures of water and 1 demonstrate that TiO2 deposition arises instead solely from 1/water 

gas-phase reactions in the immediate vicinity of the surface. This striking lack of reactivity 

between chemisorbed 1 and water, which more easily allows the identification of purely gas 

reaction processes, is attributed to the electronic and steric effects of the EtCp group.  

 

3.3! Experimental 

Precursor 1 was prepared by a literature procedure 76-77 using air-sensitive techniques: 1H NMR 

(C6D6, 23 °C, δ) 5.86 (t, 2H, Cp), 5.77 (t, 2H, Cp), 3.09 (s, 18H, N(CH3)2), 2.44 (q, 2H, CH2CH3), 

1.13 (t, 3H, CH2CH3) . The 1H NMR spectrum was obtained at 400 MHz in benezene-d6 and was 

referenced to the residual proton resonance of the solvent. Thermogravimetric and vapor pressure 

analyses of 1 were performed using a TA instruments QA500 Thermogravimetric Analyzer.  

Double-side-polished, float-zone grown Si(111) wafers (550 ± 15 µm thick, lightly n-doped, ρ 

~20–60 Ω·cm) with a native oxide (1.5–2.0 nm) were cut into 3.8 × 1.5 cm2 samples to fit the 

sample holder in a home-built ALD reactor. Each of these samples was first degreased by 

sonicating sequentially in dichloromethane, acetone, and methanol for 5 min in each solvent. After 

degreasing, the sample was rinsed thoroughly with deionized (DI) water before being immersed 

in a piranha solution (1:3 H2O2/H2SO4) at 80 °C for 30 min to produce a hydroxyl-terminated oxide 
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surface. The sample was rinsed again with DI water and blown dry with N2 gas before immediate 

loading into the N2-purged ALD reactor. A base pressure of 10−4 Torr was then established and 

maintained via an Adixen Drytel 1025 C turbo pump backed by an Adixen AMD 4C mechanical 

diaphragm (oil-free) pump. Platinum surfaces were prepared by evaporating platinum metal onto 

Si(111) samples with a 1.5–2.0 nm native oxide. All substrates were subjected to a 5 min pre-

anneal at 400 °C prior to exposure to precursors to densify the oxide and isolate surface hydroxyl 

groups on the silicon substrates. 

The deposition experiments consisted of sequential exposures of 1 and either ozone or D2O (99.9 

at.% D, Sigma-Aldrich), with 10 min purges of purified N2 gas (500 sccm, <0.1 ppb O2) between 

each precursor pulse. Deuterated water was used to distinguish between species associated with 

the deposition process and potential changes in water vapor adsorption on the spectrometer mirrors 

and detector surface. Compound 1 and D2O were contained in stainless steel ampoules maintained 

at 90 °C and room temperature, respectively, and were delivered at a pressure recorded inside the 

reactor as indicated. Ozone was produced by an In-USA ozone generator and delivered via a 

pneumatic valve; a concentration of 200 g/NM3 and a flow rate of 500 sccm were used for all 

experiments. The pressure change (ΔP) in the reactor chamber was monitored during each 

precursor exposure. Precursor exposure parameters were kept constant throughout the study, 

unless otherwise stated: 1 (3 s pulse, ΔP = 5 mTorr), D2O (1 s pulse, ΔP = 120 mTorr), ozone (5 s 

pulse, ΔP = 2.4 Torr, 30 s trap). 

The ALD chamber was interfaced to a Thermo Nicolet 6700 infrared interferometer (400−4000 

cm−1 range), equipped with a liquid-N2 cooled broadband mercury cadmium telluride (MCT-B) 

detector. A single-pass transmission at Brewster incidence (~74° to normal) was used to minimize 
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substrate phonon absorbance in the low frequency region (<1000 cm–1) and to increase sensitivity 

of all components (parallel and perpendicular to the surface) of surface species. Gate valves were 

used to protect the potassium bromide (KBr) windows from the precursor gases during the ALD 

cycles. The temperature of the silicon sample was controlled by resistive heating (115 °C during 

IR measurements) and monitored via a K-type thermocouple spot-welded onto a tantalum clip 

firmly attached at the center of the long edge of the silicon substrate. The temperature of the 

chamber was maintained at ~90 °C, which is a typical temperature for hot wall reactors used for 

metal oxide deposition. It also helps to minimize gas adsorption on the KBr windows without 

damaging the windows. Gas-phase IR analysis of 1 was performed in a home-built ALD reactor 

operating at a base pressure of 10–9 Torr with a similar FTIR configuration and an MCT-B detector. 

Corrections to the baseline of IR spectra were made as required to remove effects due to scattering. 

XPS measurements used an Al Kα (1486.6 eV) X-ray source (pass energy: 29.35 eV, step size: 

0.125 eV) at a chamber base pressure of 10−10 Torr. Spectra were recorded using a 16-channel 

detector with a hemispherical analyzer using a PHI 5600 XPS spectrometer. An XPS software 

package (Multipak, Physical Electronics) was used to collect and quantify the data focusing on Ti 

2p, Pt 4f, O 1s, C 1s, N 1s, and Si 2p core levels. Sputtering was performed over a 2 × 2 mm2 area 

using 1 keV argon ions supplied by an argon sputter gun positioned at a 45° angle with respect to 

the substrate normal. Measurements were made over a 0.8 × 0.8 mm2 area. Corrections to the 

spectra were made by aligning the signals from adventitious carbon (C 1s) and bulk silicon (Si 2p) 

to 284.5 and 99.3 eV, respectively. A titanium metal standard was used as a reference to assign 

the Ti 2p binding energies of TiO2 and titanium metal. 
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The TiO2 film thickness (overlayer, dTiO2) was calculated by measuring the attenuation of the 

silicon core level using the following equation: 

Is = Io exp(–dSiO2/(λSiO2 sinӨ))exp(–dTiO2/(λTiO2 sinӨ)) 

where, Is = photoelectron yield with overlayer 

Io = photoelectron yield without overlayer 

d = overlayer thickness (nm) 

λ = inelastic mean free path of electron (nm) 

Ө = XPS take-off angle (degree) 

The inelastic mean free paths (IMFP) were obtained from the NIST IMFP database: 2.730 nm for 

TiO2 and 3.772 nm for SiO2. The photoelectron yield was obtained by integrating the area under 

the Si 2p peak (Si0), avoiding the SiO2 (Si4+) contribution. The XPS take-off angle was 45°. 

SE measurements were performed using a HORIBA JOVIN YVON ellipsometer. The film 

thickness was calculated using the following model: TiO2/2 nm SiO2/0.5 mm c-Si/Void. The Void 

layer was used to model the space in the backside, thus minimizing the reflection effect from the 

backside of the double-side-polished silicon. The growth rate was calculated by dividing the film 

thickness over the total number of ALD cycles. 

The MFP of gas molecules in the reactor was calculated using the following equation: 

ɭ = kBT/21/2πPdm
2 

 where, ɭ = mean free path (m) 

kB = Boltzmann constant (1.381 × 10–23 m2 kg s–2 K–1) 

  T = temperature (K) 

  P = pressure (Pa) 
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  dm = molecular diameter (m) 

The product ɭP for water vapor at 273 K (6.8 × 10–3 m Pa) was obtained from Pfeiffer Vacuum: 

pfeiffer-vacuum.com/en/know-how/introduction-to-vacuum-technology/fundamentals/mean free-

path. The ɭP for water vapor at 373 K (9.3 × 10–3 m Pa) was subsequently derived, which is 

approximately the temperature of the reactor chamber walls during the depositions. The MFP (ɭ) 

of water vapor was then calculated at 120 mTorr (5.8 × 10–4 m) and 2 mTorr (3.5 × 10–2 m). 

 

3.4! Results 

3.4.1! (EtCp)Ti(NMe2)3 and its reaction with the OH-terminated SiO2 surface 

The precursor, (EtCp)Ti(NMe2)3 (1), was synthesized according to a literature procedure76-77 and 

characterized, both in its liquid and gas phases, and also after its interaction with the surface. It is 

a liquid at 23 °C with a vapor pressure of 117.8 mTorr at 70 °C. Thermogravimetric analysis 

revealed a single-step weight loss event with 2.5% non-volatile residue remaining after heating to 

201.6 °C. These favorable thermal properties support the use of 1 as an ALD precursor. The IR 

absorbance spectrum of gas-phase 1 was measured in the ALD reactor by trapping the gas after a 

1 s pulse (Figure 3.1). To determine whether the molecule remained intact, first-principles 

calculations were performed to quantify the vibrational modes of gas-phase 1 using the 

Schrödinger software package (6–311/B3LYP). Assignment of the modes are indicated by the 

dashed vertical lines (Figure 3.1). All calculated modes for the intact molecule are present in the 

experimental spectrum: C–H stretching mode of the Cp ring at 3106 cm–1; C–H stretching modes 

of the N(CH3)2 groups and the ethyl group on the Cp ring at 2772–2973 cm–1; asymmetric 
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deformation mode of CH3 at 1460 cm–1; symmetric deformation mode of CH3 at 1421 cm–1; ethyl 

C–C stretching mode coupled with wagging mode of ethyl CH2 at 1378 cm–1; rocking CH3 

deformation mode at 1241 cm–1; asymmetric C–N–C stretching mode at 1142 cm–1; coupled 

libration and deformation modes of CHx on N(CH3)2 and Et groups at 1051 cm–1; symmetric Ti–

N–C stretching mode at 954 cm–1; deformation of the Cp ring coupled with out-of-plane wagging 

of C–H on the Cp ring at 857 cm–1; out-of-plane wagging modes of C–H on the Cp ring at 796 cm–

1; symmetric and asymmetric Ti–N stretching modes at 573 cm–1. The presence of all expected 

vibrational modes and absence of new features indicates that the precursor remains intact (not 

decomposed) in the reactor in the absence of a substrate. 

 

 
 
Figure 3.1. Gas-phase IR absorbance spectrum of 1 taken at 115 °C/10–9 Torr. The dashed red lines 
denote the frequencies of the vibrational modes of gas-phase 1. 
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Next, a cleaned OH-terminated oxidized Si(111) sample was heated to 150 °C. The minimum 

saturative dose of 1 was first explored by exposing the surface to successive 1 s pulses of 1, with 

an IR absorbance measurement performed after each pulse. The isolated-OH surface groups (3740 

cm–1) are completely consumed after three 1 s pulses of 1; concurrently, vibrational modes 

associated with adsorbed 1 appear: CHx (2750–3000 cm–1),78-79 a weak mode associated with the 

out-of-plane wagging of C–H on the Cp ring (806 cm–1), and the stretching mode for Si–O–Ti 

(1000 cm–1). Stretching modes associated with Ti–N (573 cm–1) and C–N (1142 cm–1) are not 

observed, suggesting the removal of the NMe2 groups upon adsorption of 1 to the surface at 150 

°C, likely via the formation of NHMe2 as a volatile byproduct. A loss in the SiO2 longitudinal 

optical (LO) phonon mode (1238 cm–1) and a shift in the SiO2 transverse optical (TO) phonon 

mode from 1015 to 1050 cm–1 (relative to the pre-annealed surface) are also observed. Within the 

same experiment, the thermal stability of adsorbed 1 was then examined by recording the IR 

spectrum after annealing the substrate for 5 min intervals to progressively higher temperatures. 

Upon annealing to 225 °C, there is a loss in the CHx region corresponding to both the EtCp and 

NMe2 groups, suggesting that some of the intact precursor was also physisorbed on the surface at 

150 °C. After removing the physisorbed fraction of 1 at 225 °C, there are no further changes upon 

annealing to ≥400 °C, demonstrating the high thermal stability of chemisorbed 1. These data 

suggest that the exposure of 1 at temperatures ≥150 °C results in a (O)3≡Ti–EtCp surface species, 

i.e., chemisorbed via three O–Ti bonds (Figure 3.2).  
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Figure 3.2. Schematic representation of 1 and the initial OH-terminated SiO2 surface (left) with 
proposed reaction and adsorbed product (right), based on IR absorbance spectra. 
 

3.4.2! 1/ozone ALD process 

The deposition of TiO2 by ALD was first investigated using ozone as the co-reactant at 250 °C 

(Figure 3.3). As described above, the initial exposure of 1 results in the consumption of the 

isolated-OH surface groups (3740 cm–1)79 and the appearance of modes associated with a 

chemisorbed Ti–EtCp species: CHx (2750–3000 cm–1),78-79 C–H on the Cp ring (811 cm–1), and 

Si–O–Ti (1000 cm–1). The first ozone pulse results in the loss of the CHx modes and the appearance 

of modes associated with monodentate formate (1612 cm–1) and chelate bidentate carbonate (1578 

cm–1) species,79-82 which are proposed to occur from the combustion of the EtCp ring by ozone 

(Figure 3.3).38 The subsequent exposure of 1 results in the loss of the modes associated with the 

formate/carbonate surface and the detection of modes associated with CHx.  

!
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Figure 3.3.  Differential IR absorbance spectra for the 1/ozone process at 250 °C taken after the 
1st, 5th, 20th and 25th ALD cycles. Each ALD half-cycle is referenced to the preceding half-cycle, 
such that the nth 1 (Ti) and nth ozone (O3) spectra were obtained after a 1 pulse/N2 purge and an 
ozone pulse/N2 purge of cycle n, respectively. 
!

Modes expected for Ti–N and C–N were not detected by IR, implying that the NMe2 groups of 1 

completely react with the formate/carbonate surface. After 5 ALD cycles, the Si–O–Ti interfacial 

mode is now at 1037 cm–1 with shoulders on the higher frequency side, consistent with the 

formation of Ti–O–Ti bonds. The IR spectra taken after cycles 20 and 25 show a ligand exchange 

process of slightly greater intensity than that observed after the first 5 cycles, suggesting a short 

incubation period prior to steady-state ALD growth. 

Figure 3.4 shows IR absorbance spectra recorded after every 5th ALD cycle, with each spectrum 

referenced to the starting pre-annealed Si(111)–SiO2–OH surface to highlight the cumulative film 
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growth. A small gain in absorbance at 827 cm–1 corresponds to the LO phonon mode of TiO2,83 

confirming TiO2 deposition (i.e., Ti–O–Ti bond formation). 

 

 

Figure 3.4. IR absorbance spectra for the 1/ozone process at 250 °C recorded after every 5th ALD 
cycle, with each spectrum referenced to the starting pre-annealed Si(111)–SiO2–OH surface. The 
LO phonon mode of TiO2 is detected at 827 cm–1 and is highlighted in red. 
 

Evidence for TiO2 deposition was further obtained from measuring the Ti 2p core levels by XPS 

after 40 ALD cycles at 275 °C (Figure 3.5). To interpret this spectrum more precisely, a titanium 

metal standard was used to determine the binding energies of electrons in the 2p orbitals of TiO2 

(surface) and titanium metal (after sputtering). The Ti 2p spectrum of the as-deposited film shows 

two peaks at 459.4 (2p3/2) and 465.1 (2p1/2) eV, corresponding to titanium atoms in the 4+ (TiO2) 

oxidation state.84 A third peak centered at 457.3 eV was observed with all films grown using ozone 

and also with the titanium metal standard, and may correspond to a sub-oxide (TixOy) species. 

Sputtering with 1 keV argon ions results in the preferential removal of oxygen atoms from the film 

and the consequential reduction of the titanium atoms to their metallic state.85 The O 1s spectrum 
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of the as-deposited film shows a peak centered at 529.5 eV associated with Ti–O–Ti bonding. This 

peak slightly shifts to a higher binding energy upon sputtering, as more of the remaining oxygen  

 

!
 
Figure 3.5. X-ray photoemission spectra of Ti 2p (a), O 1s (b), C 1s (c), and Si 2p (d) orbitals of a 
TiO2 film after 40 ALD cycles of 1/ozone at 275 °C. The bottom spectrum (black trace) shows the 
as-deposited film. The colored spectra show the film after intervals of 1 keV argon ion sputtering. 
Reference binding energies for the Ti 2p orbitals are defined by the vertical black dashed (TiO2) 
and solid (titanium metal) lines. 
 

atoms are associated with the SiOx interface and the underlying SiO2 layer. The C 1s spectrum of 

the as-deposited film shows the presence of adventitious hydrocarbon contamination (284.5 eV) 

that occurs upon exposure of the sample to ambient atmosphere, and to surface formate/carbonate 
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respectively. No nitrogen was detected in the film and a stoichiometric TiO2 composition was 

observed after removal of surface carbon. 

The growth mechanism was examined by varying the substrate temperature and the number of 

cycles, using SE and XPS as characterization methods.  A constant growth rate of ~1.0 Å/cycle 

was observed in the 250–300 °C temperature region. A plot of film thickness versus the number 

of cycles suggests an incubation period of ~5 cycles prior to steady-state ALD growth at 250 °C 

(Figure 3.6).  

 

!
 

Figure 3.6. Plot of film thickness versus the number of cycles for the 1/ozone process at 250 °C. 
Film thicknesses were separately calculated by SE (black) and XPS (red). 
!

The IR absorbance spectrum of a film grown using 1/ozone at 150 °C shows a complex ligand 

exchange process at ~1350–1790 cm–1, which spans the range of vibrational modes expected for 

bicarbonate, carbonate, and formate species (Figure 3.7a).78, 80-82 The modes at 1373 and 1557 cm–

1 are attributed to bidentate formate species on the TiO2 surface.80-81 XPS analysis of this film 

shows that the surface species are removed after 5 s of sputtering, while the TiO2 layer is fully 
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reduced to titanium metal after 180 s of sputtering (Figure 3.7b). The details of the mechanism for 

the 1/ozone ALD process are addressed in the first part of the discussion section. Next, results are 

presented for the TiO2 deposition process where D2O is used as the co-reactant. 

!

 
 
Figure 3.7. Analysis of a film grown from the 1/ozone process at 150 °C: (a) Differential IR 
absorbance spectra taken after cycles 38–40. Each ALD half-cycle is referenced to the preceding 
half-cycle, such that the nth 1 (Ti) and nth ozone (O3) spectra were obtained after a 1 pulse/N2 
purge and an ozone pulse/N2 purge of cycle n, respectively. (b) XPS spectra of the Ti 2p region. 
The bottom spectrum (black trace) shows the as-deposited film. The colored spectra show the film 
after intervals of 1 keV argon ion sputtering. Reference binding energies for the Ti 2p orbitals are 
defined by the vertical black dashed (TiO2) and solid (titanium metal) lines. 
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3.4.3! 1/D2O deposition process 

The starting surface for this study is the same Si(111)–SiO2–OH surface previously described, 

where exposure to 1 at 250 °C results in the loss of the isolated-OH groups (3740 cm–1)79 and the 

appearance of vibrational modes associated with CHx (2750–3000 cm–1).78-79 Figure 3.8 shows the 

differential IR absorbance spectra for the 1st, 2nd, and 40th cycles of the 1/D2O process at 250 °C. 

