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ABSTRACT

In this dissertation, the surface interactions of fluorine were studied during atomic
layer deposition (ALD) and atomic layer etching (ALE) of wide band gap materials. To
enable this research two high vacuum reactors were designed and constructed for thermal
and plasma enhanced ALD and ALE, and they were equipped for in-situ process
monitoring.

Fluorine surface interactions were first studied in a comparison of thermal and
plasma enhanced ALD (TALD and PEALD) of AlF3 thin films prepared using hydrogen
fluoride (HF), trimethylaluminum (TMA), and Hz-plasma. The ALD AlF3 films were
compared in-situ using ellipsometry and X-ray photoelectron spectroscopy (XPS).
Ellipsometry showed a growth rate of 1.1 A/ cycle and 0.7 A/ cycle, at 100°C, for the
TALD and PEALD AIF; processes, respectively. XPS indicated the presence of Al-rich
clusters within the PEALD film. The formation of the Al-rich clusters is thought to
originate during the H»-plasma step of the PEALD process. The Al-rich clusters were not
detected in the TALD AIlF; films. This study provided valuable insight on the role of
fluorine in an ALD process.

Reactive ion etching is a common dry chemical etch process for fabricating GaN
devices. However, the use of ions can induce various defects, which can degrade device
performance. The development of low-damage post etch processes are essential for
mitigating plasma induced damage. As such, two multistep ALE methods were

implemented for GaN based on oxidation, fluorination, and ligand exchange. First, GaN



surfaces were oxidized using either water vapor or O-plasma exposures to produce a thin
oxide layer. The oxide layer was addressed using alternating exposures of HF and TMG,
which etch GayOs films. Each ALE process was characterized using in-situ using
ellipsometry and XPS and ex-situ transmission electron microscopy (TEM). XPS indicated
F and O impurities remained on the etched surfaces. Ellipsometry and TEM showed a slight
reduction in thickness. The very low ALE rate was interpreted as the inability of the Ga,Os
ALE process to fluorinate the ordered surface oxide on GaN (0001).

Overall, these results indicate HF is effective for the ALD of metal fluorides and

the ALE of metal oxides.
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CHAPTER 1

INTRODUCTION

1.1 Background

Wide and ultrawide band gap (WBG and UWBG) semiconductor materials have
enhanced electrical characteristics in comparison to conventional semiconductor materials
such as Si, Ge, or GaAs. WBG and UWBG materials are classified as those with a band
gap between 2 — 4 eV and greater than 4 eV, respectively.!'3] The electronic properties of
selected conventional and WBG semiconductors are shown in Table 1.1. In general, larger
band gaps correlate to larger breakdown electric fields and electron saturation velocities,
which are beneficial for power and high frequency electronics, respectively.l"l WBG and
UWBG semiconductors have been used for a variety of applications including diodes,*”!

transistors,’®! power devices,”!!l electron emitters,['?] ultraviolet optoelectronics,!!3!"]

16181 among many others. The development of GaN-based

particles detectors,
radiofrequency (RF) and microwave high-electron mobility transistors (HEMTs) have
been implemented in many commercial applications including 5™ and 6" generation (5G

and 6G) mobile cellular networks.!!” 2% The fabrication of these high impact technologies

requires nanoscale precision for both material growth and removal.



Table 1.1. Electronic properties of single crystal semiconductor materials. In some cases,

(14

electron and hole properties are denoted by “e” and “A,” respectively. Table adapted from

Tsao et al.l*! Copyright © CC BY-NC 4.0.

Si 4H-SiC  GaN  B-GaxO3 Diamond
Bandgap E; (eV) 1.1 3.3 3.4 4.8 5.5
e (h) u 1450 950 2000 300 4000
Mobility (cmz/V/s) (450) (115) (350) (<100?) (3800)
Breakdown Ep
0.3 3 5 8 10
Electric Field (MV/cm)
Thermal K
1.3 5 1.3 ~0.2 20
Conductivity (W/cm/K)
e (h)
Vsat 1.0 2.0 2.0 1.5
Saturation
(107cm/s)  (0.4) (1.0) (1.7) (1.1)
Velocity
Dielectric
& 11.7 10 8.9 10 5.7
Constant

Fabrication of semiconductor devices often relies of wet chemical or dry chemical
etch process for patterning. At times, wet chemical etching is not suitable due to the inert
nature of some materials (e.g. GaN).[>!l A subset of dry chemical etching is reactive ion
etching (RIE) which utilizes plasma species to remove material. In RIE, material is
typically removed through the formation of halides then desorbed by ion bombard.[?>2]

However, the use of a plasma can induce various defects, which can degrade device

2



performance by increasing leakage current or lowering breakdown voltage.?> 26l

Previously, this issue has been addressed by depositing high dielectric constant (high-k)

[27

materials to suppress leakage currents.[*”] Alternative methods have focused on developing

multi-step RIE processes or post etch treatments to mitigate plasma induced damage. (282"
Atomic layer etching (ALE) is one such method.

As mentioned, high-k dielectrics are often used as an interfacial layer between
semiconductor and metal contacts; such a configuration is referred to as a metal-insulator-
semiconductor structure (MIS).[?”> 3934 The use of metal oxides and nitrides grew in
popularity because of their ability to suppress quantum mechanical tunneling more
effectively than SiOz layers.[?> 32 35361 However, with the advent of WBG and UWBG
semiconductors, a new class of gate dielectrics is required. Selection of a material as a gate
dielectric requires consideration of the band alignment with the semiconductor material.[*”]
In particular, the confinement of electrons at an interface requires the conduction band
offset where the dielectric’s conduction band minimum (CBM) is above that of the
semiconductor’s CBM. For WBG and some UWBG semiconductors, oxides such as HfO»,
AlLOs, or GaOsz have been sufficient. However, for UWBG semiconductors such as
diamond a novel class of dielectrics is required and metal fluorides appear to be a class of
material that can meet the needs. The incorporation of metal fluorides as a dielectric in

UWBG MIS devices would require high purity, uniform and conformal, layers to meet the

demands of electric devices.



1.2 Atomic Layer Processes

The development of thin film deposition and etching techniques is an essential
process for the miniaturization of electronic devices in the semiconductor industry. The
trend for smaller devices has led to the requirement of atomic scale control over thin film
deposition and etching. Additionally, for smaller devices with a high aspect ratio, the
deposition and etching of thin films is required to be uniform and conformal. Relative to
other thin film deposition and etching techniques, only atomic layer deposition and atomic
layer etching (ALD and ALE) meet these requirements. These advantages have positioned
ALD as a mainstream technology in the fabrication of nanoelectronics. However, ALE is
an emerging technique that is not as matured, nor has it been integrated into fabrication

processing.

1.2.1 Atomic Layer Deposition

Atomic layer deposition (ALD) is a chemical vapor deposition (CVD) technique.
Both CVD and ALD employ vapor transport to enable gas solid interactions. Unlike CVD,
ALD achieves film growth using sequential exposures of reactants separated by inert gas
purges schematically shown in FIG 1.1. A key characteristic of ALD is the self-limiting
nature of the growth process. Self-limiting growth is achieved for a surface that has a
limiting number of reactive sites for reactant adsorption. In general, there is a temperature
window where excess precursor desorbs from the surface. Moreover, the self-limiting
surface reactions must occur in all reactant steps at the same substrate temperature. Thus,
in an ideal ALD reaction, there is a temperature range (or growth window) where the
growth proceeds in a layer-by-layer mode, and the layer thickness per ALD cycle is

4



essentially constant. The growth per cycle (GPC) for an ALD process can increase or
decrease at temperatures above or below the growth window due to a variety of reasons
related to the adsorption-desorption kinetics.?’°! The substrate temperature is typically
chosen within the growth window to prevent precursor self-interaction and decomposition,
while also facilitating self-limiting surface reactions. The self-limiting nature of ALD

enables precise thickness control along with high purity, uniform, and conformal layers.
| A

Vis

|

FIG 1.1. Schematic of a two-reactant ALD process based on sequential self-limited surface

A J

Repeat

reactions. Image adapted from George et al.[*”) Copyright © 1996, American Chemical
Society.

ALD of oxides and nitrides has matured over the past ten to twenty years due to
their use as high dielectric (high-k) constant gate dielectrics for metal-oxide/insulator-
semiconductor devices (MOS/MIS).[27- 39341 The ALD of metal fluorides is not as well
developed though a number of chemical routes have been demonstrated. However, the

5



selection of reactants is more difficult due to the lack of safe, easy-to-handle, fluoride
precursors. Initial fluoride ALD used NH4F and volatile metal halides (TiF4 and TaFs) as

5.141-461 More recently, metal fluorides have been deposited using anhydrous

fluorine source
HF (AHF), HF-pyridine (HF-P) mixtures, and SF¢-plasma.[*’3%] Selection of reactants for
ALD processes is of utmost importance to minimize potential impurities. Reactant
selection often requires consideration of the intended application. For example, when ALD
AlF3 is used for far ultraviolet optics, formation of oxides and nitrides can degrade optical
performance, due to adsorption at lower wavelengths. Additionally, the vacancies or metal
impurities can induce Fermi level pinning, which is detrimental to electrical device
performance.

In this work, a method for plasma enhanced ALD of AlF; is presented and
compared to a thermal ALD AlF; process. The ALD AlF; processes were enabled by the
construction of a custom metal fluoride ALD reactor designed for minimal impurity
incorporation. The AlF3 processes utilized alternating exposures of hydrogen fluoride (HF)
and trimethylaluminum (TMA) to achieve self-limiting growth. In the plasma enhanced
variant, a remote Ho-plasma step was implemented after each HF exposure to prepare the
surface prior to start of the next cycle.

These AlF3 processes were developed to meet the requirements for the construction
of an ultraviolet (UV) reflective coating. AlF; and Al,O3; were ideal materials as they have
a low and high reflectivity, respectively, and large band gaps.*® It was demonstrated that
ALD could be used to fabricate an all-dielectric high reflectivity middle UV coating (FIG
1.2).581 This was an original use of ALD to fabricate a middle UV reflective coating based
on AlF3 and AlbOs. The AIF3 processes developed in this dissertation have also been

6



implemented to characterize the band alignment of AlF; on diamond surfaces with various
surface terminations. Analysis of these experiments will provide valuable insight on the

surface interactions of HF for the deposition of AlFs.
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FIG 1.2. Design parameters and results of a middle ultraviolet reflective coating based on
alternating layer of ALD AlF; and Al2Os3 on sapphire. In (a) the refractive index of each
dielectric is shown in the middle ultraviolet. In (b), the multilayer coating stack design
where “H” and “L” indicate high and low index layers, respectively. The final result for a

single bilayer is shown in (c) with the theoretical and experimental measurements



indicated. Finally, (d) shows a model of the coating extended past a single bilayer. Image

adapted from Huang et al.>8! Copyright © 2021, American Vacuum Society.

1.2.2 Atomic Layer Etching

Atomic layer etching (ALE) is a thin film removal technique with atomic scale
precision. Similar to ALD, ALE is a self-limiting or pseudo self-limiting thin film removal
technique.’” >8] ALE achieves self-limiting material removal using sequential exposures
of precursors, or reactants, separated by inert gas purges. A model ALE process (FIG 1.3)
would consist of a surface modification step and a removal step separated by purging steps.
Self-limiting etching is achieved, as there are a limited number of reactive surface sites for
precursor adsorption. The self-limiting aspect does not have to occur during the second
reactant exposures. Instead, the second reactant must be inert towards the unmodified
surface. A thermal ALE process can be classified in a variety of ways based on the
precursor used; the number of steps required or the reaction mechanisms. To date, a number
of different mechanisms have been identified for thermal ALE.’®! These mechanisms
commonly revolve around surface conversion, oxidation, fluorination, and ligand
exchange. Additionally, plasma ALE processes tend to be anisotropic (or directional) while

thermal ALE processes are generally isotopic.>% 5]
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FIG 1.3. Schematic of a thermal and plasma enhanced atomic layer etching processes.
Image adapted from Carver et al.l**! Copyright © CC BY-NC-ND 4.0.

Most ALE process do not exhibit a well-defined temperature window in which the
etch rate is constant. The etch window, or process window, is chosen to optimize the
reaction rates of each step as well as the byproduct desorption rate. Outside of this process

window, etching may not occur which in some cases deposition may occur. Within the



process window, the etch per cycle (EPC) can vary depending on the temperature
dependence of the reaction and desorption rates of each precursor. The etch rates can be
less than or greater than one atomic layer per cycle but are typically less than 1 nm.

ALE processes have been implemented for a variety of novel processes including
3-D field effect transistors (FET) (FIG 1.4), such as the FInFET and gate-all-around FET
(GAAFET), and creating UV reflective surfaces.[®***l The development of FinFETs and
GAAFETs have led to lower power consumptions and higher performance at a marginal
increase in cost.[%] To fabricate a 3-D structure such as the FinFET of GAAFET, dry
anisotropic etch processes such as reaction ion etching (RIE) are used. Typically, RIE
implements halogen based plasmas, which are used to form nonvolatile metal halides that
are then removed via ion-bombardment.?>*l However, the use of ion bombardment can
induce various defects, which can degrade device performance by increasing leakage

current or lowering breakdown voltage.?> 26!

Planar FinFET GAAFET

Gate

Insulator
Source

Front

Side

FIG 1.4. Schematic of the front and side views of (a) a planar field effect transistor (FET),
(b) a FinFET, and (c) a gate-all-around FET (GAAFET).

Recently, multi-step etch processes and post etch treatments have been developed
to mitigate plasma induced damage, including ALE.[?® ?° The ion induced damage of an

RIE surface is thought to extend tens of nanometers into the material with the bulk of the

10



damage concentrated at the surface. Thus, ALE is an ideal material removal technique that

could be implemented to remove the surface RIE damage as indicated in FIG 1.5.

—

A _ RIE Surface
damage

| RIE Deep
damage

FIG 1.5. Illustration of implementing an ALE process to remove RIE induced damage to
improve device performance.

In this work, two multi-step processes were developed for ALE of GaN (0001), and
are schematically shown in FIG 1.6. To enable this research, a custom fluoride atomic layer
deposition and etching chamber was designed and constructed. Initial research focused on
developing a plasma enhanced ALD method for Ga>Os3 prior to development of GaN ALE.
The GaxOs3 etch process relied on alternating exposures of hydrogen fluoride and
trimethylgallium to achieve self-limiting etching. The two GaN ALE processes differed by
the oxidation method and the number of Ga,Os etch cycles required to remove the surface
oxide. Development of such processes could be implemented on GaN surfaces to removed
RIE induced damage and to reduce surface defects thus improving device performance.

These ALE processes relied on the HF surface interactions to effectively create a fluoride

11



layer, which could be removed via ligand exchange. Without the strong oxidation potential

of the fluoride, these ALE methods would not be possible.

Oxidation Fluorination Ligand Exchange
H,0
7 [Oy-plasma] HF Ga(CH3),
H,, N,, NO, H,0 2| GaF(CHy), |

[N2. NG,
FIG 1.6. A schematic illustration of the GaN ALE processes. The GaN was oxidized either

using a water vapor or remote Oz-plasma exposure to create a thin surface oxide. The

surface oxide was removed using a GaO3 ALE process.

2.1 Dissertation Approach

The experimental techniques employed in these studies are detailed in Chapter 2.
The characterization techniques include X-ray photoemission spectroscopy (XPS) and
ellipsometry. Examples are provided for the analysis of XPS and ellipsometry
measurements. Finally, the basic principles of atomic layer deposition and etching are
presented.

Chapter 3 presents the design constraints and construction of the fluoride atomic
layer deposition and etching systems used in this work. This chapter is split into four main
sections consisting of process requirements, equipment and subsystems, programmatic
control, and process monitoring. The process requirements and system design are discussed
for pressure, temperature, plasma, and precursor abatement. Additionally, an overview of
the equipment used is given along with methods in which the equipment could be remotely

controlled. The control program for the atomic layer deposition and etching systems is then

12



described including a basic description of the program architecture. Finally, the process
monitoring capabilities and limitations are described.

In Chapter 4, a detailed comparison of ALD of AlF3 thin films is presented using
trimethylaluminum (TMA), hydrogen fluoride (HF), and H>. Two sets of films were grown
using a thermal ALD (TALD) and plasma enhanced ALD (PEALD) processes. In TALD
of AlF; using HF and TMG, excess HF adsorbed onto the AlF; surface after each cycle.[*"]
As such, a remote Hy-plasma was implemented with the intention to remove the excess
adsorbed HF possibly leading to a denser film with improved electrical characteristics. The
ALD processes were studied using in situ ellipsometry to determine film thickness and
growth rates. XPS was implemented before and after each deposition allowing for
determination of chemical states and film stoichiometry. XPS of the PEALD AlF; layers
showed the presence of Al-Al impurities interpreted as Al-rich clusters attributed to the use
of a Hy-plasma.

In Chapter 5, a comparison is made for different atomic layer etching (ALE)
methods for GaN based on oxidation, fluorination, and ligand exchange. The GaN ALE
processes differ by the oxidation method in which either water vapor or remote O>-plasma
exposures were implemented. The surface oxide was then removed via a novel Ga>O3
thermal ALE process utilizing a number of alternating exposures of HF and
trimethylgallium. Each ALE process was monitored by in situ ellipsometry. XPS as
employed to characterize the surface composition and impurity states at each process step.
Additionally, the thermal and plasma enhance methods were performed on patterned
wafers allowing the use of transmission electron microscopy (TEM). XPS indicated F, O,

and C impurities remained on the etched surfaces for both ALE processes. TEM indicated

13



the etch rates were much less than expected with the etched surface roughness comparable
to the unetched surface.

In Chapter 6, the significance of the Chapter 4 and 5 results is discussed and
summarized. Past and ongoing applications of the ALD AIlF;3 thin films are presented.
Additionally, two topics for future work are outlined: ALD of GaF; and ALE of GaxO3
polymorphs.

The studies presented in this dissertation provide a more complete understanding
of the surface interactions for atomic layer deposition and etching due to fluorine

chemistry.
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CHAPTER 2

EXPERIMENTAL TECHNIQUES

2.1 Introduction

This dissertation presents a variety of material growth and removal experiments
accomplished using instruments in the Arizona State University (ASU) Nano Science
Laboratory (NSL). The NSL houses a unique multi-chambered ultra-high vacuum (UHV)
system allowing for transfer between characterization and sample processing chambers
without exposure to atmosphere. The UHV system, FIG 2.1, consists of a ~21 m transfer
line, five characterization chambers, a storage box, two load-locked chambers, and eight
processing chambers. Each chamber is separated from the transfer line using a gate valve.
The transfer line and storage box are maintained at ~2E-9 Torr using five cryogenic pumps
located at various positions. Samples are inserted into the transfer line using load-locked
chambers. Transport of samples between chambers is accomplished using a cart, with three
sample slots, attached to a pulley system driven by a manual crank. Samples are transferred
between chambers and the cart using magnetically coupled transfer rods. The in situ
instruments employed in this research are the X-ray and ultraviolet photoelectron
spectroscopy (XPS/UPS) system for electronic surface characterization, the fluoride
plasma enhanced atomic layer processing (F-PEALP) system for the growth of metal
fluorides and etching of metal oxides, and the oxide plasma enhanced atomic layer
processing (O-PEALP) system for growth of metal fluorides and etching of oxides and
nitrides. The F-PEALP including the use of a multi-wavelength ellipsometer (MWE) for
monitoring deposition and etching of thin films. The O-PEALP also used an MWE is was
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also equipped with a quadrupole mass spectrometer (QMS) for monitoring gas-phase
products from surface reactions. Both the F-PEALP and O-PEALP will be described in

detail in Chapter 3.