There is no observable ligand exchange or appearance of the OD stretching mode (~2743 cm–1), 

which are  expected for ALD processes using D2O.86 This observation is a strong indication that 

there is no surface reaction after 1 is adsorbed on the surface, i.e., no ALD process. As mentioned 

earlier, the absorption bands in the 1000–1050 cm–1 region correspond to interfacial Si–O–Ti 

stretching modes for various configurations 

 
 

!
 
Figure 3.8. Differential IR absorbance spectra for the 1/D2O process at 250 °C taken after the 1st, 
2th, and 40th ALD cycles. Each ALD half-cycle is referenced to the preceding half-cycle, such 
that the nth 1 (Ti) and nth D2O spectra were obtained after a 1 pulse/N2 purge and a D2O pulse/N2 
purge of cycle n, respectively. 
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For completeness, however, the sample was examined ex-situ by XPS to quantify the amount of 

titanium at the surface and determine the overall film thickness, i.e., whether a TiO2 film was 

deposited or the only titanium present came from the initial reaction with no further growth. 

Surprisingly, the XPS data indicated the presence of a TiO2 film after 40 cycles of the 1/D2O 

process, which was thicker than a monolayer of TiO2 (Figure 3.9). The Ti 2p spectrum of the as-

deposited film shows two peaks at 459.4 (2p3/2) and 465.1 (2p1/2) eV, corresponding to titanium 

atoms in the 4+ (TiO2) oxidation state.84 The third peak at 457.2 eV may be due to a sub-oxide 

(TixOy) species and was observed in all films grown with D2O and also with the titanium metal 

standard. 

!

!
!

Figure 3.9. X-ray photoemission spectrum of the Ti 2p orbitals of the as-deposited surface of a 
TiO2 film after 40 ALD cycles of 1/D2O at 250 °C. Reference binding energies for the Ti 2p 
orbitals of TiO2 are defined by the vertical black dashed lines. 
 

After 30 s of sputtering, 3.4 at.% carbon remains in the film. The thickness of the film was 
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300 °C range (~1.2 nm) is substantially larger than that expected for a monolayer. Note that the 

absorption at 1075 cm–1 in the IR spectrum after the second cycle is also consistent with reaction 

products of 1 with water (Figure 3.8). 

To compare to the ozone process, Figure 3.10 shows plots of growth rate versus temperature for 

the 1/ozone and 1/D2O processes, as determined by XPS (dividing the calculated film thickness 

by 40 cycles). In contrast to the 1/ozone process, which supports an ALD window from 250–300 

°C, the growth rate of the 1/D2O process increases as a function of temperature above 275 °C. 

These observations suggest that there is a mechanism leading to film deposition other than ALD, 

possibly involving gas-phase reactions. 

 

!
 

Figure 3.10. Plots of growth rate versus temperature for the 1/ozone (black) and 1/D2O (red) 
processes. Film thicknesses were calculated from XPS data. 

3.4.4! Control and co-dosing experiments 

Further investigation is required to decipher the apparent contradiction of film deposition with no 

observed ligand exchange for the 1/D2O process. A plausible hypothesis is that the deposition 
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arises from gas-phase reactions. Indeed, 1 is expected to strongly react with water molecules. Thus, 

any water remaining in the deposition chamber could react with 1 to form non-volatile Ti–O 

bonded molecules. The following experiments were performed to test this hypothesis. 

First, sequential exposures of 1, each separated by a 10 min N2 purge with no co-reactant, should 

eventually react with the trace amount of residual water molecules and reach saturation (i.e., no 

further deposition). Figure 3.11 shows IR absorbance spectra referenced to the pre-annealed 

Si(111)–SiO2–OH surface after sequential exposures of 1 at 300 °C. Initially, 1 chemisorbs by 

reaction with the isolated-OH groups, as previously described. Additional exposures of 1 do not 

result in changes to the ligand modes detected after the 1st exposure. However, as shown in Figure 

3.12, growth results from the first ~40 exposures of 1, yielding a film of ~1.4 nm as measured by 

XPS.!!

Observation #1: the spectra show that chemisorbed 1 remains unmodified on the surface during 

the subsequent exposures of 1. Therefore, the thin TiO2 film is deposited on top of chemisorbed 1. 

Indeed, there is no modification of the SiO2 phonon spectrum that is typically observed when a 

molecule chemically reacts with SiO2, i.e., there is no loss in the SiO2 optical phonon region (LO: 

1200–1260 cm–1, TO: 1000–1150 cm–1),87 confirming that the oxygen for TiO2 film growth is not 

derived from the SiO2 surface. To further demonstrate that TiO2 deposition is not dependent on 

surface oxygen, an identical experiment was performed using a platinum-coated silicon substrate, 

i.e., 2 nm thick platinum film on Si(111)–SiO2.  After 40 exposures of 1 at 300 °C, a TiO2 film 

was observed with a thickness similar to that of the film grown on the Si(111)–SiO2–OH surface.  

Observation #2: the plot of film thickness versus the number of exposures of 1 is not linear, as 

saturation occurs after ~40 cycles (Figure 3.12). Although there is a systematic discrepancy in the 
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film thicknesses derived from SE versus XPS measurements, likely due to the difficulty modeling 

the refractive index of the film-substrate interface by SE, both methods demonstrate that the 

thickness does not increase after ~40 cycles. This behavior is consistent with film growth by gas-

phase reactions, where the concentration of trace water decreases with the increasing number of 

exposures of 1. 

!

!
!
Figure 3.11. IR absorbance spectra taken after 1, 3, 10, and 20 exposures of 1 at 300 °C. Each 
spectrum is referenced to the pre-annealed Si(111)–SiO2–OH surface. 
!
The relative pressure of the gases in the reactor must be considered for gas-phase reactions, since 

a high pressure of one gas may prevent reaction products from reaching the substrate surface. To 

quantify this effect, two complementary co-dosing experiments were performed whereby the 

precursors were sequentially pulsed into the reactor with N2 purges applied at the end of each co-

dosing cycle but not between precursor pulses of the same cycle. 
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!
 
Figure 3.12. Plot showing film thickness versus the number of exposures of 1 at 300 °C. Film 
thicknesses were separately calculated by SE (black) and XPS (red). 
!

!
 
Figure 3.13. Plot showing film thickness after 20 co-dosed exposures at 300 °C. The first 
experiment consisted of a pulse of D2O immediately followed by a pulse of 1 (D2O, 1). The second 
experiment consisted of a pulse of 1 immediately followed by a pulse of D2O (1, D2O). Film 
thicknesses were separately calculated by SE (black) and XPS (red). For comparison, the blue oval 
shows the film thickness achieved (~1.2 nm) after 20 cycles of the 1/D2O process at 300 °C, where 
each precursor exposure was followed by an N2 purge. 
!
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Since it is difficult to remove all the water vapor from the reactor, a relatively high pressure of 

D2O (120 mTorr) was first established, followed immediately by a relatively lower pressure pulse 

of 1 (2 mTorr). In contrast, the second experiment consisted first of a low pressure pulse of 1 (2 

mTorr) followed immediately by a high pressure pulse of D2O (120 mTorr).  The results are shown 

in Figure 3.13. In the first case, the deposition was negligible: 0.1 nm thick TiO2 film, as measured 

by both SE and XPS. In the second case, the deposition was significant: 7.3 and 6.5 nm thick TiO2 

film, as measured by SE and XPS, respectively.!

!

3.5! Discussion 

3.5.1! 1/ozone ALD mechanism: 

Based upon the IR absorbance data presented herein, a mechanism for TiO2 film growth from the 

1/ozone ALD process is proposed and schematically summarized in Figure 3.14. Precursor 1 

chemisorbs on the OH-terminated Si(111)–SiO2 surface at ≥150 °C, resulting in Si–O–Ti bond 

formation, likely by the production of NHMe2 as a volatile byproduct. Some physisorbed 1 is also 

present at this temperature, but is completely removed at ≥225 °C. Reaction of chemisorbed 1 with 

ozone results in the formation of monodentate formate and chelate bidentate carbonate surface 

species via the generation of CO2 and water as byproducts. During the subsequent pulse of 1, the 

NMe2 groups react with these surface species, forming Ti–O–Ti bonds and releasing dimethyl 

formamide and tetramethyl urea as byproducts. This cycle regenerates the O–Ti–EtCp surface, 

preserving the self-limited growth mechanism. 

!
!
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Figure 3.14. Proposed mechanism for the ALD of TiO2 films using 1 and ozone. 

 

The growth rate for the 1/ozone process is considerably higher than that for ozone processes using 

Ti(OiPr)4 (∼0.52 Å/cycle, 150–250 °C)78 and Cp*Ti(OMe)3 (0.22–0.29 Å/cycle, 235–330 °C).38 

The lower growth rate for Ti(OiPr)4/ozone may be due to the incomplete removal of surface 

formate/carbonate species,79 while that for Cp*Ti(OMe)3/ozone may arise from the steric 

hindrance of the bulky Cp* ligand and the possible incomplete removal of the OMe groups upon 

chemisorption of the precursor.38 However, it is most likely that: 1) 1 is more reactive than alkoxy 

Cp-based precursors toward an oxidizing surface since the  bond dissociation energy (D°298) of 

Ti–O is larger (666.5 ± 5.6 kJ/mol) than that of  Ti–N (476 ± 33 kJ/mol),88 and 2) gas-phase 

reactions between 1 and residual water in the reaction chamber likely contribute during the 1/ozone 

ALD process. Water is generated by ozone and is a probable byproduct from the combustion of 

the EtCp group by ozone, and thus, may persist in the chamber for the entirety of the deposition 
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process. Consequently, a component of the film growth undoubtedly results from gas-phase 1 

reacting with water. However, the 1/ozone ALD process is still effective, as evidenced by the 

steady-state ligand exchange observed after the first ~5 cycles and the self-limited growth that 

occurs within the 250–300 °C temperature range. 

The reaction mechanism proposed in Figure 3.14 is consistent with that derived from the QMS 

analysis of the Cp*Ti(OMe)3/ozone process at 320 °C/7 mbar, where MeOH (but not HCp*) was 

detected upon chemisorption of Cp*Ti(OMe)3 on an Si(100) surface; combustion of chemisorbed 

Cp*Ti(OMe)x by ozone subsequently released CO2 and H2O as reaction byproducts.38 Analogous 

experiments performed at 210 °C/3 × 10–3 mbar resulted in the detection of the [Cp*]+ ion 

(fragmentation product of HCp*) prior to its combustion during the ozone pulse, due to the 

increased MFP of gas-phase HCp*.38 A slight detection of water was observed by QMS during the 

precursor pulses at 3 × 10–3 mbar, which was proposed to originate from the reactor walls 

(maintained at 150 °C).38 

!

3.5.2! 1/D2O deposition process and stability of chemisorbed 1: 

In the results section, several observations were presented that pointed to the passivity of the 

chemisorbed 1 surface and the role of gas-phase reactions in the deposition process. The co-dosing 

experiments are the most definitive, as they illustrate that the location of the gas-phase reactions 

with respect to the surface is affected by the mean free path (MFP) of the precursor molecules. If 

a higher pressure of D2O (120 mTorr) is first dosed into the reactor, the short MFP of D2O 

molecules (MFP ~0.58 mm) results in the reaction of 1 molecules close to the inlet of the reactor, 

far from the sample surface (located ~10 cm from the inlet). Consequently, 1 molecules cannot 
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reach the surface and little TiO2 is deposited (<0.1 nm). If instead, a lower pressure of 1 (2 mTorr) 

is first bled into the reactor, the MFP of D2O molecules within this background pressure of 1 will 

be larger (MFP ~3.5 cm). Thus, most D2O molecules will reach the volume close to the substrate 

and a fraction of the reaction product will deposit on the surface. This co-dosing approach results 

in much more water in the presence of 1 than typically exists in a nominally-purged chamber, thus, 

the deposition is much larger, ~7 nm instead of ~1.2 nm.  The reverse process would yield a similar 

result; however, since we cannot easily increase the pressure of 1, it was more convenient to use a 

higher pressure of D2O for this test.  

The results shown in Figure 3.12 also support the gas-phase reaction model. The deposition rate 

decreases as the number of cycles of 1 increases.  In the absence of a co-reactant (ozone or D2O), 

the residual water pressure slowly decreases in the reactor as more 1 molecules are introduced, 

resulting in a decreasing amount of product deposited on the sample surface with each exposure 

of 1 at 300 °C. This observation demonstrates that film growth is not due to the decomposition of 

1 at the surface. 

Now that the gas-phase reaction of 1 and water has been established as the only mechanism for 

TiO2 deposition, it is clear that water does not react with chemisorbed 1. The absence of any such 

reaction is consistent with the facts that the 1/D2O process does not exhibit self-limiting behavior 

and no ligand exchange is observed by IR. Furthermore, chemisorbed 1 remains unmodified during 

the deposition process and no perturbations to the optical phonon modes of SiO2 are observed, 

confirming that film growth does not entail the reaction of 1 with the Si(111)–SiO2–OH surface. 

Thus, the film-substrate interfaces generated from the 1/ozone (ALD) and 1/D2O (CVD) processes 

are different.  
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The lack of reactivity of chemisorbed 1 toward D2O can be attributed to two factors: 1) the NMe2 

ligands of 1 react during chemisorption, eliminating these sites for reaction with D2O; and 2) the 

electronic and steric effects of the EtCp ligand prevent D2O molecules from directly accessing any 

remaining NMe2 ligands or the titanium center. The reactivity of a similar Cp-based precursor has 

previously been studied theoretically by Elliott and coworkers who modeled the chemisorption of 

Cp*Ti(OMe)3 to a TiO2 surface and the reaction of adsorbed Cp*Ti(OMe)3 with water. They found 

that the latter reaction is energetically unfavorable at 275 °C by density functional theory (DFT) 

calculations.89 The Cp* ligand reduces the electrophilicity of the titanium center, weakening Ti–

O bonding to surface oxygen, and the steric hindrance of Cp* inhibits coordination of titanium to 

basic sites on the surface, impeding the exchange of OMe ligands. The modeled adsorbed 

precursor was oriented with the OMe ligands pointing toward the TiO2 surface and the Cp* ligand 

pointing up away from the surface. Reaction with water toward the adsorbed species is further 

impeded by the hydrophobic nature of the Cp* group. In contrast, as demonstrated experimentally, 

ozone14-16, 37-38 and oxygen plasma13, 17 are capable of combusting the Cp* and OMe ligands of 

adsorbed Cp*Ti(OMe)3, enabling TiO2 ALD.  

The steric and electronic effects imparted by the EtCp ligand of 1 are expected to be weaker than 

those of the Cp* ligand of Cp*Ti(OMe)3. Additionally, the bond dissociation energy for Ti–N is 

less than that of Ti–O.88 Accordingly, in-situ IR absorbance data show the efficient reaction of 1 

with isolated surface hydroxyl groups at ≥150 °C during the initial adsorption. However, the data 

show that no reaction occurs between chemisorbed 1 and D2O. 
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3.6! Conclusions 

The deposition of TiO2 films on Si(111)–SiO2–OH surfaces was examined using 1 and either 

ozone or D2O as co-reactants. IR data suggest that the chemisorption of 1 occurs at ≥150 °C with 

the removal of the NMe2 groups and the retention of the EtCp group. This chemisorbed species is 

thermally stable to at least 400 °C.The 1/ozone process proceeds by a self-limiting mechanism, 

characterized by ligand exchange. The EtCp group of chemisorbed 1 is combusted by ozone, 

yielding a monodentate formate and/or chelate bidentate carbonate surface. The NMe2 groups from 

the subsequent pulse of 1 react with these surface species, leading to Ti–O–Ti bond formation and 

the restoration of an O–Ti–EtCp surface. Film growth is self-limiting within the 250–300 °C 

window, with an incubation period of ~5 cycles prior to steady-state ligand exchange. The 

calculated growth rate of ~1.0 Å/cycle is significantly higher than that reported for similar 

processes using alkoxy and alkylamido Cp-based titanium precursors with ozone, about half of 

which is due to the unavoidable gas-phase reactions between 1 and residual water vapor that 

augment the ALD component of the growth. Still, XPS analysis of films grown within the ALD 

window show a stoichiometric TiO2 composition, with no measurable impurities. 

In contrast, ligand exchange is not observed for the 1/D2O process, indicating that chemisorbed 1 

does not react with D2O. Film growth occurs exclusively by gas-phase 1 reacting with residual 

water in the chamber. Evidence for gas-phase reactions was obtained by two control experiments 

at 300 °C. First, 40 exposures of 1 only, each separated by an N2 purge with no co-reactant, lead 

to a total film thickness of 1.4 nm, with a saturating behavior (i.e., a non-linear deposition rate). 

Second, sequential co-dosing of 1 and D2O at different pressures demonstrates that gas-phase 

reactions are the sole source of TiO2 deposition. Furthermore, no change is observed in the optical 
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phonon modes of SiO2, confirming that film growth does not occur from the oxidation of 1 by the 

Si(111)–SiO2–OH surface. The steric and electronic effects of the EtCp group on the titanium 

center likely prevent the reaction of chemisorbed 1 with D2O. The findings herein are consistent 

with DFT models predicting the lack of reactivity of adsorbed Cp*Ti(OMe)3 with water due to the 

steric and electronic effects of the Cp* group on the titanium metal center.89 Consistent with gas-

phase products, in which ligand removal may be incomplete, XPS data show that films grown at 

≥250 °C contained 3.4 at.% carbon after removal of adventitious carbon by 30 s of argon ion 

sputtering. By contrast, ozone is capable of combusting the EtCp group, thus, the electronic and 

steric effects on the titanium metal center do not inhibit the reactivity of chemisorbed 1 with ozone. 

Interestingly, ALD processes for Group 4 oxides ZrO2 and HfO2 have been reported from Cp-

containing precursors using either ozone33, 39, 43, 46-49, 52-54 or water40-42, 44-45, 47, 50-52 as the coreactant. 