Integrated processing and characterization UHV chambers:

I T N S S N N N W | J.é%

load XPS/  e-beam UV Oxide Hy/NH; Fluoride Oxide load
ook UPS AES  XPS  pg spec  MBE  PEALD plasma PEALP PEALP P18 ECR oy MBE

FIG 2.1. Image of the Nano Science Laboratory (NSL) ultrahigh-vacuum transfer line
integrated with a number of growth and characterization chambers. The shaded chambers
indicate the ones used in this research. (UPS — Ultraviolet photoelectron spectroscopy, AES
— Auger electron spectroscopy, XPS — X-ray photoelectron spectrometer, e-beam —
Electron Beam Physical Vapor Deposition system, UV Spec — Ultraviolet spectroscopy,
MBE — Molecular Beam Epitaxy System, PEALD — Plasma Enhanced Atomic Layer
Deposition system, PEALP — Plasma Enhanced Atomic Layer Processing system, iPlas —
Microwave Plasma Chemical Vapor Deposition system, ECR — Electron Cyclotron
Resonance Plasma Enhanced Chemical Vapor Deposition system).

Other instruments and facilities, within the NSL, utilized in this research includes
a wet chemical room for sample preparation and cleaning and an atomic force microscopy

for surface morphology. Outside of the NSL, facilities within the ASU Eyring Materials
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Center and the ASU NanoFab were used including a thermal atomic layer deposition
system, an electron beam deposition system, and a spectroscopic ellipsometer for various

optical measurements.

2.2 Photoelectron Spectroscopy
2.2.1 Principles of Photoelectron Spectroscopy

Photoemission spectroscopy (PES) stems from the photoelectric effect which was
analyzed by Albert Einstein in 1905.['! The photoelectric effect occurs that when a photon
strikes a surface and electrons are excited and emitted from the surface. As such, a PES
system, shown in FIG 2.2, requires a photon source, electron optics, an electron
hemispherical analyzer, and an electron detector all held at high to ultrahigh vacuum

(<I10E-7 Torr).

Electron Analyzer

Electron
Optics

Photon Source

Take-off
8  Angle

Sample Surface

Electron
Detector

FIG 2.2. Schematic of a photoemission spectroscopy system. Here, /v is the photon energy

and @ is the electron take-off angle.
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In PES, the majority of the excited electrons do not escape from the sample surface
due to scattering and/or recombination events. The depth in which electrons can escape,
called the “escape depth”, can be expressed in terms of the inelastic mean free path, A;,, of
the photoelectrons which is dependent on electronic and physical properties of the probed
material, shown in FIG 2.3 and discussed later in Section 2.3.2. In general, ~95% of the
photoelectron signal comes from the first 34, as shown in FIG 2.4. Meanwhile, scattered
electrons with sufficient energies can escape the surface as secondary electrons which
contribute to the background of the measured spectrum. The electron optics typically
consists of a series of electrostatic lenses that collect emitted electrons and focus them into
a hemispherical analyzer slit entrance. In the hemispherical analyzer, a bias is applied to
the concentric hemispherical sections allowing for selectivity of electrons with certain
energies, called the pass energy, E,. Electrons with energy E, travel through the analyzer
after which they strike the electron detector. The detector typically consists of an electron
multiplier which accelerates electrons towards a surface to produce secondary electron
emission. This process is repeated to create electron avalanche and by extension, a

measurable current.
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FIG 2.3. Electron inelastic mean free path (escape depth) dependence on electron kinetic

energy.”?! Copyright © 1979, Heyden & Son Ltd.
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FIG 2.4. Probability an electron, from depth x with mean free path A, will reach the surface.

Note that 95 % of the electrons originate from the first 34. In this figure, 4 is set to one.
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PES systems often have two operating modes for the electron lenses and the
hemispherical analyzer: fixed retard ratio (FRR) and fixed analyzer transmission (FAT). In
FRR mode, electrons are retarded to the pass energy E, of the analyzer such that the

Ex/E, = const., where Ei is the electron kinetic energy. In this mode the energy
resolution, AE /E, is a constant value which can be increased by increasing the E}, / E,, ratio,

where AE is the energy transmission window. In this case, the absolute value of AE and
the analyzer transmission 7' is proportional to £, and hence Ei. In FAT mode, the electrons
are deceleration to a fixed pass energy and the electron lenses are adjusted to retard the
selected Ex to the accepted range by the analyzer. This results in a constant energy
resolution. The resulting measured intensity is then proportional to N(Ey) - Ey and
N(Ey)/E, in FRR and FAT mode, respectively. Here, N(E}) is the electron density of
states at the electron kinetic energy. Typically, FRR is used in Auger electron spectroscopy

while FAT mode is used for PES. The energy resolution in PES is given by Eq. (2.1).

E =", @1
Where E, is the pass energy, s is the entrance slit size, and r is the radius of the
hemispherical analyzer.

Generally, PES can be divided into X-ray photoelectron spectroscopy (XPS) and
ultraviolet electron spectroscopy (UPS) depending on the photon energy used. Due to the
difference in photon energy, XPS is typically implemented for analysis of core level states
and can probe ~10 nm. UPS focuses on electronic structure in the valence band range, FIG

2.5, and has a sampling depth of ~1 nm.
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FIG 2.5. Illustration of the electron excitations in XPS and UPS. Here, E) is the electron
kinetic energy, and @, is the sample work function, and Ep is the photoelectron binding
energy.

When a surface is exposed to photons with a sufficient energy resulting in the
emission of photoelectrons, the electron binding energy can be expressed in terms of the
kinetic energy by Eq. (2.2).

Ep=hv—-E, -, (2.2)
Where E3 is the electron binding energy of the electron in the material, 4v is the photon
energy, Ej is the photoelectron’s kinetic energy, @, is the spectrometer work function.
Here, the binding energy of the electron is expressed relative to the Fermi energy of the
highest occupied state. In UPS, a negative bias is applied between the analyzer and sample
to allow the low kinetic energy photoelectrons to overcome the spectrometer work
function, Eq. (2.3).
Eg=hv—E,—®, —eV (2.3)
Here e is the electron charge and ¥V is the applied voltage. As UPS measurement were not

used in this research, it will not be discussed in depth.
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2.2.2 X-ray Photoelectron Spectroscopy

In this study, an integrated PES system (VG Scientia, R3000 XPS/UPS) was
employed to characterize chemical states and impurity states arising from the growth and
etching of thin films. This XPS/UPS system has a base pressure of 4E-10 Torr. The XPS
portion consists of a monochromated Al K, source (Scientia, MX 650) with a photon
energy of 1486.7 eV and a narrow bandwidth of 0.2 eV. For UPS, a high intensity UV
source (Prevac, UVS 40A2) optimized for He I and He Il radiation, at 21.22 eV and 40.82
eV, respectively, is used. The spectrometer uses a 135 mm mean radius hemispherical
analyzer (Scientia, R3000) which has a high-resolution 0of 0.03 eV full width half maximum
(FWHM) for both XPS and UPS measurements. The X-ray monochromator and main
chamber as separated by a 0.75 pm thick aluminum foil.

This system generates X-rays by bombarding a water-cooled aluminum anode with
a finely focused electron beam from a tungsten cathode. The electron beam size on the
band is ~ 1 mm by 3 mm which is equal to the X-ray spot size on the sample. The
monochromator consists of seven a-SiO» toroidal crystals. Six of the quartz crystals are
arranged along a circle around a central crystal. The crystals are heated to 55 °C to avoid
photon energy shifts due to thermal fluctuations. These quartz crystals are arranged on a
650 mm diameter Rowland circle. The monochromator operates based on Bragg’s law
given by Eq. (2.4)

2dsinf8 = nAi (2.4)

Where d is the distance between two crystal planes, 8 is the refractive angle, and A is the

wavelength of the incident photon. The geometry of the Rowland circle ensures that only
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a narrow band of X-rays will be diffracted onto the surface. This results in monochromatic
X-rays with a narrow bandwidth of 0.2 eV.

The electron hemispherical analyzer (Scientia, R3000) is used for XPS and UPS
measurements. The mean radius of the analyzer is 135 mm. Prior to entering the analyzer,
electrons emitted from the sample must pass through a series of electrostatic lens
configured to collect and transfer electrons to a 0.2 mm by 20 mm curved slit. The slit can
be adjusted to be straight or curve. Additionally, the slit size can be increase to 0.4 mm
wide for increased intensity but decreased energy resolution. As electrons enter the
analyzer, the inner sphere is positively biased while the outer is negatively biased to only
allow electrons with a chosen pass energy. On the exit of the analyzer sits a field
termination mesh, two multi-channel plates (electron multipliers), a phosphorus screen,
and a charge-coupled detector (CCD) camera. The CCD camera is configured to present
measurements in 2D: energy versus spatial/angular coordinates. This translates to
electronic states versus kinetic or binding energy. The R3000 analyzer has an energy

resolution less than 0.1 eV for XPS measurements at 100 eV pass energy.

2.2.3 Characterization
2.2.3.1 Peak Fitting

Identification and analysis of core levels and chemical states is an important aspect
of XPS. There are several characteristics related to core level spectra which indicate the
nature of the chemical bonding: background, intensity, position, and full width half-
maximum (FWHM). The first step of analyzing core level spectra is fitting the background
due to secondary electrons. Generally, backgrounds are fitted using step-down functions,
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linear fits, Shirley, or Tougaard backgrounds.[*’ Once a proper background is chosen,
spectra can be fit using Voigt functions, a convolution of Gaussian and Lorentzian
functions, or other line shapes. The intensity of a core level is most reliably determined by
integrating the area of the corresponding Voigt function. Typically, intensity measurements
are reliable within 10 %. The peak position is determined by deconvoluting the core level
spectra into Voigt functions. The uncertainty on the peak center depends on the energy
increments during data acquisition. The peak width is determined at the half maximum,
hence FWHM, and varies with chemical state, thermal motion, spectrometer, and X-ray
source. In most cases, core level spectra feature overlapping peak which must be
deconvolved for accurate determination of all chemical states. Such a task is typically not
straight forward as many chemical states have similar energy ranges. Understanding the
surface chemistry allows for introduction of constraints for reliable fitting in terms of

expected core level positions, energy separations, and FHWMs.

2.2.3.2 Film Composition

A core feature of XPS is the ability to determine surface stoichiometry or
composition. For a homogenous sample, the intensity of the core-level peak, in counts per
second, is dependent on system parameters and material properties, Eq. (2.5).[4]

I =nfoydi,, AT (2.5)

Here, n is the atomic number density (atoms per cm?), fis the X-ray flux (photons per
cm?:s), o is the photoelectric cross-section for the probed core level, y is the efficiency in
of the photoelectric process for formation of the normal photoelectron energy, A;, is the

inelastic mean free path of photoelectrons in the sample, 4 is the sample area where

32



photoelectrons are detected, and 7 is the detector efficiency. Note that only n, o, and A;,
are material dependent. Eq. (5) can be rearranged for the atomic number density, Eq. (2.6).
n=1/0A;,FyAT (2.6)

The denominator can be simplified to n =1/(S®) by defining the atomic

sensitivity factor (ASF), S, as S = g4;, , and the spectrometer transmission function

(STF), ®, as ® = FyAT. The STF can be determine by measuring an atomically clean

standard such as single crystal. If one considers a strong line, for each element, in a

heterogenous material, then the ratio of the two elements given by Eq. (2.7).

E _ 1,/8;
n, 1,/S;

2.7)

To determine the stoichiometry of a surface, or atomic fraction, Cx, one takes the
atomic number density of a constituent and divides it by the sum of all the atomic number
densities of the constituent elements, Eq. (2.8). Fortunately, the STF cancels out leaving
only S.

C. = Ny _Ix/Sx
yn L/S

(2.8)

To calculate S, one requires knowledge of the material properties. As stated, S is
dependent on the photoelectric cross-section (PECS) and the inelastic mean free path of
the photoelectron transition. The PECS can be obtained from Scofield et al'® where
relativistic single potential calculations were performed for most elements using the
Hartee-Slater atomic model. The PECS were calculations were performed at photon
energies of 1254 and 1487 eV corresponding to the Mg and Al K, X-ray transitions,
respectively. It should be noted that use of the PECSs requires accounting for spin-orbit

(SO) splitting of the chosen core level. When the SO splitting energy difference is greater
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than the energy resolution of the spectrometer, single states can be selected. Otherwise, the
sum of the SO states PECSs needs to be considered.

The second material dependent parameter is the inelastic mean free path (IMFP),
Ain, of the core level electrons in the sample material. The IMFP can be measured directly
using electron energy loss spectroscopy or it can be estimated using various predictive
models. The two most common models for calculating the IMFP are the Tanuma, Powell,
and Penn algorithm (TPP-2M) and Seah’s model.”> & 71 The TPP-2M model requires
knowledge of the electron kinetic energy, number of valence electrons per atom or
molecule, the material density, molecular mass, and electronic band gap. Alternatively,
Seah’s model requires the average atomic number, the molecular mass, material density,
and the electronic band gap or the heat of formation. IMFPS calculated using both methods
were found to have a relative error of 7.9 — 8.8 % for their respective elements or
compounds.®! Thus calculation of stoichiometry by XPS requires assumptions of physical
and electronic properties of the sample materials. These assumptions can lead to

uncertainties of 10 — 20 %.[4

2.2.3.3 Film Thickness

XPS allows for the determination of a film thickness using either a single or multi-
line core level approach.” 1% The single line approach relies on measuring a core-level
transitions before and after the addition of an overlayer material, shown in FIG 2.6. This

method is the simplest and only requires analysis of a chosen core-level peak. The thickness

can then be calculated using Eq. (2.9) and Eq. (2.10).[% 1%
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FIG 2.6. Illustration of the single line approach for measuring a thin film’s thickness ¢ by

XPS. Image adapted from Jablonski.['”) Copyright © 2019, Elsevier B.V.
f Iy
t = =L (Es) cos(a) ln(E) (2.9)

L (E) = Ain (1 — 0.738w) (2.10)

Here, ¢ is the film thickness, L’;H (Es) is the effective attenuation length of the substrate
photoelectrons with energy E; in the overlayer f, a is the photoelectron emission angle
relative to the sample normal, /ris the integrated intensity of the final substrate peak and /o
is the integrated intensity of the initial substrate peak. The EAL is dependent on the
inelastic mean free path, A;,, and a parameter known as the scattering albedo, w. The
albedo is directly related to the IMFP and the electron transport mean free path (TRMFP),
Aer, by Eq. (2.11).

Ain

w=—————
Ain +/1tr

2.11)

The electron transport mean free path (TRMFP) can be calculated using Eq. (2.12) and

Eq. (2.13).
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Ay = (Nop) ™! (2.12)

o= | (1—cosB)

41T

dUel
—d0 2.13)

Where N is the atomic number density (atoms per unit volume) and gy, is the transport
cross section (TCS). @ is the polar elastic-scattering angle and da,;/dQ is the differential
elastic scattering cross section. To determine the TRMFP for molecules or alloys, a weight
average of the TCS, for each constituent element, can be taken. Thankfully, the TCS for

'L 12] This allows for

most elements has been measured at electron energies up to 30 ke V.|
quick determination of the TRMFP, scattering albedo, and thus EAL enabling thin film
thickness calculations. Alternatively, the Simulation of Electron Spectra for Surface
Analysis (SESSA) program can be used for easy calculation of the EAL and simulation of
XPS spectra.!?]

The multiline approach, illustrated in FIG 2.7, for the thin film thickness calculation
requires three measurements: the uncovered substrate, the thin film, and the bulk film.”!
Using these measurements for the strongest core level lines of the substrate and the film

material, the thickness is then given by Eq. (14).

e 1
t = -1, (E;) cos(a) In <1 + Iirfo> (2.14)
s °f

Here, I5°is the integrated intensity of the uncovered substrate, I, is the integrated intensity
from the covered substrate core level, I°is the integrated intensity of the infinitely thick

film, and If is the integrated intensity of the thin film.
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FIG 2.7. Illustration of the multiline approach for thin film thickness calculations by XPS.

Image adapted from Jablonski.l'”? Copyright © 2019, Elsevier B.V.

2.2.3.4 Example: Aluminum Fluoride Thin Films
2.2.3.4.1 Peak Fitting

XPS surface spectra is a useful tool for identification of chemical states. A typical
XPS experiment includes a low-resolution survey scan over a large energy range and then
anumber of higher resolution narrow scans for all identified core levels and impurity states.
An example of a survey scan is given in FIG 2.8 for a thermal atomic layer deposited
(TALD) aluminum fluoride (AlF3) thin film (~17 nm). The survey scan allows for quick
identification of core levels. Survey scans tend to use a large step size and a higher pass
energy. For the example shown, a step size and pass energies were 0.25 eV and 200 eV,
respectively. The corresponding uncertainly on peak position and width was 0.39 eV and

0.30 eV, respectively.

37



- : I : :
] TALD AIF, Survey o

w
o
il
1

Intensity (a.u.)
N
o
|

i F2s 1

10 Al2p\
] Al 2s ]

0 ] | . .
' I ! I ! I ! I ' I ! I

1200 1000 800 600 400 200 0

Binding Energy (eV)
FIG 2.8. Survey scan of an AlF; film deposited by thermal atomic layer deposition (TALD)
with all major features identified. F KLL corresponds to Auger electrons. F LP is the
electron energy loss peak from F 1s electrons scattering off phonons. The slight bump
between the F 2s and 0 eV is the valence band structure.