The larger radii of the Zr4+ and Hf4+ cations and the reactive nature of the methyl ligand used in 

several of these precursors enables more of the metal center to coordinate to the surface and be 

exposed during the water pulses.89 These results point to two important phenomena in ALD that 

have not been appreciated. First, if water-reactive precursors are passivated by adsorption on the 

initial substrate, water-based ALD processes may be inhibited. Second, gas-phase reactions must 

be considered for precursors that are very reactive with water, since they may not always be 

negligible regardless of whether or not initial chemisorption prevents further reaction of the surface 

species. The geometry and nature of the metal center of the adsorbed precursor are important 

factors in its continued reactivity with the co-reactant. 
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4.1! Abstract 

The transformation of an oxide substrate by its reaction with a chemical precursor during atomic 

layer deposition (ALD) has not attracted much attention, as films are typically deposited on top of 

the oxide substrate. However, any modification to the substrate surface can impact the electrical 

and optical properties of the device. We demonstrate herein the ability of a precursor to react deep 

within an oxide substrate to form an interfacial layer that is distinct from both the substrate and 

deposited film. This phenomenon is studied using a scandium precursor, Sc(MeCp)2(Me2pz) (2, 

MeCp = methylcyclopentadienyl, Me2pz = 3,5-dimethylpyrazolate), and five oxide substrates 

(SiO2, ZnO, Al2O3, TiO2, HfO2). In situ Fourier transform infrared (FTIR) spectroscopy shows 

that at moderate temperatures (~150 °C), the pyrazolate group of 2 reacts with the surface hydroxyl 

groups of OH-terminated SiO2 substrates. However, at slightly higher temperatures (≥225 °C) 

typically used for the ALD of Sc2O3, there is a direct reaction between 2 and the SiO2 layer, in 

addition to chemisorption at the surface hydroxyl sites. This reaction is sustained by sequential 

exposures of 2 until a ~2 nm thick passivating interface layer is formed, indicating that 2 reacts 

with oxygen derived from SiO2. A shift of the Si 2p core level position, measured by ex situ X-ray 

photoelectron spectroscopy, is consistent with the formation of a ScSixOy layer. Similar 

observations are made following the exposure of a ZnO substrate to 2 at 275 °C. In contrast, Al2O3, 

TiO2, and HfO2 substrates remain resistant to reaction with 2 under similar conditions, except for 

a surface reaction occurring in the case of TiO2. These striking observations are attributed to the 

differences in the electrochemical potentials of the elements comprising the oxide substrates to 

that of scandium. Precursor 2 is able to react with SiO2 or ZnO substrates, since the constituent 

elements of these oxides have less-negative electrochemical potentials than do aluminum, 
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titanium, and hafnium. Once chemisorbed on any of these surfaces, 2 is inert to water, presumably 

due to the protection of the scandium center by the MeCp groups (steric hindrance). However, 

some Sc2O3 is deposited by gas-phase reactions due to residual water vapor in the reactor. The 

extent of gas-phase reactions contributing to film growth is governed by the relative pressure of 

water vapor in the presence of 2. These results suggest caution when using very reactive, oxophilic 

precursors such as 2 to avoid misinterpreting unconventional film deposition as that resulting from 

a standard ALD process. 

!

4.2! Introduction 

The nature of the interface between an electronic material and a deposited oxide film often 

determines the electronic properties of the device.1-3 On the one hand, although high-κ rare earth 

oxides constitute next generation gate oxide materials as replacements for SiO2 in metal-oxide 

semiconductor field-effect transistors,4-9 the formation of an interface layer has been shown to 

severely degrade the effective dielectric constant and compromise properties of the device. For 

example, the formation of an yttrium silicate interfacial layer during the thermal oxidation of 

yttrium on SiO2 results in a lowering of the effective dielectric constant,10 which can degrade 

device performance. On the other hand, the growth of multielement oxide films could be beneficial 

for applications such as transparent conductors or photonic devices. For example, the incorporation 

of scandium into erbium silicate films results in a redshifted emission peak due to the increased 

crystal field strength resulting from the small ionic radius of the Sc3+ ion, suggesting the use of 

erbium-scandium silicates in the fabrication of future photonic devices.11 Additionally, scandium 

can be an effective donor in ZnO due to its 3+ valency, contrary to other 3d elements that have an 
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isovalent oxidation state (2+) in ZnO.12 Accordingly, scandium-doped ZnO films might be a useful 

substitute for ZnO:Al or ZnO:Ga materials for ZnO-based transparent integrated circuits and field 

effect transistors.12 Other applications for scandium incorporation into zinc oxides include 

scandium-doped ZnO films13 that exhibit room-temperature ferromagnetism and scandium-doped 

ZnCdO14 as a promising n-type material with excellent properties for high-temperature 

thermoelectric applications. The ability to grow and control ultra-thin layers of these multielement 

oxide materials is therefore critical to enable the application of these technologies in future devices. 

Atomic layer deposition (ALD) is a leading technique for thin film deposition because it affords 

conformal films with angstrom-level precision.15-20 The process generally involves two 

complementary, self-limiting surface reactions, where the gas-phase reactants are separated from 

one another by an inert gas purge. An ALD process is often initiated by the chemisorption of the 

metal-containing precursor to functional groups (e.g., OH) on an oxide surface. This critical first 

step is considered to be complete when all available surface sites are consumed, yielding a 

monolayer of the adsorbed species. The ALD process is generally defined by its steady-state 

parameters (i.e., growth rate and ALD window), during which ligand exchange occurs. The 

interaction of the precursor with the substrate beyond its initial reaction with the surface functional 

groups is seldom considered because the substrate usually remains inert after the surface reaction.  

Numerous cyclopentadienyl (Cp) precursors of the rare earth elements have high thermal 

stabilities, are easily hydrolyzed,21,22 and have been used to achieve impressive deposition rates 

for metal oxide ALD processes with water as a coreactant; e.g., Sc2O3,23-26 Y2O3,27-34 La2O3,35-41 

CeO2,42 Pr2O3,34 Gd2O3,25,26,34,43 Dy2O3,34 Er2O3,44,45 Yb2O3,31 Lu2O3.46 For scandium-containing 

films, Sc(Cp)3
23,47 and Sc(MeCp)3

24-26 have been used with water for the ALD of Sc2O3 and 
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ScMxOy (M = Al, Y, or Gd), while Sc(iPrCp)3
31  has been used with ozone for the ALD of Sc2O3. 

All processes for Sc2O3 ALD from Cp-based precursors are characterized by growth rates of 0.6–

1.0 Å/cycle; however, the underlying mechanisms have been largely unexplored. In a lone in-situ 

study, Adelmann and coworkers25 investigated Sc2O3 and Gd2O3 ALD processes from Sc(MeCp)3 

or Gd(iPrCp)3 precursors with water as a coreactant. This quadrupole mass spectrometry (QMS) 

study showed that the Sc2O3 deposition process was temperature dependent within the self-limiting 

growth regime (250 to 350 °C) and was influenced by the nature of the substrate surface (i.e., 

hygroscopicity) for the first 1.5 nm of film growth. 

Within this context, we explore herein the reactivity of a scandium precursor, Sc(MeCp)2(Me2pz) 

(2, MeCp = methylcyclopentadienyl, Me2pz = 3,5-dimethylpyrazolate), with five oxide substrates 

(SiO2, ZnO, Al2O3, TiO2, HfO2). This heteroleptic precursor is volatile and thermally robust, and 

the substitution of a MeCp group for a Me2pz group is expected to increase the reactivity of 2 

toward surface hydroxyl groups relative to that of Sc(MeCp)3. Combining in situ Fourier transform 

infrared (FTIR) spectroscopy and ex situ X-ray photoelectron spectroscopy (XPS), we find that 2 

chemisorbs on OH-terminated SiO2 surfaces at ≥150 °C by the reaction of its pyrazolate group 

with surface hydroxyl groups, yielding a Si–O–Sc(MeCp)2 surface. However, at temperatures used 

for the ALD of high-quality Sc2O3 films (≥225 °C), 2 is observed to react directly with SiO2 (and 

ZnO) upon additional sequential exposures, forming an interfacial ScSixOy (or ScZnxOy) layer. In 

contrast, Al2O3, TiO2, and HfO2 substrates do not react with 2 at 275 °C, even when 2 clearly reacts 

with surface sites (i.e., no 3-D interfacial layers are formed). The selective reactivity of 2 with 

oxide substrates is correlated with the electrochemical potentials of the elements comprising the 

oxides. Additionally, despite the high reactivity of 2 with water in the gas phase, the Si–O–
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Sc(MeCp)2 surface does not react with water at 275 °C. This observation is particularly surprising 

given the previous reports of Sc2O3 ALD from Cp-based scandium precursors with water.23-26,47 

The passivity of chemisorbed 2 to water is attributed to the steric and electronic effects of the 

MeCp groups of 2 on the scandium center, as was recently suggested for Cp-based titanium 

precursors.48,49 The formation of controlled and graded ultra-thin multicomponent oxide layers, 

such as ScSixOy or ScZnxOy by an ALD-like process is interesting because it can be integrated into 

an ALD process flow and enable exquisite control of interfacial properties, pursuant to the 

fundamental understanding derived herein.  

 

4.3! Experimental 

Double-side-polished, float-zone grown Si(111) wafers (550 ± 15 µm thick, lightly n-doped, ρ 

~20–60 Ω·cm) with a native oxide (2.0 nm) were cut into 3.8 × 1.5 cm2 samples to fit the sample 

holder in a home-built ALD reactor. Sample cleaning and the establishment of a hydroxyl-

terminated oxide surface were performed as previously described.49 The use of these substrates 

can be assumed for all experiments unless specifically stated otherwise. Double-side-polished, 

Czochralski-grown Si(100) wafers (675 ± 25 µm thick, n-doped, ρ ~1–10 Ω·cm) with a 15 nm 

thick thermal oxide were obtained from WaferPro LLC and prepared in an analogous manner. 

Preparation of atomically flat, monohydride-terminated Si(111) substrates (Si(111)–H) entailed 

additionally etching the Si(111) with native oxide (2.0 nm) samples in a 49% HF aqueous solution 

(30 s) followed by immersion in a 40% NH4F aqueous solution (2.5 min).50 Each sample was then 

quickly rinsed with DI water and dried with N2 gas before loading into the N2-purged ALD reactor, 

where a base pressure of 10−4 Torr was established and maintained via an Adixen Drytel 1025 C 
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turbo pump backed by an Adixen AMD 4C mechanical diaphragm (oil-free) pump. All substrates 

were subjected to a 5 min preanneal at 400 °C prior to exposure to precursors to densify the oxide 

and isolate surface hydroxyl groups on the silicon substrates.  

Metal oxide substrate films were grown by ALD on Si(111)–SiO2 wafers using a Cambridge 

Nanotech Savannah reactor operating at a base pressure of 0.35 Torr. The pressure change (ΔP) in 

the reactor chamber was monitored during each precursor exposure. Al2O3 films were deposited 

using trimethylaluminum (0.015 s pulses, ΔP = 340 mTorr) and H2O (0.015 s pulses, ΔP = 140 

mTorr) with 8 s N2 purges between each precursor pulse. The precursors were delivered by vapor 

draw in ampoules maintained at room temperature. Depositions were performed for 30 cycles at 

250 °C, resulting in ~3 nm thick films. TiO2 films were deposited using Ti(NMe2)4 (0.1 s pulses, 

ΔP = 80 mTorr) and H2O (0.015 s pulses, ΔP = 270 mTorr) with 10 s N2 purges between each 

precursor pulse. The Ti(NMe2)4 and water precursors were delivered by vapor draw in ampoules 

maintained at 75 °C and room temperature, respectively. Depositions were performed for 75 cycles 

at 200 °C, resulting in ~3 nm thick films. ZnO films were deposited using diethylzinc (0.03 s 

pulses) and H2O (0.1 s pulses) with 20 s N2 purges between each precursor pulse. The precursors 

were delivered by vapor draw in ampoules maintained at room temperature. Depositions were 

performed for 150 cycles at 200 °C, resulting in ~20 nm thick films. HfO2 films were deposited 

using Hf(NMe2)4 (0.2 s pulses, ΔP = 300 mTorr) and H2O (0.015 s pulses, ΔP = 140 mTorr) with 

10 s N2 purges between each precursor pulse. The Hf(NMe2)4 and water precursors were delivered 

by vapor draw in ampoules maintained at 75 °C and room temperature, respectively. Depositions 

were performed for 30 cycles at 200 °C, resulting in ~3 nm thick films.  



 

71 

Precursor 2 was provided by EMD Performance Materials. Experiments exploring substrate 

selectivity consisted of sequential exposures of  2 with 10 min purges of purified N2 gas (500 sccm, 

<0.1 ppb O2) between each exposure. Deposition experiments using water consisted of exposures 

of 2 and D2O (99.9 at. % D, Sigma-Aldrich), with 10 min purges of purified N2 gas (500 sccm, 

<0.1 ppb O2) between each precursor pulse. Deuterated water was used to distinguish between 

species associated with the deposition process and potential changes in water vapor adsorption on 

the spectrometer mirrors and detector surface. Compound 2 and D2O were contained in stainless 

steel ampoules maintained at 105 °C and room temperature, respectively, and were delivered at a 

pressure recorded inside the reactor as indicated. Precursor exposure parameters were kept 

constant throughout the study, unless otherwise stated: 2 (2 s pulse, ΔP = 3 mTorr) and D2O (1 s 

pulse, ΔP = 120 mTorr). The gaseous mean free path (GMFP) for water vapor was calculated as 

previously described49: 2.32 × 10–4 m at 300 mTorr and 373 K. 

The ALD chamber was interfaced to a Thermo Nicolet 6700 infrared interferometer (400−4000 

cm−1 range), equipped with a liquid-N2 cooled broadband mercury cadmium telluride (MCT-B) 

detector. A single-pass transmission at Brewster incidence (~74° to normal) was used to minimize 

substrate phonon absorbance in the low frequency region (<1000 cm–1) and to increase sensitivity 

of all components (parallel and perpendicular to the surface) of surface species. Gate valves were 

used to protect the potassium bromide (KBr) windows from the precursor gases during the ALD 

cycles. The temperature of the silicon sample was controlled by resistive heating and monitored 

with a K-type thermocouple spot-welded onto a tantalum clip firmly attached at the center of the 

long edge of the silicon substrate. The temperature of the reactor chamber was maintained at ~100 
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°C. The temperature of the silicon substrate was maintained at 115 °C during IR measurements. 

Corrections to the baseline of IR spectra were made as required to remove effects due to scattering. 

XPS measurements focused on Sc 2s, Sc 2p, O 1s, C 1s, N 1s, Si 2p, Zn2p3/2, Al 2p, Ti 2p, and Hf 

4d core levels. Details regarding the spectrometer and software were previously described.49 

Sputtering was performed over a 2 × 2 mm2 area using 1 keV argon ions supplied by an argon 

sputter gun positioned at a 45° angle with respect to the substrate normal. Measurements were 

made over a 0.8 × 0.8 mm2 area. Corrections to the spectra were made by aligning the signals from 

adventitious carbon (C 1s) and bulk silicon (Si 2p) to 284.5 and 99.3 eV, respectively. 

Deconvolution of the Sc 2p3/2 and N 1s ionizations was performed by calculating the ratio of the 

Sc 2p3/2 and Sc 2p1/2 peaks using the CasaXPS software package and using the sensitivity factors 

for scandium (4.21) and nitrogen (1.8) to quantify the contributions of these elements to the Sc 

2p3/2 peak as a function of sputter depth. The thickness of each film was calculated by measuring 

the attenuation of the silicon core level, as previously described.49 The inelastic electron mean free 

paths (IEMFP) were obtained from the NIST IMFP database: 2.892 nm for Sc2O3 and 3.772 nm 

for SiO2. 

 

4.4! Results and Discussions 

4.4.1! Chemisorption of Sc(MeCp)2(Me2pz) and Its Reaction with Oxide Substrates 

The purity of 2 was first determined by recording the IR absorbance spectrum of gas-phase 2 in 

the ALD reactor after trapping the gas after a 1 s pulse at 100 °C while keeping the window gate 

valves open. First-principles calculations were performed to quantify the vibrational modes of gas-
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phase 2 using the Schrödinger software package (LACVP**/B3LYP). The experimental spectrum 

is characterized by all expected vibrational modes and much weaker contributions from modes 

associated with hydroxylated 2 and free MeCp, presumably resulting from the gas-phase 

hydrolysis of 2 by residual water in the reactor chamber at 100 °C.  

Next, the deposition parameters were explored by exposing a cleaned hydroxyl-terminated 

oxidized Si(111) substrate (2 nm native oxide) to successive 1 s pulses of 2 at 150 °C, and 

recording the IR absorbance after each pulse. Approximately 76% of the isolated-OH surface 

groups (3743 cm−1) are consumed after the first 1 s pulse of  2 ; concurrently, vibrational modes 

appear that are associated with adsorbed 2, including modes for the out-of-plane wagging of C–H 

on the Cp ring (710–805 cm−1) and the stretching mode for Si–O–Sc (1010 cm–1). The stretching 

mode for C–N (~1268 cm−1) is not observed, indicating removal of the Me2pz group upon 

chemisorption of 2 to the surface at 150 °C, likely by the liberation of HMe2pz as a volatile 

byproduct. A loss in the SiO2 longitudinal optical (LO) phonon mode (1236 cm−1) and a shift in 

the SiO2 transverse optical (TO) phonon mode from 1021 to 1036 cm−1 (relative to the preannealed 

substrate) are also observed after the first 1 s pulse of 2. Based on these observations, a 2 s pulse 

is determined to be optimal to ensure saturative adsorption of 2. Using these conditions, the thermal 

stability of chemisorbed 2 was subsequently examined by recording the IR spectrum after 

annealing the substrate for 5 min intervals to progressively higher temperatures. No changes were 

observed upon annealing to 400 °C, demonstrating the high thermal stability of the O–Sc–(MeCp)2 

surface species. 

The chemisorption of 2 was subsequently investigated at 225 and 300 °C, which are typical 

temperatures for Sc2O3 ALD. Figure 4.1 shows the resulting IR absorption spectra after exposure 
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of the Si(111)–SiO2–OH substrate to 20 sequential doses of 2, where each dose was separated by 

a N2 purge with no coreactant. After 20 exposures of 2 at 225 or 300 °C, appreciable losses are 

observed in the SiO2 phonon modes (LO: 1240 cm−1, TO: 1056 cm−1) in addition to the expected 

loss of the mode at 3743 cm–1 associated with the initial reaction of 2 with surface OH groups 

(Figure 4.1). The integrated areas for the loss in the SiO2 LO mode are –0.02174 and –0.01019 at 

300 and 225 °C, respectively. These observations indicate that 2 reacts directly with the SiO2 

substrate at ≥225 °C, and the extent of the reaction is more than twice as great at 300 °C as 

compared to 225 °C. The absorption bands at 942 and 995 cm−1 are attributed to Sc–O–Sc and Sc–

O–Si bonding, respectively. Additional absorbance features centered at 1457 and 1559 cm−1 are 

very intense at 225 °C and weak at 300 °C. These modes are attributed to monodentate and 

chelating bidentate carbonate species, respectively. The shoulder at 1635–1735 cm–1 is tentatively 

assigned to a bridged bidentate carbonate species. XPS data show slightly more scandium (4.9 

versus 4.6 at.%) and less silicon after 5 s of sputtering the surface for the experiment performed at 

300 °C versus that performed at 225 °C. Calculated film thicknesses are 1.72 and 1.41 nm for films 

grown at 300 and 225 °C, respectively, confirming the thermal dependence on the extent of the 

reactivity of the SiO2 layer toward 2.  

For comparison, an IR study of ALD La2O3 films grown using La(Cp)3 and water at 260 °C 

revealed modes at 1400 and 1480 cm–1 due to the ν3 stretching modes of carbonate species.37 A 

second study employed in situ IR to monitor ALD-grown La2O3 films from La(iPrCp)3 and water 

at 160 °C.41 A band at 1550 cm–1 was proposed to possibly originate from a bidentate carbonate 

species, while bands at 1400 and 1460 cm–1 were attributed to the ν3 stretching modes of 

monodentate carbonate species. Within that same study, an analogous deposition performed at 
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350°C yielded a film with bands at 1350 and 1450 cm–1, which were attributed to monodentate 

carbonate species. The C–H deformation modes of the iPr moieties were very prominent for films 

grown at 350 °C, suggesting that carbonate formation was suppressed at higher temperatures.  

!

 
 

Figure 4.1. Cumulative IR absorbance spectra taken after 20 sequential 2 s exposures of 2 to 
Si(111)–SiO2–OH substrates at 225 (top) and 300 °C (bottom). The native oxide layer is 2 nm 
thick. Each spectrum is referenced to the spectrum of the respective starting preannealed substrate. 
! !

Next, an analogous experiment was performed on a Si(111)–H substrate at 225 °C to study the 

chemisorption process in the absence of a native oxide layer. After 20 sequential exposures of the 

oxide-free surface to 2, film deposition still occurred, although there was no evidence of ligand 

exchange. Also, only 2.5 at.% scandium was detected by XPS  and the resulting 0.83 nm thick film 

was appreciably thinner than the film grown on the Si(111)–SiO2–OH substrate at the same 

temperature. Consequently, we hypothesize that in the absence of an oxide layer, film deposition 
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on the Si(111)–H substrate results from gas-phase reactions between 2 and residual water vapor in 

the vicinity of the sample surface, since there is no observed reaction with silicon. The thicker 

films measured on the Si(111)–SiO2–OH substrates result from the direct reaction of 2 with SiO2 

at ≥225 °C, in addition to this gas-phase contribution. Since Sc2O3 is not hygroscopic,26 adsorbed 

water is not expected to be present on the ScSixOy surface; consequently, gas-phase reactions are 

likely facilitated by water desorbed from the chamber walls.  

The reactivity of the Si(111)–SiO2–OH substrate toward 2 was then examined in more detail by 

exposing the surface to sequential doses of 2 at 275 °C, and recording the IR absorbance after each 

dose of 2 to monitor subtle changes to the SiO2 layer. Figure 4.2a show that losses in the SiO2 LO 

(1240 cm–1) and TO (1040 cm–1) phonon modes continue for the first ~7 exposures of 2. The IR 

spectrum taken after the 8th exposure of 2 and referenced to the starting preannealed substrate 

reveals the extent of Sc–O–Sc (942 cm–1) and Sc–O–Si (995 cm–1) bonding and the cumulative 

losses in the SiO2 phonon modes (Figure 4.2b). Additionally, modes associated with surface 

carbonates are observed at 1431 and 1545 cm–1.  

XPS analysis shows that the film contains 6.9 at.% scandium after removal of adventitious carbon 

contamination by 5 s of 1 keV argon ion sputtering (Figures 4.3). The O 1s core level position also 

moves to a slightly lower binding energy upon sputtering. If an underlying SiO2 layer were present, 

sputtering through the metal oxide layer would result in an O 1s core level at a higher binding 

energy.51 Thus, the O 1s core level position indicates that the entire 2 nm SiO2 layer was 

transformed by 2 to ScSixOy. Additionally, the Si 2p core level is centered at 99.5 eV with a high-

energy shoulder prior to sputtering and shifts to 99.3 eV after sputtering through the scandium-

containing layer, suggestive of a substoichiometric SiOx species at the interface between the 
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ScSixOy layer and bulk silicon. These data demonstrate that the 2 nm thick SiO2 layer completely 

reacts with 2 at 275 °C after approximately 7 exposures of 2.  

!

!
!

Figure 4.2. IR absorbance spectra taken after sequential 2 s exposures of 2 to a Si(111)–SiO2–OH 
substrate at 275 °C. The native oxide layer is 2 nm thick. (a) Differential spectra where each 
spectrum is referenced to the previous spectrum. Losses in the SiO2 LO and TO phonon modes are 
indicated by the red box. (b) Cumulative spectrum where the spectrum taken after the 8th exposure 
of 2 is referenced to the spectrum of the starting preannealed substrate. Losses in the SiO2 LO and 
TO phonon modes are indicated by red arrows. Gains in phonon modes associated with Sc–O–Sc 
and Sc–O–Si bonding are indicated by blue arrows. 
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To investigate the depth of this chemical transformation, an identical experiment was performed 

on a Si(111)–SiO2–OH substrate with a much thicker (15 nm) oxide. Losses are observed in the 

SiO2 phonon modes that attenuate before the 10th exposure of 2, proving that the passivating 

interface layer grows during the first 7–10 exposures of 2 at 275 °C, regardless of the thickness of 

the SiO2 surface layer. For comparison, a previous study evaluated a Sc/SiOx/Si system by XPS 

after evaporating scandium metal onto a 1.5 nm thick SiOx surface layer maintained at room 

temperature.52 A redox reaction was confirmed at the Sc/SiOx interface following the deposition 

of a 3.1 nm thick scandium film. Analysis of the Si 2p core level showed a small new peak, 

corresponding to silicon atoms in a local environment that is different from that inside bulk silicon. 

The core level spectra of oxygen and scandium indicated a mixed oxide at the Sc/SiOx interface 

measuring less than one monolayer in thickness. The 1.5 nm SiOx layer was reduced to 1.2 nm by 

the deposition of scandium metal, amounting to a loss equivalent to one monolayer and roughly 

equivalent to the new ~0.5 nm thick Sc2O3 layer. Accordingly, only a very thin passivating layer 

is required to prevent the further reduction of SiOx by scandium metal at room temperature. As 

expected and demonstrated herein, 2 is less reactive than scandium metal and the reaction between 

SiO2 and 2 does not commence until ≥225 °C. Importantly, however, the requisite thickness for 

SiO2 passivation by the resulting interface layer is thermally regulated, and approximately 2 nm 

of SiO2 reacts with 2 at 275 °C to form ScSixOy. 
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Figure 4.3. X-ray photoemission spectra of the (a) Sc 2p, (b) O 1s, and (c) Si 2p orbitals of a 
ScSixOy film resulting from eight 2 s exposures of 2 to a Si(111)–SiO2–OH substrate (2 nm oxide) 
at 275 °C. The bottom spectrum (black trace) shows the as-deposited film. The colored spectra 
show the film after intervals of 1 keV argon ion sputtering. 
 

Given the unexpected reactivity of SiO2 with 2, we subsequently explored the reactivities of a 

series of ALD-grown metal oxide substrates toward 2. First, a 20 nm-thick ZnO film was grown 

on a cleaned oxidized Si(111) substrate. As with the Si(111)–SiO2–OH substrates, sequential 

exposures of ZnO to 2 at 275 °C result in a sustained reaction between the oxide substrate and 2. 

IR absorbance spectra referenced to the initial preannealed substrate reveal losses associated with 

the LO component of the E1 and A1 phonon modes that continue for the first ~20 exposures of 2 

(Figure 4.4).53 The composition of the resulting layer was carefully examined by XPS (Figure 4.5). 

The Sc 2p core level shows the presence of scandium in the film, which amounts to 4.8 at.% after 

removal of surface contamination by 5 s of 1 keV argon ion sputtering. The O 1s core level shows 

the presence of two species, likely from ScZnxOy and ZnO, as not all of the ZnO layer is 

transformed. The Zn 2p core level shows ionizations consistent with ZnO at 1043.2 (2p1/2) and 

1020.6 eV (2p3/2). 
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Figure 4.4.  Cumulative IR absorbance spectra taken after sequential 2 s exposures of 2 to a ZnO 
substrate at 275 °C. The oxide layer is 20 nm thick. Each spectrum is referenced to the starting 
preannealed substrate to show the cumulative change to the ZnO layer.  
!
!
 

 
 
Figure 4.5. X-ray photoemission spectra of the (a) Sc 2p, (b) O 1s, and (c) Zn 2p orbitals of a 
ScZnxOy film resulting from 25 2 s exposures of 2 to a ZnO substrate (20 nm oxide) at 275 °C. 
The bottom spectrum (black trace) shows the as-deposited film. The colored spectra show the film 
after intervals of 1 keV argon ion sputtering. 
 

Identical experiments were subsequently performed on Al2O3, TiO2, and HfO2 substrates, where a 

3 nm thick film of each metal oxide was grown by ALD on Si(111)–SiO2 substrates. Figure 4.6 
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shows the differential IR absorbance spectra taken after the 1st, 2nd, and 5th exposures of 2 to the 

Al2O3 (a), TiO2 (b), and HfO2 (c) substrates. Significantly, the Al2O3 and HfO2 substrates remain 

completely unmodified in the presence of 2 at 275 °C. Specifically, no changes are observed in the 

regions corresponding to the phonon modes of Al2O3 (TO ~730 cm–1, LO ~930 cm–1)54 and HfO2 

(LO ~680 cm–1)55,56. A loss in the TiO2 LO phonon mode (842 cm–1)57 occurs after the first two 

exposures of 2, due to a surface reaction; however, reactivity between the TiO2 substrate and 2 is 

not sustained at 275 °C. Cumulative IR absorbance spectra show no changes to these three oxide 

substrates after the 2nd exposure of 2 , except for the deposition of carbonates (1330–1635 cm–1) 

on all surfaces , suggesting that these species originate from gas-phase reactions between 2 and 

residual water vapor. Since there is no reaction with these substrates, we attribute the detection of 

scandium (Sc2O3) by XPS to gas-phase reactions, as described later in the context of the 2/D2O 

deposition process. After 5 s of 1 keV argon ion sputtering, the scandium content was 2.0, 4.9, and 

4.3 at.% for Al2O3 , TiO2, and HfO2 substrates, respectively. 

There is a clear difference in the reactivity of 2 toward SiO2 and ZnO substrates as compared to 

Al2O3, TiO2, and HfO2 substrates, suggesting that the precursor/substrate combination governs the 

extent of the reactivity. For instance, we recently reported an ALD process for TiO2 films using a 

Cp-based titanium precursor, (EtCp)Ti(NMe2)3, Et = CH2CH3, with ozone at 250–300 °C.49 

Reactivity was limited to the surface reaction between (EtCp)Ti(NMe2)3 and surface hydroxyl 

groups within the examined temperature range of 150–300 °C. In contrast to 2, subsequent 

exposures of (EtCp)Ti(NMe2)3 did not react with the SiO2 layer. Accordingly, XPS data for the O 
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Figure 4.6. Differential IR absorbance spectra taken after sequential 2 s exposures of 2 to 3 nm 
thick (a) Al2O3, (b) TiO2, and (c) HfO2 substrates. All substrates were maintained at 275 °C. Each 
spectrum is referenced to the spectrum of the previous cycle: 1st-ref-preanneal, 2nd-ref-1st, 5th-
ref-4th. 
 

1s core level showed a shift to a higher binding energy upon sputtering, indicating that the TiO2 

film was distinguishable from the underlying SiO2 layer.51 The difference in reactivities between 

(EtCp)Ti(NMe2)3 and 2 toward an SiO2 substrate may be explained by the difference in the 

electrochemical potentials between titanium and scandium. The electrochemical reduction for SiO2 

to silicon is described by the equation: SiO2(s) + 4H+ + 4e– ↔ Si(s) + 2H2O, E0 = –0.990 V.58 Table 

4.1. shows the standard electrochemical potentials of selected metals. Given the inertness of 
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(EtCp)Ti(NMe2)3 to SiO2, the ability of 2 to react with SiO2 may be due to the more negative 

electrochemical potential of scandium metal (Sc(III) ↔ Sc(0), E0 = –2.09 V) versus that of titanium 

metal (Ti(II) ↔ Ti(0), E0 = –1.60 V), despite very similar bond dissociation energies for bonding 

to oxygen (Sc–O: D°298 = 671.4±1 kJ mol–1, Ti–O: D°298 = 666.5±5.6 kJ mol–1).59 Thus, the ability 

of a metal precursor to react with an oxide substrate might depend on the difference in the 

electrochemical potentials between the metal comprising the precursor and the element comprising 

the oxide substrate. Consistent with this theory, 2 reacts to an even greater extent with a ZnO 

substrate (Zn(II) ↔ Zn(0), E0 = –0.762 V) at 275 °C than it does to a SiO2 substrate at the same 

temperature. The much more negative electrochemical potentials of aluminum, titanium, and 

hafnium (≤1.55 V) render these oxide substrates chemically inert toward 2 at 275 °C. 

 
Table 4.1. Standard electrochemical potentials of selected metals. Listed from58 

 
Reaction E0 (volts) 

Sc3+ + 3e– ↔ Sc(s) –2.09 

Al3+ + 3e– ↔ Al(s) –1.677 

Ti2+ + 2e– ↔ Ti(s) –1.60 

Hf4+ + 4e– ↔ Hf(s) –1.55 

Zn2+ + 2e– ↔ Zn(s) –0.762 

 
!!
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4.4.2! 2/D2O Deposition Process and Stability of Chemisorbed 2 

As described above, the chemisorption of 2 on a Si(111)–SiO2–OH substrate results in a thermally-

stable Si–O–Sc(MeCp)2 surface species. Additionally, it has been established that 2 reacts with 

SiO2 and residual water vapor in the reactor chamber. With this understanding, the ALD process 

using 2 and D2O as precursors was evaluated at 275 °C. This study employed the same Si(111)–

SiO2–OH substrate as that used for previous experiments, where the SiO2 layer was 2 nm thick. 

Twenty cycles of alternating pulses of 2 and D2O were dosed into the reactor at 275 °C, with 10 

min N2 purges applied between each pulse. Figure 4.7 shows differential (a) and cumulative (b) 

IR absorbance spectra for this experiment. Figure 4.7a shows losses in the modes for the isolated 

surface hydroxyl groups (3743 cm−1) and the LO (1237 cm–1) and TO (1059 cm–1) SiO2 phonons 

following the first exposure of 2. However, ligand exchange does not occur after 20 cycles of the 

2/D2O process and the OD stretching mode (∼2743 cm−1) is not observed, which is expected for 

an ALD process using D2O.54
 Figure 4.7b shows the Sc–O–Sc (942 cm–1) and Sc–O–Si (997 cm–

1) modes, which are detected after the first ALD cycle. The intensity of the Sc–O–Sc mode 

increases with the number of cycles, as more Sc2O3 is deposited on the surface. Also, surface 

carbonates (1433 and 1545 cm–1) are observed to accumulate during the deposition process along 

with species containing CHx bonds (2750–3000 cm–1), that latter of which may be attributed to the 

MeCp groups of incomplete gas-phase reaction products. 

As mentioned above, the reaction of the SiO2 substrate with 2 and the gas-phase reactions between 

2 and residual water vapor result in film deposition even in the absence of an ALD process. Indeed, 

XPS analysis reveals a 3.86 nm thick Sc2O3 film after 20 cycles of the 2/D2O process at 275 °C 

(Figure 4.8). After 5 s of 1 keV argon ion sputtering, the Sc 2p core level shows two ionizations at 
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401.8 (2p3/2) and 406.1 (2p1/2) eV, which are attributed to scandium in Sc2O3. The film contains 

6.5 at.% carbon after removal of adventitious surface contamination by 30 s of sputtering. Carbon 

in the film is consistent with the deposition of gas-phase products in which ligand removal might 

be incomplete.49 Interestingly, in contrast to the film derived from 20 exposures of 2 on Si(111)–

SiO2–OH with no coreactant, the Si 2p core level for the film derived from 20 cycles of 2/D2O 

does not show a shift in the ionization with sputtering, but rather the presence of two overlapping   

likely overcoats the ScSixOy interface and contributes to passivation, reducing the extent to which 

the remaining SiO2 is converted to additional ScSixOy by 2. Consistent with this theory, inspection 

of the O 1s core level reveals two ionizations at the surface, likely from ScSixOy and Sc2O3. 

Sputtering results in a single ionization that migrates to a higher binding energy, as the removal of 

the scandium-containing layers enables the detection of the underlying SiO2.51 Analysis of the IR 

data can be used to quantify the passivating effect of the Sc2O3 film during the 2/D2O deposition 

process. Experiments entailing 8 exposures of 2 only (Figure 4.2b) and 20 cycles of 2/D2O (Figure 

4.7b) result in integrated areas for the loss in the SiO2 LO mode amounting to 0.026 and 0.019, 

respectively. It has been established that the entire 2 nm SiO2 layer reacts after ~7 sequential 

exposures of 2 (with no coreactant) at 275 °C. Thus, during the 2/D2O deposition process, only 

73% of the 2 nm thick SiO2 layer reacts with 2 at 275 °C. Without the use of D2O, the rate of gas-

phase Sc2O3 deposition is greatly reduced, and the passivation of SiO2 occurs primarily through 

the formation of a ScSixOy interface layer. 
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!
!
Figure 4.7. IR absorbance spectra for the 2/D2O deposition process at 275 °C (a) Differential 
spectra taken after the 1st and 20th cycles: each half-cycle is referenced to the preceding half-
cycle, such that the nth 2 (Sc) and nth D2O spectra were obtained after the 2 pulse/N2 purge and 
the D2O pulse/N2 purge, respectively, of cycle n. (b) Cumulative spectra taken after the 1st, 3rd, 
17th, and 20th cycles : each spectrum is referenced to the spectrum of the starting preannealed 
substrate. 
 