Survey scans are not well suited for chemical state identification. As such, higher
resolution narrow scans are often acquired for each identified core level. For the AlF3 film
shown in FIG 2.8, spectra were acquired for the F 1s, O 1s, and Al 2p core levels, shown
in FIG 2.9. The C 1s core level was not shown as carbon impurities were below the
detection limit (10?° — 10'® atoms-cm™). The backgrounds of the F 1s, O 1s, and Al 2p core
level spectra were fit using a Shirley background with Gaussian-Lorentzian line shapes, or
Voigt functions. Spectra was acquire using a step size of 0.05 eV and a pass energy of 100
eV. The corresponding uncertainty on the peak centers and widths where 0.15 eV and 0.16
eV, respectively. The fitted peak parameters (peak center, FWHM, and area) are provided
in Table 2.1 and will be used later in §2.2.3.4.2 and §2.2.3.4.3 for film composition and

thickness calculations, respectively.
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FIG 2.9. XPS core levels for the F Is, O 1s, C 1s, and Al 2p for thermal atomic layer
deposited AlF3. (a) shows the core levels of the initial UV-Os cleaned surface; (b) is after
40 TALD AlF; cycle and (c) is after an additional 120 cycles. The components of each
region are noted in Table 2.1 according to their binding energy. Image adapted from

Messina et al.l']
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Table 2.1. Peak center, FWHM (round bracket), and area [square brackets] for core level
scans observed for the TALD AlF3 films on TALD Al>;Os. In the Al 2p region, a single
peak was used for each core level as the 0.4 eV spin-orbit splitting could not be resolved.
Peak centers were aligned to the Al,Os substrate core levels. Peak centers and FWHMs are

in eV while areas are in eV-counts/s. Table adapted from Messina et al.['

Fls Ols Al 2p
AlF3 Thin Films
1 st 2nd 1 st 2nd 1 st 2nd

- - 5327 5340  76.1 -
(a)

UV-0s3 Exposure

_ - (1.7) (1.7) (1.5) -
_ - [9.9] [1.7] [1.7] -

686.8 689.2 532.6 534.6 76.1 79.0

(b)
(1.7) (2.0) (1.8) (1.9) (1.6) (1.8)
40 cycles
[1.0] [25.3] [2.1] [0.2] [0.6] [1.0]
686.1 689.0 - - - 79.0
(c)
(1.6) (2.3) - - - (1.9)
120 cycles
[0.8] [31.5] - - - [1.3]

2.2.3.4.2 Surface Composition

Analyzed XPS spectra of thermal atomic layer deposited (TALD) aluminum
fluoride (AlF3) thin films is presented in FIG 2.8 and FIG 2.9 with the fitted peak
parameters listed in Table 2.1. Using the fitted peak parameters, the film composition can
be determined for each deposition step shown in FIG 2.9. To do so, Scofield

photoionization cross sections for the F 1s, O 1Is, and Al 2p core levels, Table 2.2, are
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required.”! Using these subshell PCS’s with Eq. (2.8) allows for calculation of the surface
stoichiometry, shown in Table 2.3.
Table 2.2. Hartee-Slater subshell photoionization cross sections at 1487 eV for F, O, and

ALP]

Element 1sip 28112 2p1n 2p3n 3s12 3piz 3p3nr
F 2.9300 0.1405 0.0065 0.0128 - - -
O 4.4300 0.2100 0.0161 0.0317 - - -

Al - 0.753 0.1811 0.3560 0.0535 0.0011 0.0022

Table 2.3. Relevant quantities for calculating the surface stoichiometry for each step in the
TALD AIF3 deposition shown in FIG 2.9. Since the spin-orbit splitting of the Al 2p states
could not be measured, the sum of the Al 2p PCS’s is taken. Values are calculated from

the relevant values listed in Table 2.1 and Table 2.2.

ia I 15 Ip1s IAlZP/ z I; i ohi
AlF3 Thin Films / Sp1s / So 1s S i / S Stoichiometry

Al 2p
(a)
0.0 4.0 3.1 7.1 Al10F0.0013
UV-0Os3 Exposure
(b)
59 0.8 2.9 9.6 Al 0F2.1003
40 cycles
(c)
7.3 0.0 2.4 9.7 Al 0F3.100.0
120 cycles
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After the final AlF3 deposition, the Al:F ratio is calculated to be 1:3.1 implying a
fluorine rich film. As noted previously the uncertainty of this method is 10 — 20 % due to

the use of theoretical cross-sections and inelastic mean free paths.[l

2.2.3.4.3 Film Thickness

The XPS spectra acquired for the TALD AlF; thin film, shown in FIG 2.8 and FIG 2.9,
allow for calculation of the thin film thickness using the single and multi-line approaches.
The calculations were performed using the fitted peak parameters in Table 2.1. In the single
line approach, the AlF3 film thickness is calculated based on the attenuation of the Al 2p
core level from FIG 2.9(a)-(b) using Eq. (2.9). For the multiline approach, Eq. (2.14), all
three steps of FIG 2.9 are used to determine the measured intensities. Both approaches
require the film density and band gap be known in order to estimate the IMFP and thus the
EAL. The film density can be estimate from the stoichiometry. In §2.2.3.4.2, the TALD
AlF3 film as found to have an F/Al ratio of 3.1.

The electronic band gap can be estimated from the F 1s loss peak shown in FIG 2.10

using a method described by Yang et al.['"!
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FIG 2.10. XPS band gap estimation from the F 1s and loss peak for the TALD AIF; film.
Based on the estimated band gap of the AlF3 film, the effective attenuation length
for the Al 2p Al-O core level can be estimated using the SESSA software.['3] Using the
above values, an IMFP and TRMFP of 4.7 nm and 46.8 nm, respectively, was found.
Applying Eq. (2.10) and Eq. (2.11), we find the EAL to be 4.3 nm. The resulting
thicknesses from the single line and multi-line approach are 4.8 nm and 5.3 nm,
respectively. The difference in thickness likely originates from the broadening of the Al-F

core level after the deposition shown in FIG 2.9(c¢).
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2.3 Ellipsometry
2.3.1 Principles of Ellipsometry

Ellipsometry is an optical technique which measure dielectric properties of thin
films based on changes in polarization. The operating principle of ellipsometry is that s-
polarized and p-polarized light are reflected differently at a sample surface or interface as
shown in FIG 2.11. Ellipsometry measures the ratio of the s- and p- polarized reflected
light as the complex reflectance ratio p defined as p = 1,/7; = tan(¥) e *2. Here, p is
defined in terms of the amplitude ratio, ¥, and the phase difference, A, of the s and p
polarized light. In general, an incident beam of linearly polarized light reflected off a

surface produces an elliptically polarized reflected beam.

Incident Beam

Linearily Polarized Light

i

.1 .
,.I'.|-=*""' Reflected Beam

| Ellipticaily Polarized Light
'

FIG 2.11. Illustration of the reflection of polarized light off a sample surface.!'s! Copyright
© 2017, Film Sense LLC.

In this work, multiwavelength ellipsometry (MWE) was used in situ to observe the
growth of thin films in real time. In MWE, only a few wavelengths are used in comparison
to a spectroscopic ellipsometer (SE) which typically features a 100’s of wavelengths. The

44



MWE (Film Sense, FS-1) uses four light emitting diodes centered at 465 nm, 525 nm, 580
nm, and 635 nm. The ellipsometer was mounted at a fixed angle of ~45°. The ellipsometer
determines the polarization state of the reflected beams by the Division-of-Amplitude-
Polarimeter (DOAP) method where all four Stokes parameters are measured
simultaneously.l'”] An ellipsometer software package (Film Sense, Desktop v1.15) was
used to analyze the ellipsometric parameters ¥ and A. To effectively determine film

thickness via ellipsometry, optical models must be applied to the ellipsometric data.

2.3.2 Optical Modeling

Optical modeling is an essential part of ellipsometric data analysis. Without the
application of such models, a film’s thickness cannot be measured. The accuracy of an
optical model is indicated by the fit difference (Fit Diff.) which is similar to the mean
square error (MSE). The fit difference, in the Film Sense software, is minimized via the
Marquardt-Levenberg method to determine the most likely fit. A fit diff. of 0.0001
corresponds to an uncertainty of 0.1 %.!1% Modeling typically requires changing fit

parameters, such as thickness, to minimize the fit difference.

2.3.2.1 Cauchy Model

The Cauchy dispersion model, Eq. (2.15), is a three-parameter model which works
best for materials with minimal optical adsorption in visible wavelengths. As a result, the
Cauchy model shows a monotonous decreasing refractive index with increasing

wavelength.
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B C
n=A+?+F,k=O (215)

Here, 4 is the wavelength, n is the refractive index, £ is the extinction coefficient, and 4, B,

and C are empirical parameters.

2.3.2.2 Pseudo-Substrate Model

Pseudo substrate analysis is a method which can simplify the analysis of real time
data. The pseudo model is an approximation in which a stack of distinct layers is assumed
to be a single entity. As such the effective optical constants at each wavelength are
determined for the underlying materials. This approximation leads to improved accuracy
as measurement errors and errors in the optical models of the underlying films are canceled

out.!'®!

2.3.2.3 Drude Model

The dielectric constant of simple conductors can be accounted for using the Drude
model. The Drude model explains the transport properties of electrons in materials by
application of Ohm’s Law and kinetic theory; effectively treating electrons as a gas. The
resulting frequency dependent dielectric function can be written in terms of a resonance

frequency, called the plasma frequency, w,, as shown in Eq. (2.16) .I'®

e(w)=1- “’5/0)2 (2.16)

w, = /ne2 [eqm (2.17)
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Where w is the frequency, z is the number density of the electron gas, € is the permittivity

of free space, and m is the electron mass.

2.3.2.4 Bruggeman Effective Medium Approximation

In this work, analysis of plasma enhanced atomic layer deposited AlF3 thin films
were found to have Al impurities with a volume fraction of ~0.14. As such, applying a
Cauchy model to the AlF3 film with Al impurities resulted in an inaccurate model; thus, an
effective medium approximation had to be applied. For mixed materials, the effective
optical constants can be estimated using an effective medium approximation (EMA). For
a multicomponent mixture system, the effective dielectric constant, €, can be expressed

using Eq. (2.18).1""]

€ —€p € — €n
€p+ (€ —€p)L =Zfieh+(ei—eh)L (2.18)
Where €, is the host material, L is the depolarization factor dependent on the mixture
morphology, f; and €; are the volume fractions and dielectric constants of the i-th inclusion,
respectively. It is important to note that the sum of all volume fractions is one. If the

mixture is assumed to be homogenous, one arrives at the Bruggeman effective medium

approximation, Eq. (2.19).[2]

_ Gi—é
—Zﬁm (2.19)
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2.3.3 Example: In Situ Ellipsometry of Aluminum Fluoride Thin Films

The growth of aluminum fluoride (AlF3) thin films by plasma enhanced atomic
layer deposition (PEALD) were found to have Al-rich clusters. The concentration of Al
impurities was first investigated by XPS in which a volume concentration of ~14 % was
found. During the PEALD AlF; growth, MWE was utilized allowing for determination of
film thickness. Due to the incorporation of Al impurities, the transparent Cauchy model
was inadequate for modeling the PEALD AIF3 layer. As such, the AlF; layer was assumed
to be a homogenous mixture of AIF3 and Al-rich clusters allowing for application of the
Bruggeman effective medium approximation, Eq, (2.19). The substrate was accounted for
using a pseudo substrate model. In FIG 2.12, the in situ ellipsometry for the PEALD AlF;
growth is shown for 40 cycles. The plot contains three models each with a different

concentration of Al-rich clusters.
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FIG 2.12. Film thickness from in situ ellipsometry during the PEALD AlF; growth over
40 cycles. Three optical models are shown with varying concentration of Al-rich clusters.
In all models, the film thickness was allowed to vary over a period of five minutes after
the deposition had finished. The first model assumed no Al impurities while the second
model employed the impurity concentration determined by XPS. Finally, the third model
allowed the Al impurity incorporation to vary along with film thickness. The results of

these three models are applied in FIG 2.12 and summarized in Table 2.4.
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Table 2.4. Film thickness for the PEALD AlF; in situ ellipsometry depending on the
applied optical model. The AIF3; was modeled using a transparent Cauchy model while
the Al used the Drude model. The aforementioned models were mixed using the

Bruggeman effective medium approximation.

Model % Al Film Thickness (nm) Uncertainty (nm)

1 0 4.1 0.05
2 14.1 2.8 0.01
3 20.3 3.0 0.02

2.4 Atomic Layer Deposition
2.4.1 Principles of Atomic Layer Deposition

Atomic layer deposition (ALD) is a thin film deposition technique stemming from
chemical vapor deposition (CVD). Both CVD and ALD employ vapor transport to enable
gas solid interactions. Unlike CVD, ALD achieves film growth using sequential exposures
of precursors, or reactants, separated by inert gas purges, illustrated in FIG 2.13. A key
characteristic of ALD is the self-limiting nature of the growth process. Self-limiting growth
is achieved for a surface that has a limited number of reactive sites for precursor adsorption,
and there is a temperature window where the excess precursor desorbs from the surface.
Moreover, the self-limiting surface reactions must occur in both half cycles at the same
substrate temperature. Thus, in an ideal ALD reaction, there is a temperature range (or
growth window) where growth proceeds in a layer-by-layer mode, and the layer thickness
per ALD cycle is essentially constant. The growth per cycle (GPC) of an ALD process can

increase or decrease at temperatures above or below the growth window due to a variety
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of reasons related to adsorption-desorption kinetics, FIG 2.14.12!2)] The substrate
temperature is typically chosen within the growth window to prevent precursor self-
interaction, and decomposition, while also facilitating self-terminating surface reactions.
The self-limiting nature of ALD enables precise thickness control along with high purity,
uniform, and conformal layers.

O Hydrogen @ Carbon @ Nitrogen . Oxygen O Aluminum Q© Argon

@) o . © 9 ©o
© o $° V0
©o% O © o

mﬁwﬁ%ﬂwﬁiﬁ

Starting Reactant Reactant Purge /
Surface Chemisorption Chemisorption Starting Surface

| O |

FIG 2.13. Illustration of a thermal ALD process for aluminum oxide using alternating

exposures of trimethylaluminum and water vapor. In this process, argon is used as a carrier

gas and each step is separated by a nitrogen. Both reactants react via ligand exchange.
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FIG 2.14. Growth rate per cycle dependence on temperature for an ideal ALD process.
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2.4.2 Plasma Enhanced Atomic Layer Deposition

Plasma enhanced ALD (PEALD) is an energy-enhanced variant of ALD in which
plasma species are used as a reactant, as shown in FIG 2.15. In general, the high reactivity
of plasma generated radicals and the kinetic energy of ions can drive surface reactions
allowing for lower deposition temperatures.** 2> The free radicals can enable surface
reactions at temperatures appropriate for the process (e.g. using O instead of H>O or O> for
oxide ALD). In this case the free radicals participate in the ligand exchange and the surface
reaction. The result is often higher purity and higher density films. The self-limiting
reaction conditions must still be met in PEALD, and typically the plasma is only applied
for one reactant.

O Hydrogen @ Carbon @ Nitrogen @ Oxygen O Aluminum Q© Argon

o

© ©
o © o ©
- W — W — ﬂ —
Starting Reactant Plasma Exposure Purge /
Surface Chemisorption Starting Surface

|

FIG 2.15. Illustration of an PEALD Al>O3 deposition using trimethylaluminum and atomic
oxygen from a remote inductively coupled plasma. In this process, argon is used as a carrier
gas and each step is separated by a nitrogen.

Despite the benefits of PEALD, there are some drawbacks in comparison to thermal
ALD (TALD). During PEALD, exposure to some reactive plasma species may lead to
undesirable reactions. Occasionally, a plasma may cause oxidation, or nitridation of a

substrate at a faster rate than the film deposition. The result is a thick oxidized or nitridized
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layer underneath the film, which would impact device behavior.?®?°! Additionally, ion
bombardment can induce defects by bond breaking or atom displacement. Ion
bombardment can be mitigated by use of a remote plasma configuration, as employed in
this research, where ion densities are orders of magnitude less than plasma radical

[30

densities.*%! Finally, PEALD processes may show decreased conformality on high aspect

ratio structures due to loss of radicals to recombination.*!

2.4.2.1 Plasma Basics

Plasma is one of the four fundamental states of matter consisting of a gas of ions
and free electrons. On average, a plasma is electrostatically neutral meaning the electric
potential of the positive ions is balanced by that of the negative ions and electrons. The
most common method of generating a plasma is using an electric field to ionize a gaseous
specie. This is accomplished by accelerating and heating the electrons of the gas. One such
set up, involves a copper coil wrapped around a dielectric tube, such as quartz or sapphire.
If a high frequency alternating current is applied to the coil, with a sufficient power, an
electric filed can be created that ionizes the gases flowing through the tube. A plasma
generated in this manner creates low energy electrons (<10 eV) with a corresponding
temperature of 10* — 10° K. These electrons can further excite the reactant gas forming ions
and radicals.

While charged particles play a critical role in a plasma, their density can be orders
of magnitude less than that of the plasma radicals, i.e. neutrals, depending on the ionization
cross section. In general, the flux of electrons and ions at a sample surface is much lower

than the flux of plasma radicals. As such, the radicals dominate surface reactions. However

53



the ion energy at the sample surface can be much higher than electrons and ions in the
plasma due to the formation of a positive space-charge layer, called the “plasma sheath”,
between the plasma and substrate surface. The formation of the plasma sheath can
accelerate ions into the surface. The potential difference of the substrate surface and the

plasma can be expressed using Eq. (2.20) which is plotted in FIG 2.16.["]

v V—Te<1+1<m" )) 2.20
P 2e n27rme 2.20)

Here, V), and V; are the potentials in the plasma and at the substrate surface, respectively,
T. is the electron temperature, e is the electron charge, m; is the ion mass, and m. is the
electron mass. For He, N, O, and F plasmas, the potential difference can be upwards to
~4.5 Te. Often the actual value differs based on plasma conditions and reactor

configuration.

5 10 15 20 25 30 35 40
Atomic Mass
FIG 2.16. Unitless Potential difference between the plasma sheath and the substrate surface
as a function of atomic mass or ion mass.

In PEALD two main mechanism enhance surface reactions. First, high energy

plasma species supplement the substrate thermal energy often enabling lower growth
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temperatures. The concentration of plasma species can be control by varying gas
parameters (e.g. flow rate, composition, and pressure) or plasma parameters (e.g. applied
power and bias). Thus, the energy delivered to the surface can be tuned. Second, ions can
be used to increase reaction rates and rearrange adsorbed molecules. Similar to high energy
plasma species, varying gas and plasma parameters can tune the ion energy and density. In
general, the plasma sheath thickness and plasma pressure control the ion flux, or ion
bombardment, at the sample surface which can cause undesirable damage. The degree of
ion bombardment can be negated depending on reactor configuration. Typically, ion

bombardment occurs at voltages =100 V.[*!]

2.4.2.2 Plasma Configurations

Many reactor configurations exist allowing for the application of plasma in ALD. These
configurations typically differ by the how the plasma is generated and how far the plasma
generation, or source, region is from the sample surface. Three types of plasma generation,

shown in FIG 2.17, are most common: radical enhanced, direct plasma-assisted, and remote

plasma.
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FIG 2.17. Various plasma configurations for ALD reactors. (a) radical-enhanced, (b) direct
plasma-assisted, (c) remote plasma, and (d) direct plasma reactor with mesh. Image adapted

from Profijt et al.?*! Copyright © 2011, American Vacuum Society.
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Radical enhanced plasma processing, FIG 2.17(a), generates plasma species far away
from the sample surface. The plasma species flow from the source to the substrate through
a tube. This configuration allows the plasma species to lose energy while undergoing
collision and recombination. Radical enhanced plasmas are typically implemented in
PEALD reactors and also for surface cleaning. Direct plasmas, FIG 2.17(b), are generated
by flow a gas between two parallel electrodes. The substrates can either be placed on an
electrode or is used as an electrode. As the sample is directly in the plasma source region,
the substrate is exposed to high concentrations of plasma species. A variation of this
method is shown in FIG 2.17(d); here a biased mesh is placed between the electrodes. This
configuration enables confinement of the plasma such that the sample is no longer in the
plasma source region. The third configuration, FIG 2.17(c), is a remote plasma. Here, the
plasma is generated remotely such that substrate is not in the source region. Unlike the
radial enhanced configuration, the plasma is directly above the sample surface. In
comparison to the direct plasma, the remote configuration has independent substrate and
plasma conditions. In general, this leads to greater freedom and control of plasma
properties. A strong advantage of remote plasma configurations is the distance between
source and substrate surface which often allows for use of ellipsometry for in situ
measurements. As such, this work implements the use of a remote plasma for all plasma

enhanced atomic layer deposition and etching processes.
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2.5 Atomic Layer Etching
2.5.1 Principles of Atomic Layer Etching

Atomic layer etching (ALE) is a self-limiting or pseudo self-limiting thin film
removal technique with sub-nanometer precision.[*> 33 Like ALD, ALE achieves self-
limiting material removal using sequential exposures of precursors, or reactants, separated
by inert gas purges. A model ALE process, shown in FIG 2.18, consists of a surface
modification step and a removal step separated by purging steps. A key characteristic of
ALE is the self-limiting or pseudo self-limiting nature of the etch process. Self-limiting
etching is achieved as there is a limited number of reactive surface sites for precursor
adsorption. Unlike ALD, the self-limiting aspect does not have to occur during the second

reactant exposures. Instead, the second reactant must be inert towards the unmodified

surface.
Z-i-Z-ﬁ-ﬁ-i-ﬁ-ﬁ-ﬁ.—i-‘i-ﬁ-ﬁ-i Etched Thickness
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FIG 2.18. Schematic of an ALE cycle. In the first step, the surface is exposed to reactant
A which modifies the surface composition. The modified surface is then exposed to
reactant B which etches the modified surface leaving the sample thinner. Both reactant

exposures are separated by purge steps to remove excess reactant and reaction byproducts.
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This process is repeated until the desired thickness is removed. Image adapted from
George.*¥ Copyright © 2020, American Chemical Society.

ALE differs from ALD in that there is not a well-defined temperature window in
which the etch rate is constant. Instead, the etch window, or process window, shown in FIG
2.19, is chosen such that the reaction rates of reactant A and B as well as the desorption
rate of reactant B’s byproducts are greater than zero. Outside of this process window, the
substrate is not etched. Within the process window, the etch rate per cycle (EPC) can vary
depending on the temperature dependence of the reaction and desorption rates. It should
be noted that like ALD, etch rates can be less than or greater than one atomic layer per

cycle but are within one order of magnitude.
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FIG 2.19. Illustration of the process window for thermal ALE. (a) shows the chemisorption

temperatrue dependence of reactant 1 and the desorption of reactant 1’s reaction
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byproducts. Here, no etching occurs and the surface is modifed. In (b), the modifed surface
is exposed to reactant 2 which removes some or all of the modifed surface. Image reprinted
from Fischer et al.[*’]

ALE processes can be classified in a variety of ways based on precursors used, the
number of steps required for etching, or on the reaction mechanisms. To date, ten reaction
mechanisms have been identified for thermal ALE.* These methods revolve around
surface conversion, oxidation, fluorination, and ligand exchange. In this work, a multi-step
process was implemented for the ALE of GaN consisting oxidation, fluorination, and
ligand exchange. Oxidation can occur through a variety of methods; used in this work was
thermal and remote plasma oxidation using water vapor and oxygen radicals, respectively.
Once an oxide was created, it was fluorinated using hydrogen fluoride. The metal fluoride
was then removed via ligand exchange using trimethylgallium. This process is illustrated

in FIG 2.20.
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FIG 2.20. A schematic illustration of the GaN TALE and PEALE process. In the first step,
the GaN surface is oxidized using either water vapor or Oz-plasma. Next, the surface is
fluorinated using HF. Finally, the surface is exposed to trimethylgallium to remove the

surface fluoride. Between each step is an inert gas purge.
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CHAPTER 3
DEVELOPING ATOMIC LAYER PROCESSING REACTORS ENABLED BY

FLUORINE CHEMISTRY

3.1 Reactor Requirements

The development of a reactor for atomic layer deposition (ALD) of metal fluorides
and atomic layer etching (ALE) of metal oxides and nitrides requires careful consideration
of material properties, enabling physics, and chemistry. A reactor capable of thermal and
plasma enhanced processing is even more complicated due to the additional hardware,
software, and other requirements for consistent plasma generation. In this section, the
requirements for fluoride atomic layer deposition and etching (ALD and ALE), or atomic
layer processing (ALP), reactors will be outlined. These reactors, shown in FIG 3.1, were
constructed with both thermal and plasma enhanced ALP (TALP and PEALP) in mind.
The ALD of metal fluorides and ALE of metal oxides was enabled by use of hydrogen
fluoride, a highly toxic and corrosive chemical compound, various pyrophorics

(trimethylaluminum and trimethylgallium), and plasmas (Hz and O»).
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FIG 3.1. Schematic of (a) the fluoride plasma enhanced atomic layer processing (F-
PEALP) and (b) the oxide PEALP (O-PEALP) reactors. Both systems are equipped for in
situ ellipsometry measurements the O-PEALP is also equipped with a quadrupole mass

spectrometer.



3.2 Reactor Subsystems
3.2.1 Pressure

As with most chemical vapor deposition (CVD techniques, ALP requires a vacuum
during processing for ease of gas or vapor delivery and high purity films. The pressure
requirement for ALP are much more relaxed than CVD as ALP reactors typically operate
between 1E-3 — 1 Torr. A variety of methods exist for generating a rough vacuum, but the
employment of rotary oil pumps or dry roots pumps is the most common. Use of oil pumps
often requires oil filters to prevent oil vapor from entering the reactor and introducing
impurities (hydrocarbons, fluorocarbons, etc). Additionally, use of an oil pump on an ALP
reactor would require consideration of the chemical compatibility of all reactants with the
pump oil. As such, dry roots pumps have become popular as oil is not directly employed
in generating a vacuum, and oil mist filters are not required. The ultimate pressure of an
oil or dry roots pump is about 1E-3 Torr. Since ALP tends to operate at pressures up to ~
1 Torr, a butterfly valve, or exhaust throttling valve (ETV), is often used to control the
process pressure. ETVs are often actuated using an electric motor enabling fast and remote
operation. An electric ETV is used in combination with a pressure gauge allowing for a
proportional-integral-derivative (PID) controller to be used. A PID controller enables
dynamic control of reactor’s pressure.

Other pressure consideration includes sample transfer and the use of in situ
characterization techniques. In this work, the ALP reactors were integrated into a high
vacuum transfer line. Doing so required that the ALP reactors have a dedicated pumping
system for sample transfer; a turbomolecular pump backed by a dry roots pump. In one of

the ALP systems, a quadrupole mass spectrometer (QMS) was integrated into it allowing
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for determination of gas phase byproducts. A QMS requires a pressure of <5.5E-6 Torr and

operate at higher pressures resulting in electrical arcing between the quadrupoles.

3.2.1.1 Vacuum Generation and Measurement
3.2.1.1.1 Sample Transfer and Idling

The ALP reactors utilized a high vacuum pumping system separated by a gate valve
from the reactor. A base pressure of ~2E-8 Torr was achieved using a turbomolecular pump
(Pfeiffer, HiPace 80) backed by a dry roots pump (Pfeiffer, ACP15). A variety of pressure
gauges were implemented for accurate measurements from ultra-high vacuum (UHV) to
atmosphere. For pressure ranging from 760 — 1E-2 Torr, a convection enhanced Pirani
gauge (CP) (MKS, 317) was used on the reactors. The CP gauge was used when venting
(e.g. bring to atmospheric pressure) the ALP reactors and as a secondary gauge during
processing. An additional CP gauge (MKS, 275) is placed on the turbo and dry pump to
measure the turbo back pressure. A cold cathode (CC) sensor (MKS, 431) allowed
measurement between SE-3 — 1E-11 Torr. The CC allows monitoring of system pressure
and, and it can be used as a rudimentary leak checker at high vacuum.

Pressure measurements were logged electronically as the CP and CC gauges are
connected to a vacuum system controller (VSC) (MKS, 946). The VSCs can be configured
to have multiple CC, CP, or mass flow controller (MFC) slots depending on hardware
configuration. Communication between the VSC and control computer is accomplished via
a serial connection using the RS-232 standard. A custom LabVIEW virtual instrument (VI)

was written to query, command, and log data from the VSC. The LabVIEW VI allows for
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logging of system pressure enabling calculation of leak rates, partial pressures, and reactor

effective volume.

3.2.1.1.2 Processing

The deposition of metal fluorides and etching of metal oxides requires the use of
volatile metal precursor and corrosive halides. As such, a dedicated process pump was
employed during processing. The process pump (Ebara, A70W) is a two-stage dry roots
pump that uses 14.2 SLM (standard liters per minute) of N to dilute incoming gases. The
use of the N> dilution flow extends the longevity of the A70W. When no N dilution flow
is used, a base pressure of ~5E-4 Torr is achieved. The N dilution flow has been observed
to back flow into the reactor at ~SE-4 torr. Thus, during processing the minimum pressure
is ~1E-4 Torr.

Process pressure is dynamically controller using an exhaust throttling valve (ETV)
(MKS, 253B), a capacitance manometer (CMM) (MKS, 627F), and a proportional-
integral-derivative (PID) controller (MKS, 651C). The CMM has a pressure range of 0.1 —
1000 mTorr with 0.2 % accuracy. The ETV has a slow actuation (open to close) time of
7.5 s in comparison to similar models which is undesirable for production environments.
The ETV and CMM are connected directly to the PID controller using a DE-subminiature
9-pin (DE-9) connector for RS-232 communication though only three conductors are used.
The PID controller takes measurements from the CMM, queries the user’s desired pressure
set point, and actuates the ETV accordingly. During an ALP process, the PID is queried
for the reactor pressure and commanded to change the ETV to be open, closed, or to a

predefined position.
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Commands and queries sent to the PID controller is done so using a custom
LabVIEW SubVI that allows for remote control. A SubVI in LabVIEW is akin to a
hardware software driver or a subroutine. The SubVI enables remote selection of the ETV
and querying of the reactor pressure. Process pressure is recorded using a custom

LabVIEW program and is plotted in real time.

3.2.1.2 Gas Delivery

Fine control of process gases and precursor vapors is essential for ALP. A common
method to control fluid flow is the use of a mass flow controller (MFC). An MFC consists
of an inlet port, an outlet port, a mass flow sensor, and a proportional control valve. MFCs
are fitted with a PID control system which is given an input signal, such as a desired fluid
flow rate, that is compared to the calibrated mass flow sensor’s value then adjusts the
control valve accordingly. MFCs are commonly calibrated for nitrogen gas with conversion
factors available for other fluids. For the ALP systems constructed for this work, 100 sccm
(standard cubic centimeters per minute) MFCs (MKS, GE50A) were used for control of
process and carrier gases. The GE50As are able communicate via two protocols: RS-232
and Ethernet.

MFC configuration and calibration required use of an embedded user interface
accessible over Ethernet using a computer and a web browser. When calibrating, a user has
to input the gas correction factor and specify the inlet pressure and temperature. For
example, the gas correct factor for H> and Ar are 1.01 and 1.39, respectively. As such, the
maximum flow rate of the H, and Ar MFCs becomes 99.0 sccm and 71.9 sccm,

respectively. For routine use, the MFCs were connected to the aforementioned 946 VSCs
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using DE-15 cables. The VSC are connected to a control computer for remote control. To
enable programmatic control of the MFCs, a custom LabVIEW VI was written for interface
with the 946°s MFC cards. Each precursor and process gas had different flow rates and
were delivered through a series of manual and pneumatic valves to the reactor, shown in
FIG 3.2. The precursors used argon as a carrier gas with flow rates varying between 3 sccm
to 15 scem depending on precursor vapor pressure. Plasma source gases and purge gases

were supplied at 35 sccm and 30 scem, respectively.

(a) . 3 % 3-way pneumatic valve
Ar |I'IIZHJTE e mrc D % 2-way pneumatic valve
X1 2-way manual valve
! DK 2-way metering valve
Precursor
Cylinder |
I
(b) N
™~
1

Input St mFC [% [%@- 3 :

FIG 3.2. Precursor vapor and process gas delivery lines for the ALP systems with the

pneumatic valves labeled. In (a) the precursor delivery line is shown. Valve 1 is the carrier
gas inlet, valve 2 is the cylinder inlet (for bubbling), valve 3 is the cylinder bypass, valve
4 is the cylinder outlet, valve 5 is the exhaust inlet, and valve 6 is the chamber inlet. In (b),
the process gas delivery line is shown. Valve 1 is the process gas inlet, valve 2 is the
chamber inlet, and valve 3 is the exhaust inlet. The box labeled “MFC” is the mass flow

controller for each line. Each process gas and precursor have a separate delivery line.
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Pneumatic valves were used for the delivery of all gases and vapor. The precursor
delivery lines were constructed for bubbling and/or vapor draw of precursors. Actuation of
the pneumatic valves requires the use of a gas manifold with a number of solenoid valves.
The gas manifolds consisted of a modular manifold (SMC, SS5Y3), a field bus controller
(SMC, EX600), and up to sixteen solenoid valves (SS3100-5U1). The EX600 is a modular
serial interface platform offering a full suite of diagnostic and programmable parameters.
To remotely actuate a valve, a command has to be sent to the EX600 using the EtherNET/IP
(Ethernet over Industrial Protocol) standard. To communicate with the EX600, DE-5C to
RJ45 cable is used. In some instances, EX600s were daisy chained for convenience. While
communication with the EX600s could have been accomplished using a standard
computer, a LabVIEW Real-Time Operating System (RTOS) (National Instruments, Phar
Lap ETS 13.1) was implemented to ensure reliability and precise process timings. The
RTOS system utilizes a peripheral component interconnect express (PCle) card (National
Instruments, PCle-8233) enabling communication with the EX600 controllers. The RTOS
computer is connected via a local network to the control computer allowing for RTOS
applications to be run remotely. Finally, a custom LabVIEW VI was written for precise
valve actuation and error handling.

An additional feature of one precursor line is the presence of a 50 um diameter
orifice on the pneumatic valve 4, shown in FIG 3.2(a). This orifice was installed due to the
high vapor pressure of the precursor (trimethylgallium) as the vapor pressure exceeds 200
Torr at room temperature. Without the orifice an excess of material was being delivered
into the chamber using short pulse times. This resulted in the formation of metallic gallium

on the sample backside, sample holder, and the chamber walls. The installation of a 50 um
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diameter orifice reduced amount of material delivered by a factor of ten (~200 mTorr to 20
mTorr transients over 30 s with a 0.1 s pulse). A similar set up could be applied to other
high vapor pressure precursors (such as hydrogen fluoride) leading to finer control of

precursor delivery and cost savings.

3.2.2 Temperature
3.2.2.1 Reactor Walls and Delivery Tubing

Heating of the reactor walls and delivery tubing is important in ALP to prevent the
condensation of precursor molecules and maintain a decent vacuum quality. When a
vacuum system is unheated, water vapor can condense onto the walls and act as a virtual
leak. This leads to decreased pumping speeds as water vapor will constantly be
desorbing/adsorbing onto chamber walls. To prevent this, the ALP reactor walls were
wrapped with heating tape. The heating tape consists of a wire grid encased in a rubber
polymer. The wire grid is resistivity heated with the application of a current. For these ALP
systems, the heating tape temperature was controlled using a variable transformed. The
transformer output was set by a manual knob until a temperature of 100 °C was achieved.
Similarly, some precursor delivery lines were maintained at 100 °C to prevent
condensation. For precursors with a low boiling point such as HF and trimethylgallium,
heating was not necessary. Additionally, heating of the trimethylaluminum (TMA) delivery
line, to 100 °C, ensures that the TMA molecules arrive in the reactor as a monomer rather

than a dimer or trimer.!']
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3.2.2.2 Sample Stage

In thermal ALD or ALE, the substrate must be at a sufficient temperature for
chemical reactions to occur. As such a heating stage for the substrate was required. The
heating stage, shown in FIG 3.3, is fixed to a rotary flange and extends into the center of
the reactor. The stage consists of a twist-lock sample holder, electric and thermal insulators
(white), a coiled nichrome (~NigoCr20) heating element, a K-type thermocouple (nickel-
chromium), and copper feed throughs. In FIG 4(a), the twist-lock receptacle is shown on
top. The electric insulator (white discs) are made from pyrolytic boron nitride and the
thermal insulator (white blocks) were fabricated from macor, a fluorphlogopite mica in a
borosilicate glass matrix ((S102)46(Mg0)17(Al1203)16(K20)10(B203)7F4). While macor is an
excellent thermal insulator, it should have been avoided as its reactivity with HF is

unknown and two (SiO2 and AlO3) of the five oxides are known to be etched using

fluorination and ligand exchange.

FIG 3.3. Front (a), bottom (b), and top (c) views of the initial ALP sample stage mounted

onto a rotary flange. In (b), the wiring is shown. The white hollow cylinders on the
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thermocouple feedthrough is boron nitride. In (c), the nichrome heating element is shown
in a ~13 mm diameter circle with a K-type thermocouple in the center. Later, all exposed
wiring was properly isolated using boron nitride ceramic beads.

Heating of the substrate sample is accomplished by applying a current via the thick
copper rods and blocks to the heating coil, shown in FIG 3.3(b) — (c). As the current passes
through the coil, the coil heats up and produces infrared photons. Additionally, it is
expected that this set up would produce a small magnetic field which could provide
inductive heating. It is assumed that the resistive heating is much greater than the inductive
heating. The temperature can be measured using a thermocouple placed in the center of the
heating coil. As the distance between the thermocouple tip and where the substrate sits is
very small (<2 mm), it is assumed the substrate temperature is that of the thermocouple.
This method of heating can be misleading if the sample substrate material is infrared
transparent.

Temperature can be measured using a thermocouple where the voltage is
temperature dependent. The operating principles relies on the Seebeck effect which states
an electric potential develops across two electrical conductors when there is a temperature
gradient. As such, the two ends (referred to as positive and negative) of a thermocouple
have a slightly difference composition. A change in temperature induces a voltage which
is fed to a PID controller. A Eurotherm 2216e PID controller was implemented for substrate
temperature control. The PID controller was connected to a phase-angle fired 16 A solid-
state relay (SSR) (Eurotherm, EFIT16A) allowing for fast dynamic temperature control. A

schematic of the temperature control circuit is shown below in FIG 3.4.
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FIG 3.4. Schematic of the temperature control box circuit for sample and precursor vessel

heating. Each circuit is configured for two controllers though it is easily modified for a

single controller.

The PID temperature control system operates in a standard way. Initially, a small

current is applied such that the heating element starts to heat up. As that happens, infrared

photons are emitted which are incident on the thermocouple. The incident photons transfer

energy into the thermocouple which causes a change in voltage. Due to the difference in

the alloying of the positive and negative sides of the thermocouple, a potential difference
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is measured. The PID controller measures this voltage and references it to a tabulated
reference table to convert it to a temperature. The PID controller checks if the temperature
is the user’s set point. If not, a 4-20 mA signal is sent to the SSR to increase the applied
current. This is repeated until the set point is reached.

The PID controller is configured specifically for the heating element used. The
controller uses an autotune function which determines a variety of properties related to the
response of the heating element and the application of a current. The autotune function is
best applied when a coil is replaced and under operating pressures. A finely tuned controller
allows for the temperature to be steadily increased until a desired set point is reached. For
example, the ALP reactors are configured to increment the temperature by 1 °C every 2
seconds until the user setpoint is reached. To ensure system longevity and prevent burning
out the heating element, the current output on the PID controller is limited to 20%.
Additionally, the SSR is equipped with a potentiometer which further limits the applied
current, up to 70 %. In total, the applied current is limited to 0.96 A to prevent melting the
heating element. With this configuration, substrate temperatures can quickly reach 400 °C.
The current limits can be increased if necessary.