 

!
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Figure 4.8. X-ray photoemission spectra of the (a) Sc 2p, (b) O 1s, and (c) Si 2p orbitals of a Sc2O3 
film resulting from 20 cycles of 2/D2O at 275°C. The bottom spectrum (black trace) corresponds 
to the as-deposited film. The colored spectra correspond to the film after intervals of 1 keV argon-
ion sputtering. 
 

The pressures of the precursor gases in the reactor determine the mean free paths of the precursor 

molecules, and thus, govern the extent of film deposition by gas-phase processes. As we recently 

described,49 a very high background pressure of water causes the precursor dose to be fully 

consumed at the inlet of the source line, preventing any film deposition on the substrate. We 

examined the effect of the D2O background pressure on Sc2O3 film growth using a Si(111)–SiO2–

OH substrate at 275 °C, by sequentially pulsing 2 and D2O into the reactor with N2 purges applied 

at the end of each codosing cycle but not between precursor pulses of the same cycle. As expected, 

when a high pressure of D2O (300 mTorr) was first established (GMFP: 2.32 × 10–4 m), followed 

immediately by a relatively low-pressure pulse of 2 (3 mTorr), no film growth was observed by 

IR or XPS.  

We recently demonstrated the passivity of a Si–O–Ti(EtCp) surface toward water,49 confirming 

predictions based on first principles density functional theory (DFT) models that the steric and 

electronic effects of the Cp group would render the titanium center nonreactive.48 Our results, and 

those predicted by DFT, are consistent with the absence in the literature of any reported TiO2 
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process employing a Cp-based titanium precursor with water. In the present study, we consider an 

analogous explanation for the passivity of chemisorbed 2 toward water, whereby the MeCp groups 

of the Si–O–Sc(MeCp)2 surface lower the electrophilicity of the scandium center and impede its 

accessibility to water. However, in contrast to our analysis of the Si–O–Ti(EtCp) surface,49 the 

passivity of the Si–O–Sc(MeCp)2 surface is an apparent contradiction to the multiple reports of 

Sc2O3 ALD from homoleptic Cp-based scandium precursors and water.23-26,47 A prior in situ time-

resolved QMS investigation of the Sc(MeCp)3/H2O process, reported by Adelmann and coworkers, 

provides valuable insight which we now use to reconcile these apparent inconsistencies.25 

In that study, weak signals were detected for m/z = 80 (MeCpH) and m/z = 66 (CpH) without 

dosing water. These background signals (<10% of the total measured signal during the ALD 

process) were attributed to the Sc(MeCp)3 precursor reacting with residual water in the chamber 

when the susceptor and chamber walls were 200–350 °C. Accordingly, the availability of trace 

water molecules in the presence of the Sc(MeCp)3 precursor was indeed a factor in the ALD of 

Sc2O3 by that process. Furthermore, QMS data suggested that proton transfer to MeCp is hindered 

by a large energetic barrier during the initial chemisorption of Sc(MeCp)3.25 Regarding the 2/D2O 

process described herein, it is thus reasonable that Sc2O3 formed from gas-phase reactions might 

overcoat surface hydroxyl groups and chemisorbed species before they react. Additionally, 

hydroxide formation on Sc2O3 is thermodynamically unfavorable at 250 °C,25 which might lead to 

a reduced number of available surface sites for the subsequent dose of 2. The extent of gas-phase 

reactions is dependent on the number of trace water molecules in the vicinity of the substrate 

surface during the precursor exposure. The CVD-grown Sc2O3 derived from the 2/D2O process 
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herein therefore lacks the IR signatures of an ALD process, namely, ligand exchange and the 

detection of the OD stretching mode (∼2743 cm−1) following each D2O exposure. 

The reactivities of 2 toward the SiO2 substrate and residual water vapor in the reactor chamber 

result in film growth in the absence of a coreactant. The latter effect is enhanced in the 2/D2O 

process by the continual replenishment of the residual water supply during each D2O pulse in the 

absence of very long purge times. Importantly, the IR data herein clearly show that ligand 

exchange does not occur during the 2/D2O process, the expected OD stretching mode is not 

observed, and the chemisorbed Si–O–Sc(MeCp)2 species remains completely unmodified at 275 

°C. These findings are noteworthy given the previous reports of high growth rates for Sc2O3 ALD 

processes from Cp-based scandium precursors and water.23-26,47 

 

4.5! Conclusion 

The reactivities of 2 with SiO2, ZnO, Al2O3, TiO2, and HfO2 substrates were carefully examined. 

IR data indicate that the pyrazolate group of 2 reacts with surface hydroxyl groups on SiO2 at ≥150 

°C, yielding a Si–O–Sc(MeCp)2 surface species that is thermally stable to at least 400 °C. At ≥225 

°C, chemisorption of 2 on the same hydroxyl-terminated SiO2 substrate (2 nm oxide) is augmented 

by the direct reaction of 2 with SiO2. At 275 °C, this reaction is sustained during the first ~7 

sequential exposures of 2, which can be monitored by observing the losses in the SiO2 LO and TO 

phonon modes, proving that 2 reacts with oxygen derived from SiO2. XPS analysis of the resulting 

surface suggests the complete transformation of the SiO2 layer into ScSixOy, with no shift in the O 

1s signal upon argon ion sputtering. An analogous experiment performed using a thicker SiO2 

surface layer (15 nm oxide) established that no further reaction occurs between 2 and the SiO2 
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substrate after 7 exposures. Accordingly, the silicate layer grows to a thickness of approximately 

2 nm at 275 °C, preventing further reaction of 2 with SiO2. Similarly, 2 reacts directly with a ZnO 

substrate at 275 °C with losses observed in the LO component of the E1 and A1 phonon modes 

during the first 20 exposures of 2. XPS analysis confirms the presence of a ScZnxOy interfacial 

layer. By contrast, exposures of 2 to Al2O3, TiO2, and HfO2 substrates at 275 °C do not result in 

sustained reaction between 2 and the oxide layer, after the initial chemisorption of the precursor 

to surface sites. The ability of 2 to react with an oxide substrate (in addition to its chemisorption 

to surface sites) and the extent of such a reaction is shown to be dependent on the temperature of 

the substrate, the electrochemical potential of the element comprising the oxide substrate, and the 

efficiency of the resulting interfacial layer to passivate further reaction between 2 and the oxide 

substrate. 

Further investigation reveals that the Si–O–Sc(MeCp)2 surface species is inert to water. Ligand 

exchange is not observed during the 2/D2O deposition process at 275 °C, nor is the OD stretching 

mode that is expected for an ALD process using D2O. However, after 20 cycles of 2/D2O at 275 

°C, a 3.86 nm thick film is measured by XPS. Such film deposition in excess to that expected from 

2 reacting directly with the SiO2 substrate is attributed to gas-phase reactions between 2 and water 

in the immediate vicinity of the surface. The extent of gas-phase reactions contributing to film 

growth is governed by the relative pressure of water vapor in the presence of 2. Consistent with 

gas-phase products, in which ligand removal might be incomplete, XPS data show that films grown 

by the 2/D2O process at 275 °C contain 6.5 at.% carbon after removal of adventitious 

contamination by 30 s of argon ion sputtering. Thus, film deposition occurs by 2 reacting directly 

with SiO2 to form a ScSixOy interface layer and by 2 reacting with residual water vapor to form 
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Sc2O3 by gas-phase reactions. The reactivities of 2 toward oxygen derived from some oxide 

substrates and residual water vapor can augment the growth rate of a conventional ALD process. 

These factors, and the discovery that chemisorbed 2 is passive toward water, are significant in 

view of the high growth rates reported for water-based Sc2O3 ALD processes using Cp-based 

scandium precursors. Film growth resulting from the ability of molecules like 2 to react with 

oxygen from secondary sources can be misleading in the absence of surface-sensitive 

characterization techniques.  

The selective reactivity of 2 with oxide substrates and the passivity of chemisorbed 2 toward water 

suggest potential applications of 2 for area selective-ALD processes, for use as an inhibitor 

molecule for oxide ALD processes in which water is used as a coreactant, or for the growth of 

ultra-thin multicomponent oxide layers. The use of 2 for the selective growth of scandium-

containing multicomponent oxide layers may be especially valuable given the emerging 

applications of these materials. Scandium-doped erbium silicate films may find application in 

future photonic devices. Scandium-doped ZnO films warrant investigation for ZnO-based 

transparent integrated circuits and field effect transistors in addition to room-temperature 

ferromagnetic materials. The application of the described approach for ultra-thin graded ScSixOy 

and ScZnxOy layers by an ALD-like process should be tenable for the growth of many other 

multicomponent oxide layers for which the electrochemical reduction potential of the metal 

comprising the precursor differs significantly from that of the element comprising the oxide 

surface of the substrate. 
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5.1! Abstract 

The atomic layer deposition (ALD) of scandium oxide (Sc2O3) thin films is investigated using 

Sc(MeCp)2(Me2pz) (2, Me2pz = 3,5-dimethylpyrazolate) and ozone on hydroxyl-terminated 

oxidized Si(111) substrates at 225 and 275 °C. In situ Fourier transform infrared spectroscopy 

reveals that  2 not only reacts with surface hydroxyl groups at 275 °C  as expected, but also with 

the SiO2 layer, as evidenced by losses in the SiO2 LO and TO phonon modes, resulting in the 

partial transformation of near-surface SiO2 to a ScSixOy interface layer. Ozone then combusts the 

MeCp groups, yielding surface carbonates, and oxidizes some of the underlying silicon, evidenced 

by gains in the SiO2 phonon modes. The Me2pz group from the next pulse of 2 reacts with these 

surface carbonates, leading to Sc–O–Sc bond formation (Sc2O3 deposition) and the restoration of 

an O–Sc(MeCp)2 surface. The reaction of the SiO2 substrate with 2 and the oxidation of silicon by 

ozone are temperature-dependent processes that occur during the initial cycles of film growth and 

directly impact the changes in the intensities of the SiO2 phonon modes. For instance, the intensity 

of the net gains in the phonon modes is greater at 275 °C than at 225 °C. As the ALD cycle is 

repeated, the formation of a ScSixOy interface layer and deposition of a Sc2O3 film result in the 

gradual attenuation of the reaction of the SiO2 substrate with 2 and the oxidation of the underlying 

silicon by ozone. In addition to an ALD-like process, characterized by ligand exchange and self-

limiting reactions, there are gas-phase reactions between 2 and residual water vapor near the 

substrate surface that lead to deposition of additional Sc2O3 and surface carbonates, the extent of 

which is also depend on the temperature of the substrate. After 20 cycles of 2/ozone, the 

thicknesses derived from ex situ X-ray photoelectron spectroscopy measurements are 2.18 nm (225 

°C) and 3.88 nm (275 °C). This work constitutes the first mechanistic study of a Sc2O3 ALD 
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process using ozone as the oxidant and emphasizes the significance of atypical reactions between 

the substrate and the reactants that influence the growth rate and near-surface stoichiometry during 

the initial cycles of film deposition. 

 

5.2! Introduction 

Scandium oxide (Sc2O3) thin films have applications as oxide coatings for UV lasers,1-4 

antireflection coatings for light-emitting diodes,5 etch-stop layers for multilayer dielectric 

gratings,6 gate oxides in GaN metal oxide semiconductor diodes,7 passivating layers on 

AlGaN/GaN transistors8,9 or ZnO-based devices,10 and metal diffusion barriers.11 The use of Sc2O3 

layers in future devices will require the ability to reliably grow these films with nanoscale 

precision. Atomic layer deposition (ALD) is the preferred technique for thin film growth on 3D 

and high aspect ratio features due to its self-limiting growth mechanism which affords excellent 

conformality and thickness control.12-17 One ALD cycle typically entails two complementary 

surface reactions, where the gas-phase reactants are separated from one another by an inert gas 

purge. This cycle is repeated until a thin film of the desired thickness is achieved.  

Although numerous reports exist for the ALD of Sc2O3 films, there remains an incomplete 

understanding of the surface reaction mechanisms, primarily due to the lack of in situ 

characterization capabilities of most ALD systems. Previous reports of Sc2O3 ALD include the use 

of Sc(Cp)3,18,19
 Sc(MeCp)3,20-22 and Sc(amd)3 (amd = N,N’-dialkylacetamidinate)23,24 with water 

as a coreactant, Sc(iPrCp)3
25

 and Sc(thd)3 (thd = 2,2,6,6-tetramethyl-3,5-heptanedionate)18,26 with 

ozone as a coreactant, and Sc(edmdd)3 (edmdd = 6-ethyl-2,2-dimethyl-3,5-decanedionate)27 with 



 

100 

molecular O2 as a coreactant. Although there is a single mechanistic study of the Sc(MeCp)3/H2O 

process by in situ quadrupole mass spectroscopy,21 there are none  for ozone-based processes. 

We previously investigated the use of Sc(MeCp)2(Me2pz) (2, Me2pz = 3,5-dimethylpyrazolate) as 

a novel scandium precursor for ALD by examining its reactivity toward a variety of oxide 

substrates. Saturative chemisorption on hydroxyl-terminated oxidized Si(111) substrates was 

achieved using a 1 s pulse of 2 at ≥150 °C, by the liberation of HMe2pz as a volatile byproduct. 

The resulting O–Sc–(MeCp)2 surface species remains stable to at least 400 °C. In contrast to most 

chemisorption processes where the metal-containing precursor reacts only with surface functional 

groups, we observed that the chemisorption of 2 at ≥225 °C also entails direct reaction with the 

SiO2 substrate. A loss in the SiO2 longitudinal optical (LO) phonon mode and a shift in the SiO2 

transverse optical (TO) phonon mode were not only observed after the first 1 s pulse of  2, but also 

sustained during the first ~7 sequential 1 s doses of 2 at 275 °C. The resulting ScSixOy interface 

layer (estimated at 2 nm thick) serves as a protection layer that hinders further reaction of 2 with 

the substrate. The extent of the reaction between the SiO2 layer and 2 is thermally dependent, as 

higher temperatures result in a greater loss in the SiO2 LO mode upon sequential exposures of 2. 

The ability of 2 to transform the near-surface region of the SiO2 substrate into ScSixOy is attributed 

to the oxophilicity of 2 and the appreciable difference between the electrochemical potential of 

scandium versus that of silicon. We subsequently determined the inertness of the O–Sc–(MeCp)2 

surface species toward water (D2O), with no ligand exchange or OD stretching mode observed for 

the 2/D2O process at 275 °C. However, film deposition was observed in addition to the interfacial 

reaction of 2 with the SiO2 substrate; this deposition was attributed to gas-phase reactions between 

2 and residual water vapor in the immediate vicinity of the substrate surface. These gas-phase 
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reactions also result in surface carbonate accumulation, as previously described. This work showed 

that the reaction of 2 with secondary sources of oxygen (i.e., SiO2 substrate and water vapor) can 

lead to the erroneous interpretation of ALD growth by contributing to the thickness of the 

combined interfacial and deposited layers, yielding a higher growth rate during the initial ALD 

cycles.  

In view of the unusual reactivity of 2 toward SiO2 substrates, we examine herein the ALD of Sc2O3 

films from 2 and ozone on hydroxyl-terminated SiO2 substrates at 225 and 275 °C. In situ Fourier 

transform infrared (FTIR) spectroscopy is used to probe the chemisorption of 2 and the ligand 

exchange process, while ex situ X-ray photoelectron spectroscopy (XPS) is used to determine the 

chemical compositions and thicknesses of the resultant films. We find that the 2/ozone process 

exhibits self-limiting behavior, characterized by steady-state ligand exchange at the region 

associated with carbonates. As compared to the film growth process at 275 °C, deposition at 225 

°C results in ligand exchange of decreased intensity and less Sc–O–Sc bonding, but a greater 

accumulation of surface carbonates from gas-phase reactions. The oxidation of silicon by ozone 

results in net gains in the SiO2 phonon modes during Sc2O3 growth at both temperatures, however, 

the intensities of these gains are greater at 275 °C. 

 

5.3! Experimental 

The scandium precursor (2) was acquired from EMD Performance Materials and was used as 

received without further purification. 1H and 13C{1H} NMR spectra were obtained at 400 and 100 

MHz, respectively,  on a Bruker Ultrashield(TM) in benzene-d6 and were referenced to the residual 

proton resonance of the solvent: 1H NMR (C6D6, 23 °C, δ) 1.74 (s, 6H, MeC5H4), 2.17 (s, 6H, 
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Me2pz), 5.72 (t, 4H, MeC5H4), 5.84 (s, 1H, Me2pz), 6.09 (t, 4H, MeC5H4); 13C{1H} NMR (C6D6, 

23 °C, ppm) 13.3 (Me2pz), 14.6 (MeC5H4), 108.0 (Me2pz), 111.9 (MeC5H4), 114.0 (MeC5H4), 

127.3 (MeC5H4), 146.4 (Me2pz). Vapor pressure data were collected using the isothermal TGA 

method28 with a TA Instruments SDT Q600. Thermogravimetric and differential scanning 

calorimetry measurements were collected simultaneously using a TA Instruments SDT Q600 at a 

ramp rate of 10 °C per minute. 

Double-side-polished, float-zone grown Si(111) wafers (550 ± 15 µm thick, lightly n-doped, ρ 

~20–60 Ω·cm) with a native oxide (2.0 nm) were cut into 3.8 × 1.5 cm2 samples to fit the sample 

holder in a home-built ALD reactor. Sample cleaning and the establishment of a hydroxyl-

terminated oxide surface were performed as previously described.29 Each sample was then rinsed 

with DI water and dried with N2 gas before loading into the N2-purged ALD reactor, where a base 

pressure of 10−4 Torr was established and maintained via an Adixen Drytel 1025 C turbo pump 

backed by an Adixen AMD 4C mechanical diaphragm (oil-free) pump. All substrates were 

subjected to a 5 min preanneal at 400 °C prior to exposure to precursors to densify the oxide and 

isolate surface hydroxyl groups on the silicon substrates. 

The deposition experiments consisted of sequential exposures of 2 and ozone, with 10 min purges 

of purified N2 gas (500 sccm, <0.1 ppb O2) between each precursor pulse. Compound 2 was 

contained in a stainless steel ampoule maintained at 105 °C and was delivered at a pressure 

recorded inside the reactor as indicated. Ozone was produced by an In-USA ozone generator and 

delivered via a pneumatic valve; a concentration of 200 g/NM3 and a flow rate of 500 sccm were 

used for all experiments. The pressure change (ΔP) in the reactor chamber was monitored during 
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each precursor exposure. Precursor exposure parameters were kept constant throughout the study: 

2 (2 s pulse, ΔP = 3 mTorr) and ozone (30 s pulse, ΔP = 1.8 Torr, 30 s trap). 

The ALD chamber was interfaced to a Thermo Nicolet 6700 infrared interferometer (400−4000 

cm−1 range), equipped with a liquid-N2 cooled broadband mercury cadmium telluride (MCT-B) 

detector, to perform in situ FTIR measurements. All spectra were recorded in transmission mode 

at 4 cm–1 spectral resolution. The details of the FTIR system and software have been previously 

described.29 The reactor chamber was maintained at ~100 °C. The substrate temperature was 

maintained at 115 °C during IR measurements. Differential IR spectra were obtained by 

referencing each spectrum to the spectrum of the previous half-cycle, whereas cumulative IR 

spectra were obtained by referencing each spectrum to the spectrum of the preannealed substrate, 

Corrections to the baseline of IR spectra were made as required to remove effects due to scattering. 

Ex situ XPS measurements focused on Sc 1s, Sc 2p, O 1s, C 1s, N 1s, and Si 2p core levels. Details 

regarding the spectrometer and software were previously described.29 Sputtering was performed 

over a 2 × 2 mm2 area using 1 keV argon ions supplied by an argon sputter gun positioned at a 45° 

angle with respect to the substrate normal. Measurements were made over a 0.8 × 0.8 mm2 area. 

Corrections to the spectra were made by aligning the signals from adventitious carbon (C 1s) and 

bulk silicon (Si 2p) to 284.5 and 99.3 eV, respectively. The total oxide film thickness was 

calculated by measuring the attenuation of the silicon core level.29 The inelastic electron mean free 

path (IEMFP) for SiO2 is 3.772 nm, as is reported in the NIST IMFP database. 
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5.4! Results and Discussions 

5.4.1! Characterization of Sc(MeCp)2(Me2pz) 

Sc(MeCp)2(Me2pz) (2) is a novel precursor that was designed to improve upon the reactivity 

Sc(MeCp)3 by replacing one of the MeCp ligands with a labile Me2pz group. Precursor 2 was 

characterized, both in its liquid and gas phases, and also after its interaction with the surface. It is 

a liquid at 23 °C with a vapor pressure of ~100 mTorr at 83 °C. Thermogravimetric and differential 

scanning calorimetry measurements revealed a single-step weight loss event with <1% non-

volatile residue remaining after heating to 234.5 °C; T(50%) ~200 °C. We have previously 

established (Chapter 4) that saturative chemisorption is achieved with a 1 s exposure of 2 on 

hydroxyl-terminated oxidized Si(111) substrates (2 nm native oxide) at ≥150 °C and that the 

resulting O–Sc–(MeCp)2 surface species is stable to at least 400 °C. Such favorable thermal 

properties support the use of 2 as an ALD precursor. 

!

5.4.2! 2/Ozone ALD Process   

The ALD of Sc2O3 was investigated using 2 and ozone at 225 and 275 °C. Figure 5.1 shows the 

differential IR absorbance spectra taken after the 1st, 2nd, and 20th cycles of the 2/ozone process 

at 275 °C. Chemisorption of 2 occurs by its reaction with surface hydroxyl groups (3743 cm–1), 

leading to the formation of Sc–O–Si bonds (998 cm–1). Additionally, 2 reacts directly with the 

SiO2 substrate, as evidenced by losses in the SiO2 LO (1239 cm–1) and TO (1061 cm–1) phonon 

modes, forming an interfacial silicate (ScSixOy) layer. The deposition of carbonates is observed 

within the 1330–1700 cm–1 range and is attributed to gas-phase reactions between 2 and residual 
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water vapor in the reactor chamber. Consistent with these data, we previously proposed that the 

chemisorption of 2 to the Si(111)–SiO2–OH substrate proceeds by the liberation of HMe2pz, 

yielding a O–Sc(MeCp)2 surface, with modes for C–H on the Cp ring evident at 710–805 cm−1. 

Ozone subsequently combusts chemisorbed 2, yielding additional surface carbonates (and possibly 

also surface formates). Ozone also penetrates the 2 nm-thick SiO2 layer and oxidizes some of the 

underlying silicon,30 evidenced by gains in the SiO2 phonon modes. The second exposure of 2 

reacts with this carbonate surface and more of the SiO2 substrate. Both the reaction of the SiO2 

substrate with 2 and the oxidation of the underlying silicon by ozone attenuate with the number of 

ALD cycles, as the growing Sc2O3 film/ScSixOy interface layer passivate the substrate. Steady-

state ligand exchange is observed at the region associated with carbonates, proving that the 2/ozone 

process proceeds by a self-limiting growth mechanism.   

 
!

!
 

Figure 5.1. Differential IR absorbance spectra for the 2/ozone process at 275 °C: each ALD half-
cycle is referenced to the preceding half-cycle, such that the nth 2 (Sc) and nth ozone (O3) spectra 
were obtained after the 2 pulse/N2 purge and the ozone pulse/N2 purge, respectively, of cycle n. 
IR modes assigned to surface carbonate species are indicated. 
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!
!

!
Figure 5.2. Cumulative IR absorbance spectra for the (a) 2/ozone and (b) 2/D2O processes at 275 
°C: each spectrum is recorded after the final coreactant pulse of the cycle (either ozone or D2O) 
and referenced to the spectrum of the starting preannealed surface. IR modes assigned to surface 
carbonate species and SiO2/Sc2O3 bonding are indicated. The 2/D2O spectra are included for 
comparison. 
!

As shown in Figure 5.2, the cumulative IR absorbance spectra are examined in detail and compared 

to those from an analogous experiment where D2O was used as the coreactant, as described in a 

previous study (Chapter 4). Each spectrum is referenced to the starting preannealed Si(111)–SiO2–

OH substrate to highlight the cumulative film growth and changes to the substrate. As described, 

2 reacts directly with the SiO2 substrate, leading to losses in the SiO2 phonon modes (Figure 5.1) 

and the growth of a ScSixOy interface layer. Exposure of this modified substrate to ozone leads to 
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the direct oxidation of bulk silicon to SiO2 and may result in a more oxygen-rich composition of 

the ScSixOy interface layer. Notably, each exposure of ozone generates more SiO2 than is 

consumed during each exposure of 2, and a net gain in the SiO2 LO mode is clearly visible at 1245 

cm–1 after each ozone exposure. The broad feature at 875–1135 cm–1 increases in intensity with 

the number of cycles and is attributed to overlapping gains in the Sc–O–Sc (Sc2O3 bonding) and 

SiO2 TO modes (Figure 5.2a).  

 

!

!
!
Figure 5.3. IR absorbance spectra taken after sequential exposures of the Si(111)–SiO2–OH 
substrate to ozone at 275 °C: (a) Differential spectra: the spectrum taken after each exposure is 
referenced to the spectrum of the preceding exposure. (b) Cumulative spectra: each spectrum is 
referenced to the spectrum of the starting preannealed substrate. 
!!!!
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By contrast, water does not oxidize the underlying silicon. Thus, net losses are apparent in the SiO2 

LO (1237 cm–1) and TO (1059 cm–1) modes, and gains in the modes for Sc–O–Si and Sc–O–Sc 

bonding are clearly observed during the 2/D2O process. Some carbonate deposition occurs during 

both the 2/ozone and 2/D2O processes due to gas-phase reactions between 2 and residual water but 

is more extensive for the 2/ozone process since the combustion of the O–Sc(MeCp)2 surface 

species by ozone results in additional carbonate formation. 

!

 

Figure 5.4. IR absorbance spectra for the 1/ozone process at 225 °C: (a) Differential spectra: each 
ALD half-cycle is referenced to the preceding half-cycle, such that the nth 1 (Sc) and nth ozone 
(O3) spectra were obtained after the 1 pulse/N2 purge and the ozone pulse/N2 purge, respectively, 
of cycle n. (b) Cumulative spectra: each spectrum is recorded after the final ozone pulse of the 
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cycle and referenced to the spectrum of the starting preannealed surface. IR modes assigned to 
surface carbonate species are indicated. 
 

To further investigate the oxidation of the underlying silicon by ozone, the Si(111)–SiO2–OH 

substrate was exposed to sequential doses of ozone at 275 °C, with an IR measurement obtained 

after each exposure. Figure 5.3 shows the differential and cumulative spectra taken during this 

experiment. The differential spectra show a gain in the SiO2 LO mode (1241 cm–1) that occurs 

with each ozone exposure, the intensity of which attenuates with the number of cycles. As the 

growing SiO2 layer becomes increasingly passivating, ozone is impeded from further oxidizing the 

silicon (Figure 5.3a). The cumulative spectra show strong gains in both the SiO2 LO (1243 cm–1) 

and TO (1055 cm–1) modes, revealing the extent to which ozone oxidizes silicon to SiO2 (Figure 

5.3b). 

 

The IR absorbance spectra for an identical experiment performed at 225 °C (Figure 5.4). Similar 

to the process at 275 °C, chemisorption of 2 at 225 °C results in losses in the modes for the isolated 

hydroxyl groups (3743 cm–1) and the SiO2 LO (1240 cm–1) and TO (1062 cm–1) phonons, along 

with a gain in the mode for Sc–O–Si bonding (1001 cm–1). However, the intensity of ligand 

exchange in the carbonate region (1300–1700 cm–1) is much lower at 225 °C as compared to 275 

°C (Figure 5.4a).  Also, after 20 cycles, the intensity for the accumulated surface carbonates (1275–

1725 cm–1) is greater at 225 °C, while the intensity for the net gain in Sc–O–Sc bonding (941 cm–

1) is less at 225 °C than at 275 °C (Figure 5.4b). The integrated areas for the gain in the SiO2 LO 

mode (1242 cm–1) after 17 and 20 cycles at 225 °C are 0.00727 and 0.00781 cm–1, respectively, 

indicating that ozone continues to oxidize the underlying silicon to SiO2 for the duration of the 20-
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cycle experiment. However, as previously reported, the extent of the reaction between 2 and the 

SiO2 substrate is highly thermally dependent. In the absence of a coreactant, this reaction persists 

for the first ~7 exposures of 2 at 275 °C, until a passivating 2-nm thick silicate layer is formed. A 

thinner silicate layer is adequate for passivation at 225 °C, and less of the SiO2 reacts with 2 at this 

lower temperature. In both cases, the ALD-grown Sc2O3 should contribute to the passivating effect 

of the interfacial silicate layer, reducing the number of cycles for which SiO2 reacts with 2 relative 

to the number of cycles for which this reaction is sustained in the absence of a coreactant. 

The composition and thickness of the Sc2O3 films grown from 20 cycles of 2/ozone at 225 and 275 

°C were analyzed by XPS. Figures 5.5 shows spectra for the film grown at 275 °C. The surface of 

the as-deposited film shows the presence of scandium in both the Sc 2s and 2p regions. The O 1s 

 
 
Figure 5.5. XPS spectra of the (a) Sc 2p, (b) O 1s, and Si 2p orbitals of a Sc2O3 film after 20 cycles 
of 2/ozone at 275 °C. The bottom spectrum (black trace) corresponds to the as-deposited film. The 
colored spectra correspond to the film after intervals of 1 keV argon-ion sputtering. 
 

core level position shifts to a slightly lower binding energy upon sputtering. If a distinct underlying 

SiO2 layer were present, sputtering through the metal oxide layer would result in an O 1s core level 

at a higher binding energy.31 The position and asymmetry of the O 1s core level suggest an overlap 

of two or more peaks from a mixed Sc2O3/ScSixOy/SiO2 layer and the absence of a discrete SiO2 
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layer. The as-deposited film shows the presence of both adventitious carbon (284.5 eV) and surface 

carbonates (288.3 eV). The Si 2p region for this surface shows the presence of silicon that is 

associated with both SiO2 and bulk silicon, indicating that the deposited film is very thin. After 30 

s of 1 keV argon-ion sputtering, the measured composition is 9.5% scandium, 53.3% oxygen, 

36.2% silicon, and 1.0% carbon. Consistent with the decreased ligand exchange intensity observed 

for the 225 °C process, less scandium and more silicon are detected by XPS for the film grown at 

225 °C, with a measured composition of 5.0% scandium, 41.0% oxygen, 52.7% silicon, and 1.3% 

carbon after 30 s of 1 keV argon-ion sputtering. The growth rates for these 2/ozone ALD processes 

are difficult to quantify since the self-limiting component of the growth is augmented by the 

reaction between 2 with the SiO2 layer and between 2 and residual water vapor in the chamber. 

Additionally, ozone continues to oxidize silicon to SiO2 for the duration of these 20-cycle 

experiments. Total oxide film thicknesses of 2.18 and 3.88 nm were derived after 20 cycles of 

2/ozone at 225 and 275 °C, respectively. 

!

5.5! Conclusions 

Sc2O3 films were grown by ALD on hydroxyl-terminated SiO2 substrates using 2 and ozone. 

Chemisorption at 275 °C entails the reaction of the Me2pz group of 2 with surface hydroxyl groups, 

yielding an O–Sc–(MeCp)2 surface by the liberation of HMe2pz as a volatile byproduct. 

Additionally, 2 reacts directly with the SiO2 substrate, as evidenced by losses in the SiO2 LO and 

TO phonon modes. The reaction of the SiO2 substrate with 2 results in its partial transformation to 

a ScSixOy interface layer. Exposure of this modified substrate to ozone results in the combustion 

of the surface MeCp groups, yielding surface carbonates, and the oxidization of some of the 
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underlying silicon, evidenced by gains in the SiO2 phonon modes. The Me2pz groups from the 

next pulse of 2 react with these surface carbonates, leading to Sc–O–Sc bond formation (Sc2O3 

deposition) and the restoration of an O–Sc(MeCp)2 surface. The reaction of the SiO2 substrate with 

2 and the oxidation of the underlying silicon by ozone attenuate with the number of ALD cycles, 

as the growing Sc2O3 film and ScSixOy interface layer passivate the substrate. The 2/ozone process 

exhibits self-limiting behavior, with steady-state ligand exchange observed at the region associated 

with carbonates. Gas-phase reactions between 2 and residual water vapor in the vicinity of the 

substrate surface occur concurrently with the ALD process and result in the deposition of 

additional Sc2O3 and surface carbonates. After 20 cycles of 2/ozone at 275 °C, XPS analysis 

showed a film measuring 3.88 nm. The 2/ozone process was also investigated at 225 °C. 

Deposition at this lower temperature results in ligand exchange of decreased intensity and less Sc–

O–Sc bonding, along with greater accumulation of surface carbonates from gas-phase reactions. 

The reaction of the SiO2 substrate with 2 and the oxidation of silicon by ozone are competing 

processes that govern the cumulative changes in the intensities of the SiO2 phonon modes. The 

combined contribution of these reactions results in net gains in these modes at both temperatures, 

however, the intensities of these gains are greater at 275 °C than at 225 °C. XPS core level spectra 

for the 2/ozone process at 225 °C are similar to those obtained at 275 °C, with a 2.18 nm-thick 

film measured after 20 cycles. 

The results presented herein constitute the first mechanistic study of a Sc2O3 ALD process using 

ozone as the oxidant. The 2/ozone process is thermally robust, yielding Sc2O3 films by a self-

limiting (ligand exchange) mechanism over a wide temperature range. Film growth arises from 

multiple sources during the initial ALD cycles, and entails the self-limiting reactions between 2 
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and ozone, the direct reaction between 2 and the SiO2 substrate, and gas-phase reactions between 

2 and residual water vapor in the immediate vicinity of the substrate surface. Film growth from 

the reaction between 2 and the SiO2 substrate attenuates with the number of cycles as a passivating 

Sc2O3/ScSixOy layer is formed. Additionally, the penetration of ozone through the 2-nm thick SiO2 

layer and its oxidation of the underlying silicon are seldom discussed in the ALD literature and 

must be considered for ozone-based processes when using silicon substrates with thin, non-

passivating surface layers. 
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6.1! Abstract  

Thermal atomic layer etching (ALE) is an emerging technique that involves the sequential removal 

of monolayers of a film by alternating self-limiting reactions, some of which generate volatile 

products. Although traditional ALE processes rely on the use of plasma, several thermal ALE 

processes have recently been developed using hydrogen fluoride (HF) with precursors such as 

trimethylaluminum (TMA) or tin acetylacetonate. While HF is currently the most effective reagent 

for ALE, its potential hazards and corrosive byproducts have motivated searches for alternative 

chemicals. Herein, we investigate the feasibility of using fluoroform (CHF3) with TMA for the 

thermal ALE of SiO2 and Al2O3 surfaces and compare it to the established TMA/HF process. A 

fundamental mechanistic understanding is derived by combining in situ Fourier transform infrared 

spectroscopy, ex situ X-ray photoemission spectroscopy, ex situ low-energy ion scattering, and ex 

situ spectroscopic ellipsometry. Specifically, we determine the role of TMA, the dependence of 

the etch rate on precursor gas pressure, and the formation of a residual fluoride layer. Although 

CHF3 reacts with TMA-treated oxide surfaces, etching is hindered by the concurrent deposition of 

a fluorine-containing layer. Fluorine contamination can be deleterious to device performance and 

its presence in thin films is an inherent problem for established ALE processes using HF. 

Accordingly, we additionally present a novel method to remove the residual fluorine accumulated 

during the ALE process by exposure to water vapor. As a point of reference, XPS analysis herein 

reveals that an Al2O3 film etched using TMA/HF at 325 °C contains 25.4 at% fluorine in the 

surface region. In situ exposure of this film to water vapor at 325 °C results in ~90% removal of 

the fluorine. This simple approach for fluorine removal can easily be applied to ALE-treated films 

to mitigate contamination and retain surface stoichiometry. 
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6.2! Introduction  

Atomic layer deposition (ALD) is a widely-used vapor phase technique for the growth of 

conformal, pin-hole-free thin films on high aspect ratio features.1-4 The self-limiting growth 

mechanism inherent to the ALD process enables the deposition of high-quality films with 

exceptional thickness control. Many applications exist for ALD-grown oxide films in 

microelectronics devices, including their uses as gate oxides in MOSFET transistors, high-κ 

dielectrics for memory applications, diffusion barriers, anode materials for thin film micro-

batteries, and capacitor electrodes.3 The etching of oxide layers is a critical step in the 

manufacturing of devices;5 however, traditional plasma etch processes are increasingly unable to 

meet uniformity demands as an ever-greater number of microelectronics devices incorporate sub-

10 nm node technology. In contrast, thermal atomic layer etching (ALE) is appropriate for the 

fabrication of current and future devices, as it enables conformal etching of thin films with good 

depth control, atomic-scale precision, and low process variability.6-11 Thermal ALE employs 

sequential, self-limiting surface reactions akin to ALD.10 Parameters such as substrate temperature 

and precursor gas pressure typically dictate the directionality of the surface reaction (i.e., 

deposition versus etching) by governing the Gibbs free energy change of the process.12 The thermal 

ALE of SiO2 and Al2O3 films has been previously demonstrated using hydrogen fluoride (HF) and 

trimethylaluminum (TMA).13,14  

Given the recent push for self-aligned processes, area-selective deposition has become critical. 