Programmatic control of the temperature control is not currently possible as the
PID controllers are not connected to the control computer. The PID controllers, specifically
the Eurotherm 2216e models, are fitted with a communication card for RS-232
communication. Implementation of remote control would require two steps: (1) connection
of a male to female RS-232 DE-9 cable from the PID controller to the control computer
and (2) the development of a custom LabVIEW SubVI. The cable connection is easily done
but requires a free serial connection to the control computer. Alternatively, if an open USB
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(universal serial bus) port is found, an RS-232 to USB cable and driver could be used.
Unfortunately, there are no open ports at this time (serial or UBS) so an expansion card
(PCIe) or USB to USB junction would be needed. The second requirement (writing a
LabVIEW VI) would require configuring the PID controller for remote communication
and carefully readying the associated manual to find the relevant commands and
formatting. Implementation of programmatic temperature control would allow exploration

of temperature modulated atomic layer processes or temperature programmed desorption.

3.2.2.3 Precursor Vessels

Similar to the sample heater, the precursor vessels use the temperature control
configuration, shown in FIG 3.4. Instead of separate thermocouples and heating elements,
an all-in-one cloth heating jacket is used to wrap around the cylindrical precursor vessels.
The cloth heating jackets are similar to aforementioned heating tape but have a J-type (Fe,
Cu-Ni alloy) thermocouple. The PID controllers (Eurotherm, 3204) are configured for fast-
cycling output and are connected to a solid-sate relay (Eurotherm, EFIT16A). The SSRs
here do not have a current limiter. The PID controller is set to only output a maximum of
10 % of the possible current.

The set point, or resting temperature, of the precursor cylinders is chosen based off
the precursor vapor pressure and to ensure thermal stability over ambient. For example,
trimethylgallium (TMG), HF—pyridine (HF-P), trimethylaluminum (TMA), and water have
vapor pressures of >200 Torr, ~100 Torr, 20 Torr, and 17 Torr at room temperature,
respectively, which is more than sufficient for vapor draw. As such, the cylinders were

heated to 25 °C as the ambient temperature can fluctuate between 20 — 21 °C. The vapor
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pressure can be calculated based off of experimental data using the Antoine equation. The
Antoine equation is semi-empirical correlation describing the vapor pressure and
temperature of materials. This equation is based off the Clausius-Clapeyron relation which
relates the change in pressure with respect to temperature to the specific latent heat,
temperature, and specific volume of the material. The Antoine equation fitted parameters
are available for some materials (H2O, HF, pyridine, TMA, etc.) on the NIST Chemistry

WebBook and in literature.*

3.2.3 Remote Inductively Coupled Plasma

Remote inductively coupled plasma (ICP) processing is an important aspect of the
ALP reactors. The remote ICPs have been proven to be versatile and have been used for
chamber cleans, sample cleaning, and material deposition. As mentioned in §2.4.2.1, a
remote plasma configuration allows for the delivery of a high density of plasma radicals to
the substrate surface. The density of plasma radicals is dependent on the parameters (flow
rate, pressure, and composition) and plasma parameters (power, bias, frequency). In this
work, a 13.56 MHz radiofrequency (RF) ICP was implemented. No bias was applied, and
samples were typically grounded. Sample surfaces were ~250 mm from the plasma source
region. In this section, some plasma basics, hardware requirements, and experimental setup

will be described.

3.2.3.1 The Helical Resonator
ICP coils are commonly driven by a 13.56 MHz RF 50 Ohm generator through a

capacitive impedance matching network. FIG 3.1, show schematics of the oxide free

79



PEALP and oxide PEALP reactors. Each reactor is near identical in terms of plasma
configuration with minor differences in coil fabrication. This configuration is referred to
as a helical resonator. When an RF current is applied through a helical coil, an
electromagnetic field is produced. The applied power is transferred from the electric field
to the plasma electrons within a certain thickness, called the skin depth, near the plasma
surface. The power is transferred through ohmic dissipation and by collisionless heating
processing. Collisionless heating processes occur when bulk plasma electrons are subjected
to oscillating inductive electric fields within the skin depth. Electrons within the skin depth
are accelerated and thermalized. For efficient gas ionization, the geometry of the coil must
be considered.

The design of a helical resonator requires consideration of the operating frequency.
The length of the coil should be a quarter of the wavelength. For a 13.56 MHz wave, one
wavelength corresponds to 22.1 m thus the coil length should be 5.5 m in length for
maximum efficiency. Based on previous design used within the Nanoscience Lab, a 13-
turn 32 mm diameter helical coil with a pitch of ~10 mm was used. The pitch must be
chosen such that the space prevents the ionization of air. The total coil length was 1.3 m
which is about one sixteenth of the wavelength. For resonance to occur, Eq. (3.1) must be

satisfied.

A
2nrN =mZ (3.1

Where A is the wavelength, m is an integer, and 7 is the coil radius. Using this resonance

condition for a 32 mm diameter helix, 13 turns is obtained form = 4.
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3.2.3.2 Plasma Generation

To generate a stable RF ICP for ALP, a RF power supply and impedance matching
network is required. In this work, a 13.56 MHz 50 Q generator (MKS, Elite 300) was used
in combination with a 50 Q impedance matching network. A circuit diagram of the

described setup is shown in FIG 3.5.
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FIG 3.5. Circuit diagram of the RF generator, impedance matching network, helical
resonator, and inductively coupled plasma. Image adapted from Park et al.’] Copyright ©
1997, IEEE.

Here, C1 — C3 and L1 are part of the automatic impedance matching network, shown in
FIG 3.6. C1 and C2 are variable capacitors driven by stepper motors which work to
minimize the impedance of the circuit. The coil is the left most inductor with the mutual

inductance Li1 shown. On the far left is the effective circuit diagram of the plasma.
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FIG 3.6. Block diagram of the MWH-5-01 impedance matching network.'! Copyright ©
1997, ENL

The generation of an RF ICP using the MKS Elite 300 RF generator and the MWH-
01-05 automatic matching network requires the reactor pressure be greater than 25 mTorr.
A plasma is generated when the RF generator is either sent a command or turned on
manually. The RG generator will apply a current to the helical coil through the matching
network. Initially, the matching network will use the previous capacitor positions of C1
and C2. If the plasma parameters are different, then plasma ignition will not be immediate.
While the impedance is being minimized, the RF generator will balance the reverse current.
To facilitate remote operation of the RF generator and the impedance matching network, a
custom LabVIEW SubVI was written allowing for turning on and off the plasma and
changing the plasma power via the control computer. The impedance matching network
was configured for automatic matching such that no communication or manual input is

necessary. Unfortunately, this can lead to long ignition delays if the plasma parameters
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differ from the previous ignition. For example, if the previous ignition was at 100 W and
100 mTorr of H> and the new plasma is 100 W and 100 mTorr of Ar, there will be an
ignition delay as the matching network works to minimize the circuit impedance. The
ignition delay would occur if the pressure, power, or gas composition has changed.

To prevent the time delay from minimizing the impedance, a plasma is typically
ignited mirroring the same process parameters before starting a process. An alternative
solution would involve reconfiguring the impedance matching network to accept
commands and queries from a control computer. The matching network supports RS-232
communication with the ability to query capacitor positions. Using this query, one could
build a table of capacitor positions for various pressures, gas compositions, and powers.
As long as the plasma parameters were known before hand, the variable capacitor settings
could be sent to the matching network prior to ignition. This would enable fast dynamic

ignition of the ICP but requires the more initial work.

3.2.4 Exhaust Abatement

Reactive precursors are essential for chemical vapor deposition and dry etching
techniques such as atomic layer deposition and etching. Unfortunately, volatile compounds
tend to have a hazard associated with them. For example, trimethylaluminum and
trimethylgallium are pyrophoric compounds that combust on exposure to air; hydrogen
fluoride is an extremely toxic and corrosive chemical that can be fatal from contact of if
inhaled. As such, design of a system using these chemicals requires careful consideration
of the abatement of unreacted molecules. Thus, the ALP reactors feature a multistep

exhaust abatement system, shown in FIG 3.7, including the dilution of unreacted
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precursors, the abatement of pyrophorics and acids, and continuous measurement of acid

concentration on the system exhaust.

4
1 2 3 Fy
Reactor A A
Exhaust Abated Exhaust

FIG 3.7. Schematic of the ALP reactors exhaust abatement. Each piece of equipment is

labeled as follows: (1) multi-trap for pyrophorics, (2) process pump with a N» dilution flow,
(3) an acid dry bed for HF abatement, and (4) an electrochemical gas analyzer to
determining residual HF concentration.

After unreacted precursor vapors, process gases, or reaction byproducts exit the
ALP reactors, they pass through a multi-trap system, illustrated in FIG 3.8. This multi-trap
(Mass-Vac, Multi-trap) consists of a three-step process. First, the gases enter the trap where
heavier molecules are knocked down and some vapors condensed. Second, the gases pass
through a set of five activated charcoal filters where larger particles are removed. In the
third stage, finer particles pass through a set of five stainless-steel gauze filters removing
finer particles. Finally, the gases exit the multi-trap and enters two-stage dry process pump.
As mentioned previously, the process pump uses a nitrogen dilution flow that has been
observed to back flow into the reactor with a partial pressure of ~5E-5 Torr. It can be
inferred that the exhaust in the multi-trap is slightly diluted by the N> dilution flow. This
multi-trap is effective for the abatement of pyrophorics and highly flammable liquids or
vapors (e.g. trimethylgallium, trimethylaluminum, and

bis(ethylcyclopentaienyl)magnesium).
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FIG 3.8. Illustration of a possible configuration of the multi-trap filter. In step 1, heavy
particles are knocked down and some condensates can be formed. The remaining gas then
flows through a cooling coil, step 2, where more condensable are removed and the unabated
gas temperature is lowered. In step 3, the remaining gas makes its filtering pass through a
set of filters. Finally, in step 4, the gas pass through a series of fine particulate filters before
exiting the cylinder. For the systems discussed, the cooling coil was not implemented.
Illustration taken from the operations manual.®] Copyright © 1987, Mass-Vac Inc.

Eventually the multi-trap filters will expire. The filter lifetime depends on system
use. A common symptom of expired filters is an increased base pressure and the presence
of dust or particulate in one’s reactor. Thus, it is important to monitor the reacts base
pressure. Alternatively, pressure gauges could be placed on the inlet and outlet of the trap.
Reading the pressure drop across the filter would provide insight on when the filters have
been spent.

After passing though the multi-trap, the exhaust enters the process pump. At this

point, the exhaust is assumed to be free of pyrophorics and flammable vapors. Though the
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hydrogen fluoride or gaseous metal fluorides remain active. The two-stage dry pump,

schematically shown in FIG 3.9, uses a N dilution flow at 14.2 slm injected at various

points in the pumping section. The dilution of the exhaust gases helps to prevent corrosion

of the internal components exposed to the exhaust.
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FIG 3.9. Schematic of the Ebara A70W two-stage dry pump. Of note, is the use of a N2

dilution flow to prolong the longevity of the pump. Image taken from the Ebara A70W

operating manual.[! Copyright © 1995, Ebara Corporation.

Upon exiting the process pump, the diluted exhaust flows into an acid dry bed (CS

Clean Systems, Novasafe Dry Bed Abatement System) shown in FIG 3.10. The dry bed

system reduces the hazard associated with flammable, toxic, or corrosive gases and vapors.

The dry bed consists of about 9.5 L of scrubbing media including two layers of resin chosen
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specifically to abate hydrogen fluoride. The 9.5 L of scrubbing media is able to abate ~ 1
L of hydrogen fluoride. The dry bed uses a chemical paper detector that changes colors
when exposed to unabated gases. The paper is observable from the outside of the cannister.
When the paper is fresh, it is a yellow color but turns either red or green if the acid or
caustic is spent, respectively. An additional toxic gas detection system is placed on the dry
bed exhaust outlet. After passing through the dry bed, the exhaust goes through the building

exhaust.

Effluent to
House Exhaust

T

Effluent from ===
Process =
q

Gas Flow through the Canister

FIG 3.10. Schematic of the CS Clean Systems Acid Dry Bed. Image obtained from the acid
dry bed manual.l”! Copyright © 2015, CS Clean Systems Inc.

In addition to the paper indicator, an electrochemical gas analyzer (Bionics, SH-
1003-WAD) is used, shown in FIG 3.11. This gas analyzer is specifically configured for
hydrogen fluoride and has a lower detection limit of 0.1 ppm. The detector is a suction type
gas detector equipped with a membrane pump which draws in the exhaust. A key element
is the electrochemical gas sensor. The electrochemical gas sensor operates based on the
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principle of membrane electrolysis, which states that when a molecule passes through a
membrane attached to an electrode, an electrochemical reaction occurs. If the electrode is
in contact with an electrolyte, a redox reaction occurs at a counter electrode, which then
produces a current. The current is then directly proportional to the gas concentration. The
current is recorded using an onboard microprocessor. The gas analyzer has the ability to
communicate through RS-232 through a proprietary software. Additionally, a 4-20 mA

output can be connected to an audible/visual alarm.

FIG 3.11. Exploded view of the Bionics electrochemical gas analyzer. Image take from the
gas analyzer operations manual.’®! Copyright © 2021, New Cosmos BIE B.V.

Abatement of the precursor gases and vapor is an essential part of the ALP reactors.
Without proper abatement, the exhaust would pose numerous hazards to the surrounding
areas. With the implementation of the multi-trap, acid dry bed, and toxic gas analyzer there
is certainty that unreacted precursors are rendered inert. Of course, when the filters are
spent, the entire assemblies will need to opened and refurbished. Fortunately, the disposal
and refurbishment of the filters is outlined in the respective manual and is straight forward.
Each portion of the exhaust abatement line requires weekly to biweekly checks to ensure

proper operation. The electrochemical gas analyzer requires that the electrolyte be checked
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periodically as it is subject to evaporation. Additionally, the electrolyte (Bionics, EL-3136)
and membrane are recommended to be replaced every six months. After the electrolyte is

replaced, the sensor will have to be recalibrated.

3.2.5 Sample Transfer

The ability to transfer samples in situ between processing and characterization
chambers is a huge benefit for all systems in the Nanoscience Laboratory. In situ transfer
removes the possibility of atmospheric contaminants allowing for films to be studied under
near pristine conditions. Sample transfer to the ALP reactors is accomplished by using
twist-lock sample holders, stages, and a magnetically coupled transfer rod, schematically
shown in FIG 3.12. The sample stage is mounted on a rotatable flange allowing for easy
sample transfer from the transfer line. To move sample in and out of the chamber, a
magnetically coupled transfer rod is used. The transfer rod has a cup with three pin slots
similar to the sample stage shown in FIG 3.3. Each sample holder has five to six pins that
are able rotated to lock into the sample holder and transfer rods. Sample transfer in and out
of the ALP reactors is accomplished under high vacuum and has a few requirements. First,
the sample heater must be off or have a set point of 0 °C. Secondly, the sample temperature
should be below 120 °C. Finally, the reactor and transfer line pressures must be below 5E-

7 Torr though lower is ideal.
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FIG 3.12. Schematic of the sample transfer system for the ALP reactors. (1) is the rotatable
sample stage, (2) a gate valve, (3) the ultra-high vacuum transfer line, (4) the sample

transfer rod, and (5) the magnetic coupling allowing for linear translation.

3.2.6 Programmatic Control

An ALP reactor requires the execution of multiple tasks in particular sequence at
specific timings. Often times, a set of tasks is repeated tens of times depending on the
desired thickness grown or material removed. As such, programmatic control of an ALP
reactor is desirable. As stated previously, the majority of the equipment is configured for
electronic communication using protocols such as RS-232 and EtherNET/IP. The essential
functions for ALP are pneumatic valve actuation, throttling valve control, mass flow
control, pressure control, and plasma generator. The ALP of this dissertation requires these
five functions. For the described ALP reactors and associated equipment, a custom
LabVIEW program was written comprised of 11 variable libraries, 8 custom controls, 42
SubVls, and one top level user interface, shown in FIG 3.13. Each SubVI handles a specific
function such as valve actuation, RF generator command, and MFC control among many

others.
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FIG 3.13. Control interfaces for (a) the fluoride ALP reactor and (b) the oxide ALP reactor.

The fluoride ALP features an older version of the program.

ALP is based on sequential exposures of reactants separated by inert gas purges. a

simple two reactant process would involve four separate steps: reactant 1, purge, reactant

2, purge. This sequence can be viewed as an ABCB...ABCB process were A would be

reactant 1, B would be the purge, and C is the reactant 2. The sequence is a for-loop that

terminates after a set number of repetitions as shown in FIG 3.14(a). In FIG 3.14(b), the

structure indicated by the fluoride ALP, FIG 3.13(a), is shown. The process for the newer

oxide ALP program, FIG 3.13(b), is shown in FIG 3.15. The bulk of the programs can be

referred to as nested for-loops inside timed event driven case structures.
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FIG 3.14. Block diagram of (a) a simple ALP structure and (b) of the structure programmed

for the Fluoride ALP.
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FIG 3.15. Process structure for the oxide ALP program.

The program executes as shown in FIG 3.14(b) and FIG 3.15 for the fluoride and
oxide ALP reactors, respectively. The ALP programs have four distinct SubVI: system
initialization, precursor step, purge step, and system shutdown. The reactant step can be
split into either a precursor vapor step or a remote plasma step. In the next few paragraphs,
a brief overview of each SubVI or process step will be given. In general, a process would
only be initiated after the sample is at temperature, the reactor pumping has been switched

to the process pump, and the RF generator has been turned on.
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When a user switches the “off” boolean to “on,” in FIG 3.13, the processes in FIG
3.14 and FIG 3.15 are initiated. Flipping this switch locks the program preventing manual
control. The first step is the execution of the system initialization SubVI. This SubVI
contains a variety of functions. The first task the SubVI executes as a comparison of the
selected process gases and precursors. If a plasma step is selected, two sets of commands
are sent to the RF generator: enable remote commands (initialize) and set applied power.
The first command allows remote communication with the RF generator while the second
set tells the generator what power to apply. If the initialization command is not received,
the RF generator will not respond to commands. If the power is not set, current will not be
applied during a plasma step. Next, the SubVI looks again at the selected process gases and
precursors and prepares the respective gas lines. For each selected precursor and process
gas, the respective mass flow control is set to a user defined setpoint. Additionally, a series
of pneumatic valves are opened. For process gases, valve 1, FIG 3.2(b), is opened. Whereas
for precursors lines, FIG 3.2(a), valves 1, 3, and 5 are opened allowing for the carrier gas
to flow directly into the exhaust. Finally, the exhaust throttling valve (ETV) is closed over
a span of 7.5 s. At this point, the RF generator and gas lines are primed. Next, a purge step
is triggered.

Each purge step starts with a pulse into the exhaust (valve 3, FIG 3.2(b)) to release
built up pressure in the gas line. Without this pulse, the reactor pressure would spike to >1
Torr. After 1.5 s has elapsed, the ETV is set to open, valve 2 is opened, and valve 3 is
closed. Valve 2 is held open for the duration of the purge. Afterwards, valve 3 is closed the
ETV is closed over a span of 7.5 s. The program then checks which type of reactant step

to execute.
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The first reactant step type is a plasma step. This step starts with the source gas
pulsed into the exhaust, for 1.5 s, using valve 3, FIG 3.2(b). Valve 2 opens and valve 3 is
closed. A command is then sent to the ETV to go to setpoint 1 which usually corresponds
to 100 mTorr. The setpoint pressure can be changed in the settings tab. The reactor pressure
is allowed to stabilize to 100 mTorr over a user defined duration, usually 5 s. After this
time has elapsed, a command is sent to the RF generator to apply ionize the gas. Assuming
the capacitors were previously tuned, ignition occurs immediately. The RF excitation runs
according to the user define plasma exposure time before terminating. Valve 2 is then
closed, and a purge step is started.