However, it often requires an etching step to remove adventitious deposition on areas that need to 

remain clean, rendering selective ALE an important component in the fabrication of semiconductor 

devices.6 Selectivity in ALE is governed by the etching temperature and the stability and volatility 
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of the reaction products.15 Lee, Huffman, and George explored several thermal ALE processes 

where Sn(acac)2 (acac = acetylacetonate), TMA, (CH3)2AlCl, and SiCl4 were separately used, each 

in conjunction with HF; HfO2 films were etched by all of the metal precursors, Al2O3 and ZrO2 

films were etched by some of the metal precursors, and SiO2, Si3N4, and TiN films were not etched 

by any of the metal precursors.15 Selectivity was further demonstrated by tuning the temperature 

of the viable ALE processes.15 Lemaire and Parsons subsequently reported the low-temperature 

selective thermal ALE of TiO2 over Al2O3 using WF6 with either Sn(acac)2 or BCl3.16 

Despite these advances in thermal ALE, two main challenges remain: (1) Al2O3 films are used as 

high-κ diffusion barriers,17 gate dielectrics and capacitive elements,18 and etch stop layers for 

chemical mechanical planarization;19,20 however, etching of these films using corrosive halogen-

based reagents (i.e., HF, BCl3) often results in the formation of aluminum halides21 and causes 

damage to the underlying copper substrate (particularly Cl, Br and I) . (2) Halogen-based ALE can 

result in halogen surface contamination that prevents further deposition/etch processes and 

therefore requires a corrective halide-removal step. Furthermore, minimization of halogens is 

critical, as their presence can be deleterious to semiconductor device performance; specifically, 

excess fluorine in SiO2 films has been proposed to degrade the breakdown field of the SiO2 film 

by destroying the network structure of the oxide,22 modify the bond strain distribution near the Si–

SiO2 interface,23 react with silicon dangling bonds and form Si–F bonds at the Si–SiO2 interface,24 

and disrupt an abrupt Si–SiO2 interface by cleavage of Si–Si bonds and creation of stretched 

bonds.25 

Herein, we address these two issues by focusing on gaining a fundamental understanding of the 

surface chemical reactions involved in the ALE process. First, to facilitate ALE for industrial 
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conditions, we consider the simplest and most common fluorocarbon, fluoroform (CHF3), and 

explore its potential for ALE as a less-corrosive alternative to HF or BCl3. Fluorocarbons have 

been widely used by industry in plasma-based etching processes for many years,26-35 hence their 

attractiveness for thermal ALE and the need to study their interaction with surfaces. As a point of 

comparison, we first explore each step of the TMA/HF ALE process developed by George and 

coworkers, who observed Al2O3 etching at temperatures above 250 °C13  and AlF3 deposition at 

temperatures below 250 °C.12,36 We observe that TMA reacts with both SiO2 and Al2O3 surfaces 

at substrate temperatures of ≥100 °C, yielding an Al–CH3-terminated surface. Consistent with 

observations reported by George, we observe that the removal of reaction byproducts for the 

TMA/HF process is dependent on the substrate temperature and the pressures of the precursor 

gases. Within this context, we then examine the TMA/CHF3 process for the ALE of SiO2 and Al2O3 

surfaces. Following the chemisorption of TMA, the subsequent CHF3 pulse reacts with the Al–

CH3-terminated surface to form a fluorine-modified oxide surface layer. The next TMA pulse 

removes this fluorine-modified layer and reestablishes a CH3-terminated surface. Both the 

TMA/HF and TMA/CHF3 processes are characterized by ligand exchange, as observed by in situ 

Fourier transform infrared spectroscopy (FTIR). The compositions of the etched films are 

determined by X-ray photoemission spectroscopy (XPS) and their thicknesses (before and after 

etching) are measured by spectroscopic ellipsometry (SE).  

Second, we address the issue of fluorine incorporation in the near-surface region of the substrate 

arising from both the HF- and CHF3-based processes. As detected by low energy ion scattering 

(LEIS), the TMA/HF process results in the formation of a pure AlF3 layer in the etched Al2O3 film. 

We show that subsequent in situ exposure of the ALE-treated film to water vapor results in the 
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reoxidation of the surface AlF3 layer and removal of fluorine at 325 °C. This efficient method for 

post-process removal of surface fluorine may broaden the scope of application for the ALE 

processes described herein. 

 

6.3! Experimental 

Double-side-polished, Czochralski grown Si(100) wafers (675 ± 25 µm thick, n-doped, ρ ~1–10 

Ω·cm) with a 15 nm-thick thermal oxide (WaferPro LLC)  were cut into 3.8 × 1.5 cm2 samples to 

fit the sample holder in a home-built reactor. Sample cleaning and hydroxyl-terminated oxide 

surface preparation were performed as previously described.37 Each sample was then rinsed with 

DI water and dried with N2 gas before loading into the reactor. The details of the reactor have been 

previously described.37 All substrates were pre-annealed at 400 °C for 5 min before being exposed 

to the precursors. Pre-annealing is necessary to densify the oxide and isolate surface hydroxyl 

groups on the silicon substrates.  

Al2O3 films were grown in a Cambridge Nanotech Savannah ALD reactor. The films were 

deposited on both sides of double-side-polished, float-zone grown Si(111) wafers (550 ± 15 µm 

thick, lightly n-doped, ρ ~20–60 Ω·cm) with a 2.0 nm-thick native oxide using trimethylaluminum 

(0.015 s pulses, ΔP = 340 mTorr) and H2O (0.015 s pulses, ΔP = 140 mTorr) with 8 s N2 purges 

between each precursor pulse. The precursors were delivered at room temperature. Depositions 

were performed at 250 °C with a growth rate of 1.0 Å/cycle. All of the Al2O3 substrates were pre-

annealed at 400 °C for 5 min before being exposed to the precursors. 

Etching experiments consisted of exposures of either TMA and HF or TMA and CHF3 with 5 min 

purges of purified N2 gas (500 sccm, <0.1 ppb O2) between each precursor pulse. HF-pyridine (70 
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wt% HF, Sigma-Aldrich) solution was used as the source of HF. CHF3 (99.9%) was obtained from 

Electronic Fluorocarbons, LLC. All of the precursors were delivered at room temperature. 

Precursor exposure parameters were: HF (1 s pulse, ΔP = 800 mTorr), CHF3 (5 s pulse, ΔP = 9.35 

Torr), TMA (2 s pulse, ΔP = 800 mTorr), D2O (1 s pulse, ΔP = 300 mTorr). 

A Thermo Nicolet 6700 infrared interferometer (400−4000 cm−1 range) was connected to the 

reactor chamber to perform in situ FTIR measurements. The details of the FTIR system and 

software have been previously described.37 The substrate temperature was maintained at 100 °C 

during the IR measurements. Cumulative IR spectra were obtained by referencing each spectrum 

to the spectrum of the pre-annealed substrate, whereas differential IR spectra were obtained by 

referencing each spectrum to the spectrum of the previous half-cycle. Corrections to the baseline 

of IR spectra were made as required to remove effects due to scattering. All integrated areas for 

IR absorption peaks have a measurement error of ± 0.00005 cm–1. 

Ex situ XPS measurements focused on Al 2p, O 1s, C 1s, F 1s, and Si 2p core levels. Corrections 

were made by aligning the Si 2p peak of SiO2 to 103.3 eV and by applying the same shift to the 

Al 2p peak as that applied to the Si 2p peak of SiO2. Details regarding the XPS system and software 

were previously described.37 Sputtering was performed over a 2 × 2 mm2 area using 1 keV argon 

ions supplied by an argon sputter gun positioned at a 45° angle with respect to the substrate normal. 

Measurements were made over a 0.8 × 0.8 mm2 area.  

Ex situ SE was used to measure the thickness of the films before and after the etching process 

using different models for SiO2 (SiO2/0.675 mm c-Si/void) and Al2O3 (Al2O3/2 nm SiO2/0.55 mm 

c-Si/void) substrates. Details regarding the instrument and surface layer modelling were previously 

described.37 
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Ex situ LEIS measurements were performed with an IonTOF dedicated LEIS instrument equipped 

with a Qtac100 double-toroidal analyzer, enabling parallel detection and low-dose spectral 

acquisition. In this experimental geometry, the ions impinge on the sample at normal incidence, 

and all ions passing through a solid angle of 144−146° with respect to the surface normal are 

detected. The base pressure of the analysis chamber was ~7 × 10−10 Torr during the measurements. 

Spectra were collected using 8 keV He+ as the projectiles, and sputter profiling was performed at 

normal incidence using 8 keV Ar+ from the primary ion gun. Ion currents were measured using an 

internal Faraday cup, and a 3 nm Al2O3 film was used to calibrate the sputter rate.   

 

6.4! Results 

6.4.1! Thermal ALE by the TMA/HF process  

The thermal ALE of a 15 nm-thick SiO2 film by TMA/HF was performed at 350 °C. IR spectra 

were taken after the 1st, 10th, and 20th cycles and referenced to the initial pre-annealed substrate 

(Figure 6.1). The cumulative loss of the surface hydroxyl groups (3742 cm–1) is unchanged after 

the first ALE cycle, proving that chemisorption is complete following the first TMA exposure. 

The loss in area associated with the SiO2 LO (1255 cm–1 ) and TO (1065 cm–1) phonon modes38 

increases with the number of cycles. Intensity variations in the range of 800–980 cm–1 with a broad 

peak centered at 953 cm–1 are attributed to fluorinated species (e.g., Si–Fx
14 at ~950 cm–1, Al–O39, 

or alumina silicates), pointing to fluorination as part of the etching process.  
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Figure 6.1. Cumulative IR spectra of a 15 nm-thick SiO2 film taken after the 1st, 10th and 20th cycles 
of TMA/HF at 350 °C. The spectra are recorded after the HF pulse of each cycle and referenced 
to the spectrum of the pre-annealed SiO2 substrate. 
 

Figure 6.2 shows differential IR spectra from the same experiment, where each spectrum is 

referenced to the spectrum of the previous half-cycle. These differential spectra reveal ligand 

exchange after each precursor exposure, with the most prominent modes observed for Si–CH3 

(1278 cm–1) and Al–CH3 (1221 cm–1) bonding. Evidence for etching of the SiO2 film is the 

weakening of the SiO2 phonon modes with each TMA pulse, while the concurrent emergence of a 

band at ~1040 cm–1 is attributed to the formation of  Si–O–Al bonds39. As previously mentioned, 

the absorption band centered  at 953 cm–1  is attributed to the Si–Fx
14 stretching mode. The XPS 

measurements show impurity incorporation (aluminum and fluorine) into the etched SiO2 film. 

After 20 cycles of SiO2 etching using TMA/HF at 350 °C, 3.7 at% aluminum and 8.9 at% fluorine 

were detected in the as-etched film (Figure 6.3).   
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Figure 6.2. Differential IR spectra of a 15 nm-thick SiO2 film taken after the 10th and 20th ALE 
cycles of TMA/HF at 350 °C. Each spectrum is referenced to the spectrum of the previous half-
cycle. 
 

 

Figure 6.3. XPS spectra: (a) depth profile, (b) Al 2p orbital and (c) F 1s orbital of a 15 nm-thick 
SiO2 film following 20 cycles of TMA/HF at 350 °C. 
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The thermal ALE of SiO2 is a temperature-dependent process. For instance, exposures of TMA 

and HF at 100 °C result in a stoichiometric AlF3 thin film on top of the 2 nm SiO2 substrate, while 

at 350 °C there is clear and effective SiO2 etching.14,36 We therefore used the 350 °C substrate 

temperature to explore the mechanism of TMA/HF etching of a 15 nm-thick Al2O3 film. IR spectra 

were taken after the 1st, 10th, and 20th cycles and referenced to the initial pre-annealed substrate 

(Figure 6.4a). After the first full ALE cycle, a peak appears at 948 cm–1, which is tentatively 

attributed to a fluoride layer (e.g., AlFx). After 10 cycles of TMA/HF, there is a clear loss in the 

integrated area (0.1315 cm–1) corresponding to the Al2O3 LO phonon mode at 978 cm–1, attributed 

to Al2O3 etching. After 20 cycles, this loss (0.3325 cm–1) is ~2.5 times larger than the loss after 10 

cycles. Also, the Al2O3 LO peak position after 20 cycles is redshifted by 11 cm–1 relative to its 

position after 10 cycles due to the reduction in thickness of the Al2O3 layer. However, AlFx 

formation occurs on top of the etched Al2O3 film which results in an emergent peak that is located 

at 840 cm–1 after 20 cycles.  

Ligand exchange at the Al–CH3 mode is quantified by examining the differential IR spectra 

(during the 10th cycle) of the steady-state ALE process (Figure 6.4b). The integrated area for this 

mode at 1224 cm–1 increases by 0.0031 cm–1 during the TMA pulse and decreases by 0.0028 cm–

1 during the HF pulse, indicating that approximately 10% of the surface Al–CH3 species remain 

intact following the HF pulse. The areal loss under the peak centered at 948 cm–1 following the 

TMA exposure is 0.0155 cm–1, which is larger than the areal gain (0.0065 cm–1) at the same 

position following the HF exposure, indicating a net loss during the etching of the fluoride-

modified Al2O3 surface by TMA.  
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Figure 6.4. IR absorbance spectra of a 15 nm-thick Al2O3 film after cycles of TMA/HF at 350 °C: 
(a) cumulative spectra taken after the 1st, 10th and 20th cycles and referenced to the spectrum of 
the pre-annealed substrate, (b) differential spectra taken after each precursor exposure of the 10th 
cycle and referenced to the spectrum of the previous half-cycle. Ranges for the IR absorbances of 
Al2O3 and AlFx modes overlap and reside near the low-energy end of the spectrum, as indicated. 
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Analysis of the XPS spectra of the Al2O3 film after the 20 cycles of TMA/HF at 350 °C shows 

19.6 at% fluorine incorporation prior to any sputtering (Figure 6.5). SE measurements show that 

2.11 ± 0.07 nm of Al2O3 are etched after 20 cycles of TMA/HF at 350 °C. 

 

Figure 6.5. XPS spectra of a 15 nm-thick Al2O3 film following 20 cycles of TMA/HF at 350 °C: 
(a) depth profile, (b) F 1s orbital. 
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The reaction of TMA with a hydroxyl-terminated SiO2 surface (15 nm-thick thermal oxide) at 350 

°C is observed by the loss of surface hydroxyl groups (3744 cm–1), a loss in the SiO2 LO phonon 

mode (1257 cm–1),38 and gains in Si–CH3 (1280 cm–1)14,39 and Al–CH3 (1216 cm–1)14,39 modes in 

the differential IR spectrum. The first CHF3 exposure then results in a loss in the Al–CH3 mode 

(1216 cm–1). A second CHF3 exposure leads to no detectable changes, indicating that there is no 

further reaction with this surface. We conclude that one CHF3 exposure is sufficient to completely 

react with the TMA-modified surface. The differential IR spectra of the steady-state ALE process 

show that the band at 1219 cm–1 (Al–CH3 umbrella mode)14,39 appears after each TMA exposure 
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and is removed after each CHF3 exposure. In addition, CHF3 exposures lead to the appearance of 

a band at 933 cm–1, assigned to either Si–Fx or Al–O modes. Quantitative analysis of the integrated 

areas of the Al–CH3 umbrella mode at 1219 cm–1 reveals that the ligand exchange is not complete. 

For instance, during the 11th cycle, the area of this mode is 0.0102 cm–1 after TMA exposure, but 

only 0.0049 cm–1 is removed during the CHF3 pulse, indicating that 52% of the surface Al–CH3 

species remain intact following the CHF3 pulse. 

There is a clear modification of the SiO2 film during the TMA/CHF3 process at 350 °C, as 

evidenced by a loss in the SiO2 phonon modes (Figure 6.6), tentatively attributed to etching. IR 

spectra taken after the 1st, 10th, and 20th cycles and referenced to the pre-annealed SiO2 substrate 

(Figure 6.6) show a decrease in the integrated areas of the SiO2 LO and TO phonon modes (1250 

and 1060 cm–1, respectively)38 as a function of the number of cycles, although the magnitude of 

the total loss is not linear (0.0466, 0.0808, and 0.1314 cm–1 after the 1st, 10th, and 20th cycles, 

respectively). The intensity corresponding to the loss of the surface hydroxyl groups (3742cm–1) 

does not change after the first cycle, indicating that a complete surface reaction occurs during the 

first TMA exposure. However, a cumulative gain is observed at 929 cm–1, which could be 

attributed to Si–Fx
14 or Al–O formation39. Assuming that the loss of the SiO2 phonon modes is 

associated with etching, Table 6.1 shows the etch rates for the TMA/CHF3 and TMA/HF processes 

after 1, 10, and 20 cycles at 350 °C. The non-linear behavior of these processes is attributed to the 

concurrent formation of a thin film containing aluminum and fluorine. 
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Figure 6.6. Cumulative IR absorbance spectra of an etched 15 nm-thick SiO2 film after the 1st, 
10th and 20th cycles of the TMA/CHF3 process at 350 °C. All spectra are referenced to the 
spectrum of the pre-annealed SiO2 substrate. 
 

Table 6.1. Comparison of the etch rates of 15 nm-thick SiO2 films from the TMA/CHF3 and 
TMA/HF processes at 350 °C. 

 
 Etch Rate (Å/cycle) 

No. of cycles TMA/CHF3 process TMA/HF process 

1 0.80 1.50 

10 0.13 0.43 

20 0.11 0.35 

 

XPS analysis of the SiO2 film after 20 cycles of the TMA/CHF3 process at 350 °C reveals the 

presence of aluminum (12.7 at%) and fluorine (2.4 at%) even after 30 s of 1 keV Ar+ sputtering 

(Figure 6.7). This finding points to the incorporation of both impurities inside the surface film. On 
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the other hand, a small amount of carbon is removed after 30 s of sputtering, typical of adventitious 

contamination; this indicates that polymerization did not occur during the etching process. 

 

 

Figure 6.7. XPS spectra of a 15 nm-thick SiO2 film after 20 cycles of TMA/CHF3 at 350 °C: (a) 
depth profile, (b) Al 2p orbital, and (c) F 1s orbital. 
 

The TMA/CHF3 process was subsequently evaluated for the etching of a 15 nm-thick Al2O3 film. 

Figure 6.8 shows the IR absorbance spectra of this film after a range of TMA/CHF3 cycles at 350 

°C. Specifically, IR spectra were taken after the 1st, 10th, and 20th cycles and referenced to the pre-

annealed Al2O3 substrate. The growth of the absorption band at 962 cm–1 as a function of the 

number of cycles (Figure 6.8a) is noteworthy and stimulated the examination of differential IR 

spectra during the 10th cycle (Figure 6.8b). Upon TMA exposure, there is a loss in the integrated 

area of the band at 954 cm–1 (0.0187 cm–1). Upon the subsequent CHF3 exposure, there is a 

strengthening of the band at 962 cm–1 (0.0426 cm–1). This net gain in the peak centered at 962 cm–

1 after each TMA/CHF3 cycle (observed in the differential spectra) results in the overall growth of 

this mode as a function of cycles (observed in the final spectrum referenced to the starting surface).  
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Figure 6.8. IR absorbance spectra of a 15 nm-thick Al2O3 film after cycles of of the pre-annealed 
substrate, (b) differential spectra taken after each precursor exposure of the 10th cycle and 
referenced to the spectrum of the previous half-cycle. Ranges for the IR absorbances of Al2O3 and 
AlFx modes overlap and reside near the low-energy end of the spectrum, as indicated. 

 
 

Ligand exchange at the Al–CH3 mode is quantified by examining the same differential IR spectra 

(during the 10th cycle, i.e., the steady-state ALE process in Figure 6.8b). The integrated area for 

!A
bs
or
ba
nc
e

1600 1200 800
Wavenumbers!(cm–1)

3×10–4
(b)

10th(TMA(

10th(CHF3

Al&CH3

AlFx

Al2O3

1st

10th

20th

(a)

!A
bs
or
ba
nc
e

1400 1200 1000 800
Wavenumbers!(cm–1)

1×10–3



 

134 

the mode at 1218 cm–1 increases by 0.0065 cm–1 during the TMA pulse and decreases by 0.0056 

cm–1 during the CHF3 pulse, indicating that approximately 14% of the surface Al–CH3 species 

remain intact following the CHF3 pulse. Following 20 cycles of the TMA/CHF3 process at 350 °C, 

SE measurements show a 0.91 ± 0.06 nm increase in the Al2O3 film thickness. XPS analysis reveals 

5.1 at% fluorine prior to any sputtering, and 0.5 at% fluorine after 4 min of 1 keV Ar+ sputtering 

(Figure 6.9). 

 

Figure 6.9. XPS spectra of a 15 nm-thick Al2O3 film after 20 cycles of TMA/CHF3 at 350 °C: (a) 
depth profile, (b) F 1s orbital. 
 

6.4.3! Fluorine incorporation during thermal ALE using HF 

Substantial incorporation of fluorine was noted based on the XPS data following the thermal ALE 

of Al2O3 thin films using HF. However, since the electron escape depths exceed 5 nm, XPS cannot 

determine the location of the fluorine. LEIS is a more precise technique to study the localization 

of elements in the near-surface region due to its surface sensitivity (detection of surface species 

with binary scattering processes),40,41 and  its ability to yield static depth profiles from proper 
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modeling of neutralization and reionization processes upon scattering into the bulk.40,42 LEIS was 

therefore used to assess the extent of fluorine penetration into the film.  

Figure 6.10a shows He+ LEIS spectra of Al2O3 films after 20 cycles of the TMA/HF process (with 

HF as the final pulse) at 350 °C. The spectra were collected as a function of sputtering, where the 

total Ar+ dose was converted to sputtering depth, using the aforementioned 3 nm-thick Al2O3 

standard sample for calibration. For comparison, a spectrum collected from an as-deposited Al2O3 

film not subjected to ALE is shown (red trace). The spectrum collected from the as-etched surface 

shows an intense peak at the energy expected for fluorine, as well as an aluminum peak with 

comparatively-weak intensity, resulting from shadowing by surface fluorine atoms. No oxygen 

surface peak is observed, indicating a complete fluorine termination of the surface. Importantly, a 

threshold structure can be seen in the background due to reionized neutrals just below the energy 

of the fluorine peak. This feature indicates the presence of subsurface fluorine detected by the 

reionization of neutrals that scatter below the surface, as described above. Upon sputtering to 

approximately 0.13–0.26 nm below the surface, an oxygen peak emerges, while the intensity of 

the surface fluorine peak begins to decrease. The intensity of the oxygen and aluminum peaks 

continue to increase concomitantly with a decrease of the fluorine peak between 0.26 and 1.06 nm, 

until the fluorine peak finally approaches the detection limit upon sputtering to ~1.40 nm. By 

sputtering to a depth corresponding to 2.80 nm, the fluorine signal is below the detection limit.   

Measurements were also performed on analogously-etched samples in which TMA was used as 

the final pulse, as an additional probe of the near-surface fluorine distribution. Figure 10b shows 

He+ LEIS spectra as a function of Ar+ sputtering throughout a subsurface region corresponding to 

that in Figure 10a. Interestingly, the spectrum collected from the as-introduced sample still shows 
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a pronounced fluorine peak, as well as a broad background due to reionized neutrals, again 

confirming the presence of subsurface fluorine.  As compared with the spectra from the as-etched 

surface in which HF was used for the final half-cycle, only a slight enhancement of the aluminum 

peak relative to the fluorine peak is observed. The integrated area ratio of the Al:F peaks increases 

from 0.94 ± 0.09 when HF is used as the final pulse to 1.10 ± 0.12 when TMA is used as the final 

pulse. In addition, close inspection of the spectra of the as-introduced samples shows that a very 

weak oxygen peak can be observed in the case of the TMA-terminated surface, whereas no oxygen 

is detected in the HF-terminated surface. This peak becomes more pronounced after sputtering the 

TMA-terminated sample for a dose corresponding to a depth of 0.05 nm, whereas no oxygen peak 

is detected in the HF-terminated sample until sputtering to a depth of 0.13 nm.    

 

 

Figure 6.10. LEIS spectra of 15 nm-thick Al2O3 films after 20 cycles of (a) TMA/HF and (b) 
HF/TMA at 350 °C. 
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XPS elemental depth profiling was subsequently performed on different (non-sputtered) regions 

of the same samples. Consistent with the fluorine content observed by LEIS, XPS analysis reveals 

considerable fluorine incorporation for Al2O3 films subjected to 20 cycles of the TMA/HF (19.6 

at%) and HF/TMA (13.2 at%) processes at 350 °C. 

6.4.4! Removal of fluorine by water vapor 

Since fluorine is clearly a contaminant product resulting from the etching process, its removal 

was investigated by using water vapor. Specifically, the removal of fluorine from the surface of  

 

 

Figure 6.11. XPS spectra of a 3 nm-thick Al2O3 film after 7 cycles of TMA/HF at 325 °C: (a) depth 
profile, (b) F 1s orbital; and after an additional 7 pulses of D2O at 325 °C: (c) depth profile, (d) F 
1s orbital. 
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an etched Al2O3 film was studied by exposure to water pulses at 325 °C following the TMA/HF 

process. As a reference, the XPS analysis of an Al2O3 film etched by 7 cycles of TMA/HF at 325 

°C showed that 25.4 at% fluorine is present within the surface region (Figure 6.11a,b). Treatment 

of this surface with 7 pulses of water (D2O was used for convenience with IR spectra) lowers the 

fluorine content to 3.5 at%, i.e., by 86% (Figure 6.11c,d).  

 

6.5! Discussions 

6.5.1! Mechanisms for thermal atomic layer etching 

The thermal ALE of Al2O3 thin films by TMA/HF has been reported by George and coworkers.13,14 

The overall reaction for Al2O3 ALE is described by: 

Al2O3 + 6 HF + 4 Al(CH3)3 → 6 AlF(CH3)2 + 3 H2O 

In the fluorination step, HF reacts with an AlCH3* surface species to form an AlF* surface species 

releasing CH4 as a reaction byproduct.13 HF also reacts with the Al2O3 film to form AlF3 and H2O 

as reaction byproducts. Importantly, during the metallization step, TMA reacts with the surface 

AlF3 on the Al2O3 substrate to form a volatile AlF(CH3)2 reaction byproduct. Etching occurs when 

more aluminum atoms are removed as AlF(CH3)2 than are deposited as AlF3. 

The ALE of SiO2 thin films by TMA/HF proceeds by a “conversion etch” mechanism.14 TMA 

exposure results in the conversion of near-surface SiO2 to Al2O3, aluminosilicates, and reduced 

silicon species with an AlCH3* surface termination.14 Then, HF reacts with the converted layer to 

form AlF3 and silicon fluoride species. The next TMA exposure removes the fluoride layer by a 

ligand exchange reaction and transforms additional SiO2 to Al2O3. This conversion etch approach 

has also been applied to the ALE of ZnO thin films.43 In general, the transformation of a fraction 
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of a binary oxide substrate to a ternary oxide layer by a vapor-phase precursor is a largely 

unexplored phenomenon. We recently described the formation of scandium-containing ternary 

oxide layers by the reactions of SiO2 and ZnO surfaces with a scandium ALD precursor and argued 

that ternary oxide formation (ScSixOy, ScZnxOy) is likely driven by the large difference in the 

electrochemical reduction potentials between scandium metal and the elements comprising these 

oxide surfaces. Accordingly, the ability of TMA to react with SiO2 toward the formation of an 

Al2O3/aluminosilicate layer may be facilitated by the much more negative reduction potential of 

aluminum metal versus that of silicon. 

Based on this knowledge, the mechanism for the thermal ALE of SiO2 by TMA/CHF3 at 350 °C 

is now considered. Both IR and XPS measurements reveal the incorporation of aluminum and 

fluorine into the etched SiO2 film, similar to the TMA/HF process. Thus, we postulate that TMA 

converts some of the near-surface SiO2 to Al2O3 and CHF3 fluorinates the film. Figure 6.12 shows 

the proposed mechanism for the surface reactions involved in the ALE of SiO2 by TMA/CHF3. 

The process starts by the chemisorption of TMA to the surface hydroxyl groups of OH-terminated 

SiO2. At this step, the conversion of SiO2 to Al2O3 likely occurs by the penetration of aluminum 

through the upper SiO2 surface, forming Al–O–Al and Si–O–Al bonds. Notably, some of the 

methyl groups bond directly to silicon, evidenced in the IR spectra by the presence of the Si–CH3 

umbrella mode at ~1280 cm–1. The subsequent CHF3 exposure removes approximately half of the 

surface methyl groups (Al–CH3 bonds), generating a fluorine-modified oxide surface. The 

subsequent TMA exposure only partially removes the fluorine-modified surface species, resulting 

in residual aluminum and fluorine in the film. This added contamination occurs concurrently with 

the attenuation of the SiO2 phonon modes (attributed to oxide etching), hindering further reaction 
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Figure 6.12. Proposed mechanism showing the surface reactions for the thermal ALE of a SiO2 
film using TMA/CHF3 at 350 °C.  
 

of CHF3 with the surface (i.e., reducing the etch rate as a function of the number of cycles) (Table 

1). The interpretation of an ALE process is supported by continuous ligand exchange, indicating 

that surface reactions are sustained during each precursor pulse. Furthermore, there is no evidence 

for the polymerization of CHF3, since the carbon content of the etched film is below the XPS 

detection limit after 30 s of 1 keV Ar+ sputtering (Figure 6.7), consistent with the observed 

continued ligand exchange. 

The TMA/CHF3 process is ineffective for the thermal ALE of 15 nm-thick Al2O3 thin films at 350 

°C. The differential IR spectra show a partial areal loss at 954 cm–1 during the TMA pulses (0.0187 
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cm–1) versus a greater areal gain at 962 cm–1 during the CHF3 pulses (0.0426 cm–1), which is likely 

due to the deposition of an aluminum-oxi-fluoride layer (Figure 6.8b). By contrast, each cycle of 

the TMA/HF process results in a net loss at 948 cm–1 (Figure 6.4b). Also, examination of the 

TMA/CHF3 ligand exchange process at 1218 cm–1 shows that 14% of the surface Al–CH3 species 

remain intact following the CHF3 pulse (Figure 6.8b). For comparison, the TMA/HF process 

exhibits ligand exchange at 1224 cm–1, with 10% of the surface Al–CH3 species remaining after 

the HF pulse. Thus, despite a similar efficiency at removing surface Al–CH3 groups to that 

observed during the TMA/HF process, the TMA/CHF3 process results in net film growth on Al2O3 

thin films at 350 °C, presumably due to the non-volatility of the fluorinated products.  

6.5.2! Extent of fluorine penetration and fluorine removal using water vapor 

High amounts of fluorine (≥13.5 at%) are incorporated into the etched Al2O3 films during the 

TMA/HF process. Figure 6.13 shows the results of an analysis of the LEIS spectra of Al2O3 films  
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Figure 6.13 Fluorine penetration depth as determined by the integrated normalized area of the 
fluorine peak in the LEIS spectra of 15 nm-thick Al2O3 films subjected to 20 cycles of either 
TMA/HF (black) or HF/TMA (blue) at 350 °C. 
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subjected to 20 cycles of either TMA/HF or HF/TMA at 350 °C, specifically focusing on the 

normalized area of the fluorine peak as a function of Ar+ sputtering.  

When HF is used as the final process step, the surface is completely fluorine-terminated, and the 

fluorine distribution extends to a depth of ≥1 nm below the surface. When TMA is used as the 

final process step, only a partial removal of the fluorine-terminated AlFx layer occurs, and 

subsurface fluorine persists to depths comparable to those observed when HF is used as the final 

process step. 

As described above, the XPS analysis reveals a reduction in the fluorine content from 25.4 to 3.5 

at% following the treatment of an etched Al2O3 surface by 7 pulses of D2O (Figure 6.11) 325 °C. 

Therefore, at elevated temperatures water vapor can react with the AlF3 surface according to the 

following reaction44: 

2 AlF3 + 3 H2O ⇌ Al2O3 + 6 HF 

Accordingly, exposure of AlFx surface species to water likely results in the hydrolysis of Al–F 

bonds at 325 °C, resulting in the regeneration of an Al2O3 surface and liberation of HF as a volatile 

byproduct.  

 

6.6! Conclusions 

Thermal ALE is a promising approach for etching thin films with angstrom-level precision, 

although fluorine contamination is a problem inherent to the use of HF and CHF3. Cyclic exposures 

of TMA/HF at 350 °C lead to the thermal ALE of both SiO2 and Al2O3 films. Analysis of an Al2O3 

film by LEIS after 20 cycles of TMA/HF at 350 °C reveals the presence of a continuous AlF3 

surface layer. The majority (~90%) of the surface fluorine contamination can be removed by 
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exposure to water vapor at 325 °C. This finding is significant since minimizing the presence of 

contaminating halogens is crucial to allow further deposition/etch processes and to the 

performance of many microelectronics devices. Fluoroform was also investigated as an alternative 

to HF for the ALE of oxide films. Cyclic exposures of TMA/CHF3 at 350 °C led to the partial 

thermal ALE of SiO2 films. In contrast, the TMA/CHF3 process results in a small net increase in 

film thickness when applied to Al2O3 films at the same temperature and pressure. Although CHF3 

reacts with TMA-treated oxide surfaces, etching is hindered by the concurrent deposition of a 

fluorine-containing layer. The fact that fluorine generated by either HF- or fluorocarbon-based 

ALE can be mostly removed by water vapor exposures provides an effective post-ALE corrective 

step, critical for redeposition on nominally clean areas required for the practical application of this 

ALE process. Altogether, the evaluation of CHF3 as a potential replacement for HF and the 

discovery of a post-ALE processing step for fluorine removal are important steps forward to 

broaden the application of thermal ALE for microelectronics device fabrication. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

The ALD and thermal ALE processes described in this dissertation consist of mechanistic studies 

using in situ FTIR and other ex situ characterization techniques (XPS, Ellipsometry, LEIS). The 

reaction mechanisms are important to understand the true nature of the thin film growth/etching to 

control the processes with precision, which is the key requirement.  

In Chapter 3, the TiO2 film growth results from both 1/ozone and 1/water processes. However, the 

growth mechanisms are completely different. While the 1/ozone process exhibits self-limiting 

ALD-type behavior, uncontrolled CVD-type growth occurs during the 1/water process. Also, the 

mechanistic study contains valuable information regarding the chemisorbed surface species which 

blocks water-based ALD growth. The study provides new insights regarding using small molecules 

as blocking layers to protect water-based processes in selective ALD applications.  

In Chapter 4, growth selectivity has been demonstrated by a Cp-based Sc precursor with various 

oxide substrates. The Sc precursor transforms part of the SiO2 and the ZnO substrates to ScSixOy 

and ScZnxOy, respectively. Whereas, the Al2O3, HfO2, and TiO2 substrates remain unmodified 

during exposure to the Sc precursor. The selective growth with different oxide substrates can be 

explained by the difference in the electrochemical potentials of the elements comprising the 

oxides. Higher the electrochemical potential difference shows the greater reactivity. This trend in 

reactivity may be extended to other precursors containing metals with very negative 

electrochemical potentials (e.g., Y, Gd, Nb) for growing multicomponent oxides. 
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The Chapter 5 contains a study for growing Sc2O3 thin films by an ALD process using the same 

Sc precursor with ozone. The process demonstrates ligand exchange which is observed by in situ 

FTIR. It is the first ALD mechanistic study for growing Sc2O3 thin films using ozone as the 

oxidant.    

In Chapter 6, comparative thermal ALE studies of silica and alumina thin films have been 

demonstrated by TMA/HF or TMA/CHF3 processes. In both processes, unwanted fluorine 

incorporation occurred during the etching. A method to remove residual fluorine has also been 

established by applying subsequent water vapor treatment. The ALE of the oxides using the 

TMA/CHF3 process is limited by the decomposition temperature of the TMA. The TMA/CHF3 

process applied at 350 °C results in partial etching of the oxide films with fluorine contamination. 

The TMA/CHF3 process has not been carried out at temperatures higher than the 350 °C due to 

the possibility of TMA decomposition. Fluorocarbons with improved reactivity are desired for 

complete ALE of oxides at temperatures precluding the thermal decomposition of TMA. Instead 

of TMA, other metal precursors might enable ALE processes using CHF3 at lower temperatures.   
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