The second reactant type is a precursor vapor exposure. The plumbing for the
precursor lines, FIG 3.2(a), is more complicated than that for the process gases, FIG 3.2(b).
At this point, valves 1, 3, and 5 have been opened, during the initialization step, flowing
the carrier gas into the exhaust. The first step is opening valve 6 to the chamber then closing
valve 5. After 1 s has elapsed, valve 4 is quickly open for a user defined duration before
closing; this is referred to as the precursor pulse. The precursor vapor and carrier gas flow
into the chamber for the duration of the exposure time before opening valve 5 and closing
valve 6. A purge step is then started.

The system shutdown step 1s the next main SubV1. After all the cycles, super cycles,
and combined cycles have finished, the program initiates the system shutdown SubV1. This
SubVI starts with a purge step while closing all precursor and process gas valves, excluding
the purge gas line. After the purge has finished, the purge gas line is closed, and all of the
mass flow controllers are closed. The end purge time can extend to longer durations.

During processing, a typical purge time is 30 s; however, the end purge time is usually 30
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minutes. After the system shutdown SubVI runs, the process is finished, and the program
returns to accepting manual input.

The ALP programs allow for easy setup of simple processes. Improvement of the
ALP programs could include a more user-friendly interface and translation of the oxide
ALP program to the fluoride ALP reactor control computer. Additionally, restructuring the
program to a tree-based architecture would allow for more flexible process development

and set up.’!

3.3 Process Monitoring
3.3.1 Pressure

Pressure monitoring is a powerful tool allowing for quick viewing of process
pressure or system characteristics. As mentioned previously, each pressure gauge is
connected to a controller, which allows for remote communication. To enable pressure
monitoring, a custom LabVIEW program was written to record pressure measurements at
all times. This program, shown in FIG 3.16, queries the 651C pressure controller or a 946
vacuum system controller depending on the pressure range. Measurements can easily be
exported as a text or as comma separated values allowing for external production of plots,

as shown in FIG 3.17.

96



651C Refnum
Yifvisas/ - . Collect Data Stop Program

651C (CMM) 0.1
0.1+

=
i

0.06-

Pressure (mTorr)

=
LE

0.02-

0_-I\I i AI i I ! AI i AI ! 1 e IA ! 1 g [
09:06:47  09:06:50 09:06:52 09:06:54 09:06:56 09:06:58 09:07:00 09:07:02 09:07:04
Time
946 Ctl Channel

%Wj;}m

946 VSC (R) (CC & CP) 7.00E-8

o o

= o

m.om

@ @
| 1

Pressure (Torr)

B.2E-8-

6E-8-

L8 R e e S R
08:43:44 03:48:00 08:51:00 08:54:00 08:57:00 09%:00:00 09:03:00 09:07:04
Time

FIG 3.16. Screen shot of the pressure recording program. The top plot using the capacitance
manometer (CMM) and communicates directly with the real-time operating system. The
bottom plot queries a 946 vacuum system controller to obtain the pressure measured by

either the cold cathode or convection enhanced Pirani gauges depending on the selected

channel.
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FIG 3.17. Reactor pressure during the plasma enhanced atomic layer deposition of AlFs.

The dashed lines indicate the beginning and ends of reactant and purge steps.

3.3.2 Ellipsometry

A multi-wavelength ellipsometer is mounted to the ALP reactors allowing for in
situ growth or etching measurements during processing. This is a powerful tool allowing
for quick verification of growth or etching, measurements of film thickness, and
determination of growth or etch rates. The ellipsometer (Film Sense, FS-1) has been
described in §2.3. The ellipsometer is connected to the control computer via ethernet and
is accessible through a web browser. The vendor supplied software is used for calibration,

measurements, and initial analysis.

3.3.3 Quadrupole Mass Spectroscopy
The Oxide ALP reactor, FIG 3.1(b), is equipped with a quadrupole mass
spectrometer (QMS) (Stanford Research Systems, RGA200). The QMS has a range of 200

amus and can sample partial pressures to 10E-12 Torr in 30 ms. The QMS is configured to
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sample ALP gaseous by products by implementation of a precision metering valve and a
flexible metal bellow. The QMS used a vendor supplied software in either a standalone
executable or a separately compiled LabVIEW program. The standalone program allows
for the sampling of 10 charge-to-mass ratios at a time for a given pressure versus time plot
while the LabVIEW version has no limit to the number of charge-to-mass ratios.

The initial purpose of the QMS was to enable measurement of gas phase products
raising from atomic layer etching. Unfortunately, due to the large surface area of the
chamber and presence of various oxides, the reaction byproducts were indistinguishable
from the background. Regardless the use of a QMS is a valuable tool for leak checking and
monitoring vacuum quality. Future use of the QMS for process monitoring could include
using high surface area samples to attempt to increase the concentration of gaseous
byproducts. Another alternative would be coating the internal chamber surfaces with a

material inert to the ALD and ALE processes.

99



References

[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

G. Vass, G. Tarczay, G. Magyarfalvi, A. Bodi and L. Szepes, Hel Photoelectron
Spectroscopy of Trialkylaluminum and Dialkylaluminum Hydride Compounds and
Their Oligomers, Organometallics 21, 2751-2757 (2002).

NIST Chemistry WebBook Standard Reference Database Number 69, (National
Institute of Standards and Technology, 2021);

P. Jong-Chul and K. Bongkoo, Impedance model of helical resonator discharge,
IEEE Transactions on Plasma Science 25, 1398-1405 (1997).

MWH-5 Automatic Matching Impedance Network. (MKS, 2005).

MV Multi-Trap® High Capacity, High Efficiency Vacuum Inlet or Exhaust Trap.
(Mass-Vac, North Billerica, MA, 2021).

Multi-Stage Dry Vacuum Pump. (Ebara Corporation).

Novasafe Dry Bed Abatement System. (CS Clean Systems, Danbury, CT, 2017).

Guide to Installation and Operation, Gas Detector SH-1003-WAD, SH-1007-WAD.
(Bionics Instruments, Tokyo, Japan, 2009).

B. D. Piercy and M. D. Losego, Tree-based control software for multilevel
sequencing in thin film deposition applications, Journal of Vacuum Science &
Technology B 33, 043201 (2015).

100



CHAPTER 4
COMPARISON OF ALUMINUM FLUORIDE THIN FILMS GROWN BY

THERMAL AND PLASMA ENHANCED ATOMIC LAYER DEPOSITION

Submitted in collaboration with Daniel C. Messina, Brianna S. Eller, Paul A. Scowen,

and Robert J. Nemanich to the Journal of Vacuum Science & Technology A.

4.1 Abstract

Films of AlF3 deposited by thermal and plasma enhanced atomic layer deposition
(ALD) have been compared using in situ multi-wavelength ellipsometry (MWE) and
monochromatic X-ray photoelectron spectroscopy (XPS). The AlF; films were grown
using cyclic exposures of trimethylaluminum (TMA), hydrogen fluoride (HF), and H
radicals from a remote H> inductively coupled plasma. Films were characterized in situ
using MWE and XPS for growth rate, film composition, and impurity incorporation. The
MWE showed a growth rate of 1.1 A per cycle and 0.7 A per cycle, at 100°C, for thermal
and plasma enhanced ALD AlF3 films, respectively. Carbon incorporation was below the
XPS detection limit. The plasma enhanced ALD AlF3 film showed the presence of Al-Al
chemical states, in the Al 2p scans, suggesting the presence of Al-rich clusters with a
concentration of 14 %. The Al-rich clusters are thought to originate during the hydrogen
plasma step of the PEALD process. The Al-rich clusters were not detected in thermal ALD

AlF3 films using the same precursors and substrate temperature.
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4.2 Introduction

Aluminum fluoride (AIF3) has an ultrawide band gap of >10 eV!> % and thin AlF;
films can be used in ultraviolet (UV) interference optics, passivation of novel battery
surfaces, and gate dielectric layers in electronic devices. The ultrawide band gap and low
refractive index, 1.39 at 193nm,?! that differs from other optical materials, makes it an
ideal material for UV reflective and antireflective coatings,[*® interference mirrors,” and
bandpass filters.[®*] Films of AIF; have been used as acid corrosion resistant coatings for

lithium ion batteries,!'”) where thin AIF; layers (<10nm) on cathode!'!l and anode

[12,13 [14]

surfaces!!> 13 have demonstrated improved thermal stability,['¥ capacity retention,!'* and

10, 16

discharge capacity.['* ®) Additionally, evaporated AlFs films on oxidized Si, showed a

fixed negative charge near the interface that provides a drift field in solar cell structures.[
17-221 The use of AlF; in UV optics, chemical passivation, and electronic applications
requires high purity, uniform and conformal, layers with precise thickness control.
Atomic layer deposition (ALD) is a thin film deposition technique stemming from
chemical vapor deposition (CVD). Both CVD and ALD employ vapor transport to enable
gas solid interactions. Unlike CVD, ALD achieves film growth using sequential exposures
of precursors, or reactants, separated by purge or evacuation steps. A key characteristic of
ALD is the self-limiting nature of the growth process. Self-limiting growth is achieved for
a surface that has a limited number of reactive sites for precursor adsorption, and there is a
temperature window where the excess precursor desorbs from the surface. Moreover, the
self-limiting surface reactions must occur in both half cycles at the same substrate

temperature. Thus, in an ideal ALD reaction, there is a temperature range (or growth

window) where growth proceeds in a layer-by-layer mode, and the layer thickness per ALD
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cycle is essentially constant. The growth per cycle (GPC) of an ALD process can increase
or decrease at temperatures above or below the growth window due to a variety of reasons

23251 The substrate temperature is typically

related to adsorption-desorption kinetics.!
chosen within the growth window to prevent precursor self-interaction, and decomposition,
while also facilitating self-terminating surface reactions. The self-limiting nature of ALD
enables precise thickness control along with high purity, uniform, and conformal layers.
Plasma enhanced ALD (PEALD) is an energy-enhanced variant of ALD in which
plasma species are used as a reactant. In general, the high reactivity of plasma generated
radicals and the kinetic energy of ions can drive surface reactions allowing for lower

26, 271 The free radicals can enable surface reactions at

deposition temperatures.!
temperatures appropriate for the process (e.g. using O instead of H>O or O; for oxide ALD).
In this case the free radicals participate in the ligand exchange and the surface reaction.
The result is often higher purity and higher density films. The self-limiting reaction
conditions must still be met in PEALD, and typically the plasma is only applied for one
reactant.

Despite the benefits of PEALD, there are some drawbacks in comparison to thermal
ALD (TALD). During PEALD, exposure to some reactive plasma species may lead to
undesirable reactions. Occasionally, a plasma may cause oxidation, or nitridation of a
substrate at a faster rate than the film deposition. The result is a thick oxidized or nitridized
layer underneath the film, which would impact device behavior.?®3! Additionally, ion
bombardment can induce defects by bond breaking or atom displacement. Ion

bombardment can be mitigated by use of a remote plasma configuration, as employed in

this research, where ion densities are orders of magnitude less than plasma radical
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densities.*?! Finally, PEALD processes may show decreased conformality on high aspect
ratio structures due to loss of radicals to recombination.*”]

A number of chemical routes have been demonstrated for ALD of metal fluorides
However, the selection of precursors is more difficult due to the lack of safe, easy-to-
handle, fluoride precursors. Initial fluoride ALD processes used NH4F or volatile metal
halides (TiFs and TaFs).?>3% In one case, metal fluorides were deposited by oxide
chemistry using hexafluoroacetylacetone (hfac), ozone, and various metalorganics.l*”]
More recently, metal fluorides have been deposited using anhydrous HF (AHF) or HF-
pyridine (HF-P) mixtures.!'> 4041 A comparison of ALD AlF3 growth processes is shown
in Table 1 detailing precursors, growth temperature, growth rate, and film stoichiometry.
Selection of precursors for ALD processes is of utmost importance to minimize potential
impurities. Precursor selection often requires consideration of the intended application. For
example, when ALD AlF3 is used for UV optics, formation of oxides and nitrides can
degrade optical performance, due to adsorption at lower wavelengths. As such, Al
precursors containing oxygen or nitrogen should be avoided while organometallics, such
as trimethylaluminum (TMA, Al(CH3)3), may achieve the required purity. Some different
reactants used for ALD of AlF3 are shown in Table 4.1. Unlike the ALD of oxides and
nitrides, use of plasma excited species as reactants has not been extensively explored for

metal fluorides.
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Table 4.1. Reactants used for the ALD of AlF3 along with the growth temperatures (Ty),
growth rate per cycle (GPC), and F/Al ratios (3 is stoichiometric). Trimethylaluminum
(Al(CH3);, TMA) is the most common metal precursors  while
tris(dimethylamino)aluminum (AI(N(CHz)2)3, TDMAA) and dimethylaluminum hydride
(AIH(CH3),, DMAH) have also been used. Fluorine precursors include titanium
tetrafluoride (TiF4), tantalum pentafluoride (TaFs), anhydrous HF (HF, AHF), HF-pyridine
(CsHsN-(HF)x, HF-P), and sulfur hexafluoride (SFs) plasma. The ‘*’ Indicates use of a

remote radiofrequency inductively coupled plasma while ‘**” indicates films grown at 150

°C.
Reactant T, (°C) GPC (A)  F/Al Ratio Ref.
A B C
AICl; TiFs - 160-340 32-02  3.50-2.99 [36]
TMA  TaFs — 125 1.9 2.53 [46]
TMA  AHF - 100-200 12-0.5 2.9-3.1 [44, 47]
TMA  HF-P -  75-200 1.27-0.50 2.85" [41]
TMA SFe* - 50-300 1.50-0.55  3.1-29 [48, 49]
TDMAA AHF - 150 0.6 - [47]
DMAH AHF — 150 1.0 - [47]
TMA  HF-P — 100 1.1 3.1 This
TMA  HF-P H' 100 0.7 2.8 Work
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The mechanism for TALD of AlF3, using trimethylaluminum (AI(CH3)3, TMA)
and HF, was proposed by Lee et al. where the ALD reaction could be split into two half-
reactions, Eq. (4.1) and Eq. (4.2), shown below!*!!:

HF (a4s) + AI(CH3)3(g) = AIF(CH3)2(ags) + CHag) 4.1)

AIF(CH3)z(abs) + 3HF () = AlF3() + HF 45) + 2CHyg) 4.2)
In the first half-reaction, AI(CH3)3 reacts with surface HF, from the previous half-cycle, to
produce AlF(CH3), (e.g. DMAF) surface species and methane. Quadrupole mass
spectroscopy measurements have indicated that AIF(CH3), are the main species adsorbed
during the TMA exposure.[*!) During the HF exposure, where Eq. (4.2) applies, the surface
is fluorinated producing AlF3s) and CHa) with excess HF adsorbing onto the surface.
Quartz crystal microbalance measurements suggested that, at 100°C, one HF molecule
adsorbs on the surface for each Al surface site.[*!) The adsorption of HF onto AlF; surfaces
is thought to occur through the formation of a dative bond between the HF and Al surface

50]

centers.[*!: ALD AlF3 films grown using this process showed low impurity

concentrations with oxygen impurities ~2 atomic %.!!

This study examines the differences between TALD and PEALD AlF; thin films
using TMA, HF-P, and atomic H from a remote H> inductively coupled plasma (ICP).
Exposure to atomic H, implemented after the HF step, is used to investigate whether the
process could remove excess adsorbed HF and affect the AlFs; growth, impurity
incorporation, and material properties. Removal of adsorbed HF would enable self-limiting

reactions between TMA and the H-terminated AlF; surface, rather than with the excess

adsorbed HF.
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Growth of TALD and PEALD AlF3 films was performed in the same ALD reactor,
which was equipped with an in situ multi-wavelength ellipsometry (MWE) that was
implemented to monitor growth rates. Through ultra-high vacuum (UHV) sample transfer,
surfaces were characterized using in situ X-ray photoelectron spectroscopy (XPS), before

and after deposition, to determine surface chemical states and defect configurations.

4.3 Experimental

ALD AIF; films were grown on Si wafers passivated with a 10 nm TALD layer of
ALOs. The AlLOs passivated Si was cleaned, ex-situ, with a UV-ozone exposure prior to
insertion into a UHV multi-chamber system. The UHV multi-chamber system includes a
load-locked chamber, a UHV transfer line (base pressure 4E-9 Torr), an X-ray
photoemission spectroscopy (XPS) system, a fluoride ALD reactor, and various other

51-54

characterization and deposition chambers.’!3 The AIF; depositions were monitored using

in situ ellipsometry, and XPS was performed before and after each AlF; deposition.

4.3.1 Sample Preparation

The thermal and plasma ALD AlF; layers were prepared on Si substrates protected
with a thin (~10 nm) AlbOs3 layer. The Al,O3 layer was employed to prevent unintentional
etching of SiO», and Si after HF adsorption and subsequent H»-plasma exposure in the
plasma ALD AIF3 process. The protective Al,O3 films were grown on 25.4 mm diameter
boron-doped Si (100) wafers (Virginia Semiconductor) using a commercial TALD tool
(Cambridge, Savannah S100) with TMA and H»O, as precursors. The substrate temperature
was 185 °C and a growth rate of ~1.0 A per cycle was achieved during the 10 nm deposition
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as measured by ellipsometry. Substrates were stored in atmosphere until needed. Prior to
the AlF3 depositions, samples were cleaned using a 10-minute UV-O3 exposure to remove

atmospheric contaminates.

4.3.2 Film Deposition

AlF; films were deposited by plasma enhanced and thermal ALD using a fluoride
ALD reactor equipped with an in situ multiwavelength ellipsometer and remote radio
frequency (RF) plasma generation. The ALD reactor utilized two pumping systems for
high vacuum sample transfer and the second for processing. The high vacuum pumping
(base pressure 2E-9 Torr) was achieved using a turbomolecular pump (Pfeiffer, HiPace 80)
backed by a dry roots pump (Pfeiffer, ACP 15). During processing, a larger two-stage dry
roots pump (Ebara, A70W) was used (processing base pressure 4E-5 Torr). A multi-filter
trap (Mass-Vac, Multi-Trap) between the chamber and processing pump was used to abate
unreacted trimethylaluminum. On the A70W outlet, an acid dry bed filter (CS Clean,
NovaSafe) was used to neutralize unreacted hydrogen fluoride. Additionally, the A70W
utilized a N2 (99.998 %) dilution flow at a flow rate of 14.2 SLM (standard liters per
minute). The N> dilution flow was observed to backflow into the ALD reactor with a partial
pressure of ~5E-5 Torr.

ALD AIF3 reactions were performed using trimethylaluminum (AI(CH3)3, TMA)
(STREM, 97 %), hydrogen fluoride-pyridine (CsHsN-(HF)x , HF-P) (Sigma-Aldrich, 70 %
w.t. HF), and H> (Matherson Tri-Gas, 99.999%). The TMA and HF-P storage cylinders
were held at 30 °C. TMA and HF were dosed into an Ar carrier gas, where the Ar carrier

gas was supplied at 5 scem (standard cubic centimeters per minute) through a mass flow
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controller (MKS, GE50A). The TMA delivery tubing and reactor walls were held at 100
°C, to prevent precursor condensation. The HF delivery line was not heated. During the
depositions, the substrates were radiatively heated, to 100 °C, using a nichrome heating
element and a PID controller (Eurotherm, 2216e).

Reactor pressure was dynamically controlled using an exhaust throttling valve
(MKS, 253B), a capacitance manometer (MKS, 627F), and a PID controller (MKS, 651C).
Pressure was recorded using a custom LabVIEW program at 1 s intervals. Plasma
excitation was achieved using a 13.56 MHz RF generator (MKS, Elite 300), a 50 Q
impedance matching network (MKS, MWH-05), and a 13-turn diameter copper coil wound
around a 32 mm fused quartz tube. The quartz tube extended into the ALD reactor to ~10
cm above the sample surface. This configuration allows for generation of a remote RF
plasma with high concentrations of thermalized plasma generated radicals.[?> >

Depositions followed an ABAB...AB process sequence for TALD, or
ABCABC...ABC process sequence for PEALD, where each letter represents a precursor
exposure followed by an Ar purge. The overall cycle times were 138.5 s and 192 s for the
TALD and PEALD, respectively. Each precursor step involved a 0.25 s pulse followed by
a 30 s exposure prior to a 30 s Ar purge. For PEALD, H; was pulsed into the reactor and
allowed to stabilize over 5 s to 100 mTorr prior to plasma ignition at 100 W for 10 s. Each
plasma exposure was followed by a 30 s Ar purge. The total cycle time for TALD and
PEALD were 139.5 s and 192 s, respectively. Depositions on Al,O3/Si were first performed
for 40 cycles of either TALD or PEALD then for an additional 120 cycles. After each

deposition, samples were transferred in situ for X-ray photoelectron spectroscopy (XPS).
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4.3.3 In Situ Characterization
4.3.3.1 Ellipsometry

In situ multi-wavelength ellipsometry (MWE) was used for process monitoring
during AlF3 depositions. The MWE (Film Sense, FS-1) uses four light emitting diodes
centered at 465 nm, 525 nm, 580 nm, and 635 nm. The ellipsometer was mounted at a fixed
angle of ~45°. The ellipsometer determines the polarization state of the reflected beams by
the Division-of-Amplitude-Polarimeter (DOAP) method where all four Stokes parameters
are measured simultaneously.’® Measurements were taken using the manufacturer
supplied software (Film Sense, Desktop v1.15) at 1 s intervals. To enable accurate in situ
measurements during growth, the initial surface (Al.O3/Native Si02/S1) was modeled using
a pseudo substrate model. Use of a pseudo substrate model allows more accurate
measurements as alignment and model inaccuracies are negated by averaging over an
initial period.’”) As AlFs is transparent at the wavelengths, the layer was modeled using a
Cauchy model with constants taken from Hennessey et al.**! To account for the Al
impurities in the PEALD AlF; film, the Bruggeman Effective Medium Approximation
(EMA) was applied to estimate the film thickness and impurity concentration.[*®>") The Al
clusters were accounted for using a Drude model with parameters obtained from Palik.["]
Measurements are presented in terms of film thickness. Increases, and decreases, in film
thickness are representative of changes of surface species and may not be completely
representative of the film thickness. However, changes of surface species may also cause
changes in signal that could be interpreted as changes in thickness. While changes during

a single cycle may not represent actual thickness changes, considering the value at the
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beginning and end of each ALD cycle will present a quantitative analysis of the thickness

change during a cycle.

4.3.3.2 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was employed to gain insight into surface
film composition, chemical states, and defect configurations. The XPS instrument (VG
Scientia, R3000) uses a monochromatic Al Ka source with a photon energy of 1482.35 eV.
Data acquisition was performed using the manufacturer supplied software (VG Scientia,
SES Software). The system pressure was below 7E-10 Torr during measurements. All core
level scans were acquired with an energy resolution of 0.15 eV. Peak analysis was
performed using an XPS software package (Casa Software LTD, CasaXPS). All
photoelectron transitions were modeled with Gaussian-Lorentzian line shapes with Shirley
backgrounds.[®! Film stoichiometry was determined using a standard method which has an

uncertainty of 10 — 20%.[61-63]

4.4 Results

Thermal and plasma enhanced ALD (TALD and PEALD) AIlF; films were
compared on Si wafers passivated with ~10 nm of TALD Al>Os. Growth of the ALD AlF3
was monitored by in situ ellipsometry. After deposition of the initial 40 cycles of AlF3,
films were analyzed by X-ray photoelectron spectroscopy (XPS). Determination of
impurities, by XPS, allowed for the application of accurate optical models to the in situ

ellipsometric data enabling calculation of film thickness and impurity concentration.
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Finally, an additional 120 cycles for each process were performed to measure oxygen and

carbon incorporation and surface stoichiometry.

4.4.1 X-ray Photoelectron Spectroscopy

The initial 10-minute UV-Os treated Al,O3 surfaces, FIG 4.1(a) and FIG 4.2(a),
were found to be atomically clean. The O 1s spectra showed the presence of two peaks
with the 1% peak centered at ~532.7 eV, with a FHWM of 1.7 — 1.8 eV, corresponding to
Al-O chemical states. The second peak at 533.2 — 534.0 eV, with a FWHM of ~1.7 eV,
was attributed to surface hydroxyl groups, denoted as Al-OH. The Al 2p region showed a
singular peak at ~76 eV with a FWHM of ~1.5 consistent with Al-O chemical states for
TALD AlLOs grown using TMA and H,0.%* A full list of fitted peak parameters (peak
center and FWHM) are listed in Table 4.1 for each process and step. It was noted that the
surface charged during XPS measurements and the values for the Al-O core levels varied
between 74.3 — 75.7 eV.1461The energy separation between the Al-O core level, in the Al
2p and O 1s, was 456.6 eV suggesting fully oxidized O-Al-O bonds.[%”- %! Carbon was not
detected on the initial surface or after any of the depositions.

After the initial 40 cycles of TALD AlF3, FIG 4.1(b), the F 1s and Al 2p spectra
showed evidence of Al-F core levels. The Al 2p region showed the addition of a high
binding energy peak located 2.9 eV from the Al-O core level. This additional peak was
identified as the Al-F core level and had a FWHM of 1.6 eV.[%°! From the F 1s spectrum,
two peaks were observed separated by 2.4 eV. The first peak, at 686.8 eV had a FWHM of
1.6 eV and accounted for 4 % of the total F 1s area. The second peak had a FWHM of 2.0
eV. Both peaks have been reported for crystalline AlF3 and TALD AlF; using similar
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precursors.>% ®1 The first and second peaks have been associated with fluorine dangling
bonds and Al-F chemical states, respectively.[”"!

The final TALD AIlF; deposition, FIG 4.1(c), showed complete attenuation of the
Al-O core levels in both the Al 2p and O 1s scans. In the Al 2p spectra, the Al-F core level
had broadened by an additional 0.1 eV. Similar to the previous TALD AlF3 deposition, the
same two core levels were present in the F 1s spectrum though the peak to peak separation
had increased by 0.5 eV. Relative to the previous deposition, the 1st peak had shifted to
lower binding energies, by 0.7 eV, and only accounted for 3 % of the total F 1s area. The
F 1s AI-F core level was noted to have broadened by 0.3 eV to 2.3 eV. Based on the
integrated areas of all components of the F 1s and Al 2p core levels, in FIG 4.1(c), an F/Al

ratio of 3.1 was obtained.
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FIG 4.1 XPS spectra of the F 1s, O 1s, C 1s, and Al 2p core levels for TALD AlFs. (a)

shows the core levels of the initial UV-Oj cleaned surface; (b) is after 40 TALD AlF3 cycle
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and (c) is after an additional 120 cycles. The components of each region are noted in Table
4.2 according to their binding energy.

XPS of the first 40 PEALD AlF; cycles, FIG 4.2(b), showed the presence of three
peaks in the Al 2p region. The first peak, centered at 72.9 eV, had a FWHM of 1.2 eV and
was assigned to an Al-Al chemical state.!’] The Al-Al peak area accounted for ~14 % of
the PEALD AIF; layer. The 2™ peak, corresponding to Al-O chemical states, was
essentially identical to the initial surface. Finally, the 3™ peak, identified as the Al-F
chemical states, was located at 78.4 ¢V with a FWHM of 1.6 e¢V. Relative to the TALD
AlFj3 film, the FWHM was 0.2 eV narrower with an energy separation, from the Al-O core
level of 0.5 eV less. The only significant change in the O 1s region was the lack of a 2™
peak indicating removal of the hydroxyl groups. Similar to the TALD film, the PEALD
film F 1s spectrum showed two peaks. The 1% peak located at 686.9 ¢V had a FWHM of
2.1 eV and has previously been attributed to fluorine dangling bonds.*® The 2" peak was
identified as the Al-F chemical state, located at 688.7 eV, with a FHWM of 1.8 eV. In
comparison to the TALD film, the peak-to-peak separation, between the two F 1s core
levels was reduced by 0.5 eV. Additionally, the 1% peak comprised 9 % of the total area.

After the final PEALD AIlF; deposition, FIG 4.2(¢), Al-O chemical states were not
observed in the O s or Al 2p regions. In the Al 2p, the 1% (Al-Al) and 3™ (AI-F) peak
positions remained unchanged. The concentration of Al-Al chemical states remained at 14
%. Relative to the TALD film, the PEALD film Al 2p Al-F core level has a FHWM reduced
by 0.3 eV. In the F 1s region, the FWHMs of both peaks remained. The energy separation
between the 1 and 2" F 1s peaks increased by 0.3 eV which was still 0.5 eV less than the

TALD AIF; film. It was noted that the relative area of the 1% peak decreased comprising 6
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% of the final PEALD AlF3 layer which was 2 % more than the TALD film. Based on the

total areas in the F 1s and Al 2p, FIG 4.2(c), the PEALD AIF; film F/Al ratio was found to

be 2.8.
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FIG 4.2. XPS spectra of the F 1s, O 1s, C 1s, and Al 2p core levels for PEALD AlFs. (a)
shows the core levels of the initial UV-Os3 cleaned surface; (b) is after 40 PEALD AlF;
cycle and (c¢) is after an additional 120 cycles. The components of each region are noted in

Table 4.2 according to their binding energy.

115



Table 4.2. Peak centers and FWHM (brackets) for all peak fitted core levels observed for
the TALD and PEALD AIlF; films on TALD Al>O3. Values were obtained using a Shirley
background and Gaussian-Lorentzian line shapes. Constraints were not applied during the
fit process. In the Al 2p region, a single peak was used for each core level as the 0.4 eV
spin-orbit splitting could not be resolved. Peak centers were aligned to the Al,Os3 substrate

core levels. All values are in eV.

AlF; Thin Films Fls Ols Al 2p
18t ond 18t ond 18t ond 3rd

(a) - - 532.7 534.0 - 76.1 -

UV-03 Exposure - - (1.7  (1.7) - (1.5) -
A (b) 686.8 6892 532.6 534.6 - 76.1  79.0
E 40 cycles (.7 (2.0 (1.8) (1.9 - (1.6) (1.8)
(c) 686.1  689.0 - - - - 79.0
120 cycles (1.6) (2.3 - - - - (1.9)

(a) - - 532.7 5342 - 76.0 -

UV-03 Exposure - - (1.8)  (1.7) - (1.5) -
A (b) 686.9  688.7 5327 - 729 76.0 784
% 40 cycles 2.1 (1.8 (1.7 - (1.2) (1.5 (1.6)
(c) 686.8  688.9 - - 72.9 - 78.4
120 cycles 2.1) (L.8) - - (1.0) - (1.6)
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4.4.2 Ellipsometry

In situ ellipsometry of the TALD AlF3, shown in FIG 4.3(a), was analyzed using a
Cauchy model and a pseudo substrate model, for the AIF3; layer and the substrate,
respectively. The Cauchy parameters were taken from Hennessy et al. where AlF; films
were grown using similar precursors.*¥l FIG 4.3(a) shows the full 40 cycles while FIG
4.3(b) and FIG 4.3(c) show the 20" — 21% cycle with a breakdown of the cycle structure.
On the first cycle, the initial exposure to TMA resulted in an apparent increase in thickness.
The subsequent HF exposure produced an exceptionally large perceived increase in
thickness. The apparent growth rate per cycle (GPC) remaining negative until the 8" cycle.
It is unlikely the apparent increase in thickness, from the first cycle, and subsequent
decrease are indicative of the actual film thickness. The GPC approached a constant value
after the 11" cycle in which a GPC of 1.1 + 0.1 A was obtained. After completion of the

40 TALD AIFj; cycles, a thickness of 3.67 & 0.04 nm was indicated.
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FIG 4.3. Film thickness from in situ ellipsometry and process pressure of the TALD AlF;
growth. (a) shows the film thickness over the full process, 40 cycles, while (b) and (c) show
the thickness and process pressure of the 20" - 21% cycles, respectively. The dashed line in
(a) indicates the end of the inhibited growth period. In (b) and (c) is an expanded plot of
the process indicating the cycle duration and location of precursor and purge steps for the
20t cycle.

Analysis of the PEALD AlF3; growth ellipsometry, FIG 4.3, was performed

identically to the TALD AlF3 ellipsometry. After the detection of Al-Al impurities by XPS
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the optical model was adjusted to use a Drude model and the Bruggeman Effective Medium
Approximation (EMA).I*- 1 Using this analysis, it was possible to determine the PEALD
AlF3 film thickness by accounting for the Al-rich clusters. The corrected thickness was
2.76 £0.07 nm. In FIG 4.3(a), the ellipsometry over the entire 40 cycle deposition is shown.
Of note, the initial HF exposure resulted in a perceived increase in thickness similar to the
TALD case, FIG 4.3(a). Upon ignition of the first H>-plasma, a drastic drop in thickness, -
0.75 = 0.01 nm, was measured. Unlike the TALD case, the PEALD growth did not show a

clear nucleation period. The growth rate was 0.7 £ 0.1 A.
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FIG 4.4. Film thickness, from in situ ellipsometry, and process pressure of the PEALD
AlF3 growth. The optical model accounts for Al impurities in the AlF; layer. (a) shows the
corrected film thickness over the full process, 40 cycles, while (b) and (c) show the
measured corrected thickness and process pressure of the 20" - 21% cycles, respectively. In
(b) and (c) is an expanded plot of the process indicating the cycle duration and the location

of precursor, purge, and plasma steps for the 20™ cycle.
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4.5 Discussion

In situ ellipsometry showed a distinct difference in the initial growth of the ALD
AlF; films. For TALD, the growth was inhibited for a period lasting 8 cycles; after 11
cycles a constant growth rate was achieved. For PEALD AlF3;, the growth was initiated
within the first PEALD cycle. Attempts to minimize the TALD AlF3; nucleation period
were made by starting with an HF exposure or H-terminating the surface with a Hp-plasma
exposure. Neither attempt resulted in a decrease in the nucleation period. Additionally, the
initial large jump in perceived thickness and the subsequent decrease were also observed.
The growth rate of the TALD AIF; process was measured to be 1.1 A, which is close to the
1.4 A reported using the same precursors and temperature.[*”) The PEALD AlF; GPC of
0.7 A was 36 % less than the TALD AIF; GPC, at the same temperature. The reduction in
growth rate could be related to the appearance of Al clusters in the PEALD film.

XPS analysis of the PEALD AlF; film indicated the presence of a third Al 2p
chemical state at 72.9 eV. This low binding energy Al 2p state indicates Al-rich cluster
impurities inside the PEALD film at ~14 % of the AlF; layer. It was observed that
decreasing the purge times led to a decrease in Al cluster concentration to 5 % and an
increase in growth rate. The observed decrease in Al cluster concentration could originate
from residual HF due to the shorter purge times. The XPS also indicated that the Al 2p Al-
F core level hada FHWM of 1.9 eV, for TALD, and 1.6 eV, for PEALD. The larger FWHM
of the TALD layer could indicate less uniform short-range ordering compared to the
PEALD layers.

The energy spacing, between the Al-O and AI-F Al 2p core levels, was 2.9 eV, for
TALD, and 2.4 eV, for PEALD. Reported and reference values for the Al-O to Al-F core
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level energy spacing is typically ~2 eV.[4* 6361 Since these peaks originate from adjoining
layers, the differences in Al-F and Al-O energy spacing from reported values may represent
a change in the band alignment of AlF; on Al,Os. The Al impurities in the AlF; are
expected to act as a p-type dopant, which may contribute to the decrease in energy
separation between the Al-O and Al-F core level peak positions.!”"!

The cause of the Al clusters, in PEALD AlF3, is unknown but suspected to be due
to the application of an Hy-plasma, as the clusters were not present in TALD AlF3 films.
When TALD AlF3 films were exposed to long (>30 minutes) H>-plasmas, small amounts
of Al clusters were detected. Variations in plasma power and pressure could also be
employed to minimize the formation of Al clusters. Further analysis of the Al clusters

formation is required to specifically determine the surface reactions leading to Al-Al

cluster formation.

4.6 Summary and Conclusions

In this study, AlF3 thin films were deposited by both thermal and remote plasma
enhanced atomic layer deposition on amorphous Al,O3 using TMA, HF-P, and H»-plasma.
Growth was monitored by in situ multiwavelength ellipsometry while X-ray photoelectron
spectroscopy was used for surface composition and impurity determination. Thermal, and
plasma enhanced, ALD AIF; films were observed to have growth rates of 1.1 A per cycle,
and 0.7 A per cycle, respectively, at 100°C. During deposition, it was observed that TALD
growth was inhibited for 8 cycles while PEALD AIF3 growth was immediate. The most
significant observation is the presence of Al clusters in the PEALD layer at a concentration

of ~14 %. Neither film showed a detectable amount of carbon originating from the
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deposition process, indicating carbon contamination was not significant in either process.
The comparison of these TALD and PEALD AlF3 processes shows TALD has significant

advantages for optical and electronic applications.
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CHAPTER 5
ATOMIC LAYER ETCHING OF GALLIUM NITRIDE ENABLED BY WATER

VAPOR AND O: - PLASMA OXIDATION

In collaboration with D. C. Messina, K. A. Hatch, S. Vishwakarma, D. Smith, Y. Zhao, and
R. J. Nemanich in preparation for submission to the Journal of Vacuum Science and

Technology A.

5.1 Abstract

Different atomic layer etching (ALE) methods are implemented for crystalline GaN
based on oxidation, fluorination, and ligand exchange. For the first step, the GaN surfaces
were oxidized using either water vapor or remote Oz-plasma exposures to produce a thin
oxide layer. Removal of the surface oxide was addressed using alternating exposures of
hydrogen fluoride (HF) and trimethylgallium (TMG) via fluorination and ligand exchange,
respectively. A number of HF and TMG super cycles were implemented to remove the
surface oxide. Each ALE process was monitored in situ using multiwavelength
ellipsometry. X-ray photoelectron spectroscopy was employed for characterization of
surface composition and impurity states. Additionally, the thermal and plasma enhanced
ALE (TALE and PEALE) methods were performed on patterned wafers allowing the use
of transmission electron microscopy (TEM). XPS indicated F and O impurities remained
on etched surfaces for both ALE processes. Ellipsometry indicated a slight reduction in

thickness. TEM indicated an etching rate that was much less than predicted.
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5.2 Introduction

Gallium nitride (GaN) is an emerging semiconducting material with applications
for power electronics owing to its wide band gap (~3.4 eV), high critical electric field (>3
MV/cm), electron mobility (~2000 cm? V! s), and dielectric constant (~9).['3] These
properties make GaN attractive for power conversion and fast switches potentially with
smaller volumes in comparison to their silicon or silicon carbide counter parts.[*"1 As
patterning is essential for device fabrication, GaN devices are typically produced using dry
plasma etch processes.!® ?! The inert nature of GaN makes wet chemical etching, either
with acids or bases, ineffective.['” In plasma dry etching of GaN, halogen based plasmas
are most common due to the formation of volatile gallium halides.[® > ' However, the use
of a plasma can induce various defects, which can degrade device performance by
increasing leakage current or lowering breakdown voltage.['> 13 Recently, multi-step etch
processes and post etch treatments have been developed to mitigate plasma induced
damage.l'* 1 Atomic layer etching (ALE) is one such method.

Atomic layer etching (ALE) is a self-limiting or pseudo self-limiting thin film
removal technique with sub-nanometer precision.!'® ") ALE achieves self-limiting material
removal using sequential exposures of precursors, or reactants, separated by inert gas
purges. A model ALE process would consist of a surface modification step and a removal
step separated by purging steps. Self-limiting etching is achieved as there is a limited
number of reactive surface sites for precursor adsorption. The self-limiting aspect does not
have to occur during the second reactant exposures. Instead, the second reactant must be
inert towards the unmodified surface. A thermal ALE process can be classified in a variety

of ways based on the precursor used; the number of steps required or the reaction
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mechanisms. To date, a number of different mechanisms have been identified for thermal
ALE.'81 These mechanisms commonly revolve around surface conversion, oxidation,
fluorination, and ligand exchange.

In ALE there is not a well-defined temperature window in which the etch rate is
constant. The etch window, or process window, is chosen to optimize the reaction rates of
each step as well as the byproduct desorption rate. Outside of this process window, etching
may not occur and is same cases deposition may occur. Within the process window, the
etch per cycle (EPC) can vary depending on the temperature dependence of the reaction
and desorption rates of each precursor. The etch rates can be less than or greater than one
atomic layer per cycle but are typically less than 1 nm.

Previously developed ALE processes for GaN have used thermal and plasma
enhanced methods. Plasma enhanced ALE (PEALE) methods focus on the use of halide-
containing plasmas (e.g. F, Cl, Br) to produce GaClz which is then removed by
bombardment.l'* 1221 In some instances PEALE methods use alternating exposures of O2
and BCl; plasma to produce a self-limiting etch.[*)] A reported thermal ALE (TALE)
process for GaN implements alternating exposures of XeF» and BCl; to enable self-limiting
material removal.l'* XeF, has been known to fluorinate GaN with the proposed surface

reaction GaNs) + 3XeF, ) — GaF(5) + NF3(g) + 3Xe(g).[14’ 24 Bermudez noted that XeF,

exposures do not form stoichiometric GaF; but rather a “GaFs-like” species as if GaFx
islands had formed.>* 2% For the TALE GaN process, Johnson et a/ proposed that the GaFx

layer was removed via ligand exchange with the surface reactions GaFj(g) + BClz(g) —

14
GﬂClg(g) + NF3(g) + BFg(g) or GaF3(S) + BClg(g) i GaCl3(g) + NFg(g) + BBFClz(g)[ ]
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The resulting TALE etch rate was found to be 0.72 A per cycle at a substrate temperature
of 300 °C.

An alternative to direct halogenation of GaN is oxidation. The surface oxide could
be removed using halogenation and ligand exchange which has been demonstrated for
AlLO3 and Gax03.%% 271 Oxidation of GaN has been studied extensively using thermal,
plasma, photoelectochemical (PEC), excimer laser induced, and saturated water vapor

oxidation to create oxide layers.!*®]

Typically, GaN oxidation studies have used
temperatures exceeding 500 °C and long exposure times to produce thick oxide layers
typically tens or hundreds of nanometers thick. High temperature annealing of GaN induces
the desorption of nitrogen leading to nitrogen vacancies and enhanced oxide growth
rates.[?% %]

Low temperature oxidation (<500 °C) of GaN has been accomplished using remote
O»-plasma. In a remote plasma, there is a high concentration of free radicals which can
enabled surface reactions.*”) Bae and Lucovsky found that when GaN was exposed to a
remote Oz/He-plasma, the surface oxide thickness was dependent on the substrate
temperature and the plasma exposure time.*!! The oxide thickness showed a power law
dependence with the plasma exposure time. Moreover, Yamanoto et al showed a Ar/O»
plasma exposure produced similar results where an oxide thickness of 3.5 nm was
achieved.[*> 3% Regardless of the use of He or Ar, the surface oxide compositions were

31.321 In both cases, remote

found to be near stoichiometric with ~6 at. % N incorporated.|
plasma oxidation did not show morphological changes. Remote plasma oxidation thus

provides a plasma enhanced method that could enable GaN ALE.
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A thermal route to oxidizing GaN is through a water vapor exposure. Previous
reports have indicated that monoclinic Ga;O3 could be grown on GaN (0001) using water
vapor at high temperatures (700 — 900 °C).’* 351 Recent reports indicate that water
absorption onto a GaN (0001) surface by association and dissociation creates ~ 1 ML, or ~
0.5 nm, of oxide.*® *" Recently, these results were confirmed using X-ray photoelectron
spectroscopy.*®! The chemisorption of water vapor to form a thin surface oxide provides a
purely thermal route to GaN ALE.

Recently, methods of GaxO; ALE have been developed revolving around
fluorination and ligand exchange. Lee ef al showed that Ga;O3 can be fluorinated using HF
to produce a GaF; layer.!?®! It was shown that the GaF3 can be removed via ligand exchange
using a variety of precursors including BCl;, AICI(CH3)2, Al(CHz);, TiCls, and
Ga(N(CH,)5.[2% Recently, Hatch et al showed that trimethylgallium (TMG) could also be
used to remove the surface GaFs.[*”] It was found that when etching amorphous Ga,O3
using sequential exposures of HF and TMG. Use of TMG is preferable for etching GaN as
most etch process leave behind residual metals. The implementation of a Ga,O3 ALE
process enables the etching of GaN assuming an the GaN surface can be converted to an
oxide.

In this work, two multi-step processes were implemented for the ALE of GaN
(0001), schematically shown in FIG 5.1. The two processes differed by the oxidation
method and the number of Ga,O3 etch cycles required to remove the converted oxide. The
oxidation methods employed were a remote O>-plasma exposure or a water vapor exposure
to create a thin surface oxide layer. The removal of the surface oxide proceeded using the

aforementioned Ga,O3 ALE process. The GaN ALE processes were monitored using in
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situ ellipsometry and then studied by X-ray photoelectron spectroscopy (XPS). XPS
allowed for determination of impurity states and surface composition. The GaN ALE
processes were then repeated on a set of patterned surfaces suitable for transmission
electron microscopy allowing directed observation of the surface condition after the ALE
processes.

Oxidation Fluorination Ligand Exchange

Ga(CHy); i At

2| GaF(CHy), [ TR

FIG 5.1. A schematic illustration of the GaN ALE processes. The GaN was oxidized either
using a water vapor or remote Oz-plasma exposure to create a thin surface oxide. The

surface oxide was removed using a GaO3 ALE process.

5.3 Experimental

Atomic layer etching (ALE) of GaN (0001) surfaces were performed on
unintentionally doped (UID) GaN on sapphire. The GaN surfaces were cleaned ex-situ
prior to insertion into an ultra-high vacuum (UHV) multi-chamber system. The UHV multi-
chamber system includes a load-locked chamber, a transfer line, a fluoride ALE reactor,
an X-ray photoelectron spectroscopy (XPS) system, and various other growth and
characterization chambers.[*> )1 XPS was performed before and after etching of the
unpatterned GaN wafer. The etched experiments were then repeated on GaN with Au/Ti

patterning for transmission electron microscopy (TEM) measurements.
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5.3.1 Sample Preparation

The thermal ALE (TALE) and plasma enhanced ALE (PEALE) processes were
performed on 15 mm X 15 mm UID single-side polished GaN (0001) substrates (Kyma
Technologies, GT.U.100.0050.B). Each sample consisted of 5.0 = 0.5 pm UID GaN /~170
nm AIN / Sapphire (0001). GaN surfaces were cleaned ex situ using a 10-minute UV O3
exposure followed by a 10-minute HCI1 dip. Transmission electron microscopy samples

were patterned with Ti/Au via photolithography.

5.3.2 Equipment

GaN surfaces were etched in a custom-built ALE reactor capable of generating
remote radio frequency (RF) inductively coupled plasma (ICP). The ALE reactor utilized
two pumping systems for high vacuum sample transfer and the second for processing. The
high vacuum pumping (base pressure 2E-8 Torr) was achieved using a turbomolecular
pump (Pfieffer, HiPace 80) backed by a dry roots pump (Pfieffer, ACP 15). During etching,
a larger two-stage dry roots pump (Ebara, A70W) was used (base processing pressure 4E-
5 Torr). A multi-filter trap (Mass-Vac, Multi-Trap) was placed on the A70W inlet to abate
unreacted trimethylgallium. On the A70W outlet, an acid dry bed (CS Clean, NovaSafe)
was implemented to neutralize unreacted hydrogen fluoride. To ensure longevity of the
process pump, a N2 (99.998%) dilution flow was used with a flow rate of 14.2 sIm (standard
liters per minute). The N> dilution flow was observed to back flow into the ALE reactor
with a partial pressure of ~5E-5 Torr.

The GaN (0001) surfaces were oxidized using either water vapor (Sigma-Aldrich,
HPLC grade) or a remote O;-plasma from O gas (Air Liquide, 99.9999%). Gallium oxide
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ALE reactions were performed using trimethylgallium (Ga(CHz)s3, TMG) (STREM, 97%)
and hydrogen fluoride-pyridine (CsHsN):-(HF)x , HF-P) (Alfa-Asear, 70 % w.t. HF). The
HF-P was transferred into a stainless-steel cylinder under an inert N> (Matheson Tri-gas,
99.99%) atmosphere using a glove box. During HF-P transfer, the glove box had a dew
point of >-40 °C corresponding to a O concentration <128 ppm. Due to the high vapor
pressure of TMG, a 100 um orifice was used to limit the amount of vapor delivered to the
reactor. Precursors were dosed into an Ar carrier gas (Matheson Tri-gas, 99.9999%). Na
gas (Matheson Tri-gas, 99.9999%) was used as the purge gas. The Ar carrier gas was
supplied at 5 scem (standard centimeters per minute) for TMG while 15 sccm was used for
H>O and HF. Ar flow rates were chosen to prevent precursors from back flowing. O» and
N> gas was supplied at 35 and 30 sccm, respectively. Flow rates were controlled using mass
flow controllers (MKS, GE50A). Additionally, precursor delivery tubing and reactor walls
were heated to 100 °C, to prevent precursor condensation. Substrates were radiatively
heated, to 300 °C, using a nichrome heating element, C-type thermocouple, and a PID
controller (Eurotherm, 2216e).

Reactor pressure was dynamically controlled using an exhaust throttling valve
(MKS, 253B), a capacitance manometer (MKS, 627F), and a PID controller (MKS, 651C).
Pressure was recorded using a custom LabVIEW program at 1 s intervals. Plasma
excitations were achieved using a 13.56 MHz RF generator (MKS, Elite 300), a 50 Q
impedance matching network (MKS, MWH-05), and a 13-turn copper coil wound around
a 32 mm diameter fused quartz tube. The quartz tube extended into the ALE reactor to ~25
cm above the sample surface. This configuration allows for generation of a remote RF

plasma with high concentrations of thermalized plasma generated radicals.[*%4!]
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Etch processes were structures in a A"(BC)™ format where A, B, and C denote a
reactant steps while m and n denote the number of repetitions. Each reactant step including
an inert gas purge. For the TALE process, each water vapor exposure was followed by five
alternating HF and TMG step; the process structure was A'(BC)>. In the PEALE case, each
O,-plasma exposure required ten HF and TMG steps or A!(BC)!°. TMG, HF, and H,O
were pulsed for 0.1 s, into an Ar carrier gas, followed by a 30 s exposure and 30 s N> purge.
In a remote O»-plasma step, O> was pulsed into the chamber where the pressure stabilized
to 100 mTorr over 5 s. The plasma was ignited at 100 W for 10 s after which the chamber
was purged with N> for 30 s. In previous experiments, the resulting surface oxide thickness
was measured to be ~ 1.0 nm. The duration of each super cycle, in TALE and PEALE, was
~13 minutes and ~25 minutes, respectively.

X-ray photoelectron spectroscopy (XPS) was employed to gain insight into surface
film composition and and defect configurations. The XPS instrument (VG Scientia, R3000)
uses a monochromatic Al K, source with a photon energy of 1486.7 eV. Data acquisition
was performed using the manufacturer supplied software (VG Scientia, SES Software).
The system pressure was below 7E-10 Torr during measurements. Survey and high-
resolution narrow scans were taken. Scans had an energy resolutions 0.15 eV and a step
size of 0.05 eV. Peak analysis was performed using an XPS software package (Casa
Software LTD, CasaXPS). XPS intensities were normalized using the corresponding
photoionization cross-sections.!*?! Surface composition was determined using a standard
method which has an accuracy between 10 — 20 %.[42-4]

In situ multi-wavelength ellipsometry (MWE) was used for process monitoring
during processing. The MWE (Film Sense, FS-1) uses four light emitting diodes (LED)
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centered at 465 nm, 525 nm, 580 nm, and 635 nm. The ellipsometer was mounted at a fixed
angle of ~45°. The ellipsometer determines the polarization state of the reflected beams by
the Division-of-Amplitude-Polarimeter (DOAP) method where all four Stokes parameters
are measured simultaneously.[*) Measurements were taken using the manufacturer
supplied software (Film Sense, Desktop v1.15) at 1s intervals. Ellipsometry is presented in
terms of the ellipsometric parameter A for the blue LED as A is the most surface

e.[*647] Changes in A may not be completely representative of the film thickness.

sensitiv
However, changes of surface species or plasma ignition may also cause changes in the
signal interpreted as changes in A. For a heterogeneous structure, increases in A are
associated with decreases in film thickness. Conversely, decreases in A represent an
increase in film thickness. Due to the thickness of the GaN samples, the ellipsometer cannot
resolve the sapphire substrate.

Samples suitable for cross-sectional observation by transmission electron
microscopy (TEM) were prepared by focused ion beam (FIB) (Thermo Fisher Scientific,
Helios 5 UX dual beam system) initially operated at 30 kV, with further thinning at 5 kV,
and a final cleaning at 2 kV. High-resolution TEM images were recorded using a field

emission analytical electron microscopy (JOEL, JEM 2010F) operated at 200 kV and with

an aberration corrected TEM (Thermo Fisher Scientific, FEI Titan) operated at 300 kV.

5.4 Results
Two oxidation methods were implemented on GaN (0001) surfaces to enable
atomic layer etching. The unpatterned surfaces were initially treated with a 10-minute UV-

O3 exposure then a 10-minute HCI dip prior to insertion into the UHV transfer line. X-ray
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photoelectron spectra of the GaN surfaces after the following: (a) the initial ex-situ cleaned,
(b) remote Oz-plasma clean, (¢) 10 alternating HF and TMG exposures, (d) two super
cycles of GaN PEALE, and (e) four super cycles of GaN TALE. In situ ellipsometry was
measured during by an initial O2-plasma exposure followed by 10 alternating exposures of
HF and TMG and during the PEALE and TALE processes. Finally, transmission electron
microscopy (TEM) of three samples are shown. TEM was performed on a control sample
along with PEALE and TALE samples. The TALE process employed twice the number of
super cycles of (d) as to obtain a projected similar etched removal thickness (2 nm). Finally,
transmission electron microscopy (TEM) of three samples is shown. TEM was performed

on a control sample along with PEALE and TALE samples.

5.4.1 X-ray Photoelectron Spectroscopy

The X-ray photoelectron spectroscopy taken after each step of the ALE processes
is shown in FIG 5.2. After the ex situ clean the O 1s and C 1s spectra indicated the initial
surface had a native oxide and a small amount of adventitious carbon. The GaN samples
were then exposed to a remote Ox-plasma (100 mTorr at 100 W for 10 s) to clean and
oxidize the surface. The resulting O»-plasma processed surface showed (FIG 5.2(b)) carbon
impurities near the detection limit. Broadening of the O 1s Ga-O peak was observed which
was interpreted as indicating multiple oxide configurations. Relative to the other process
steps, the O2-plasma exposed surface showed a shift to lower binding energies indicating

band bending which is consistent with previous reports.[*!-3*]
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FIG5.2.F 1s,0 1s, C 1s, N 1s, and Ga 3d core levels of the GaN (0001) surfaces at various
process steps. In (a), the ex situ cleaned surface is shown, (b) a O>-plasma exposure, (c) ten
alternating exposures of HF and TMG, (d) two super cycles of GaN PEALE, and (e) four
super cycles of GaN TALE.

After the Oz-plasma, samples were subjected to ten alternating HF and TMG steps

to remove the converted oxide the XPS scans are shown in FIG 5.2(c). The XPS indicated
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that a small amount of carbon remained on the surface, which is interpreted as unreacted
methyl groups.[**] The carbon signal was too weak for more detailed analysis. The O 1s
spectra, FIG 5.3(c), showed a decrease in O concentration. Additionally, fluorine was
detected on the surface which is assumed to indicate the presence of GaFx.?*! After the ten
alternating HF and TMG steps, the aforementioned band bending was reverted to the
original state.

The surface stoichiometry was calculated from the XPS for each process step
shown in FIG 5.3. The ex situ cleaned surface indicating the N:Ga was roughly the same.
After the Oz-plasma and removal of hydrocarbon impurities, the surface was more Ga-rich.
Additionally, the oxygen concentration remained almost constant. After the application of
ten HF-TMG cycles, the oxygen concentration decreased by ~ 74 % and ~0.3 at. % of
fluorine was left on the surface. After each ALE process, slight changes in the oxygen and
fluorine concentrations were observed. Interestingly, the N:Ga was relatively constant
through each step excluding the initial ex situ clean. The C 1s peak intensities in FIG 5.3

were too close to the XPS detection limit for analysis.
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FIG 5.3. Surface stoichiometry for each process step.

GaN PEALE and TALE processes were performed on separate samples, and the
XPS scans are shown in FIG 5.2(d) and FIG 5.2(e) respectively. Each etched sample was
subjected to the same initial steps: ex situ clean, O2-plasma, and 10 HF-TMG cycles. XPS
of the PEALE and TALE samples were quite similar with minor differences in the F 1s, O
Is, and C 1s. Both processes show some residual carbon, oxygen, and fluorine surface
impurities. For O, this corresponds to ~50 % of the Oz-plasma exposure surface but ~50 %

more O than the surface after ten HF and TMG steps, FIG 5.3.
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5.4.2 Ellipsometry

In situ ellipsometry scans during the PEALE and TALE GaN processes are shown
in FIG 5.4. The ellipsometry results are presented in terms of the change in the
ellipsometric parameter A with respect to the average of A over an initial period of 60 s
prior to the process start, A,. For each ALE process, a remote O>-plasma exposure was
applied, which was followed by ten alternating HF and TMG steps. Upon the ignition of
each O-plasma, a large change in A was observed. The change in delta due to an O-plasma
ignition lasted ~ 2 minutes during which an HF step occurred, FIG 5.4(b) — (c). The small
.05 — 0.1 change in A — A, indicates no significant accumulation of oxides or etch

impurities for either ALE process.
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FIG 5.4. In situ ellipsometry scans during the GaN PEALE and TALE processes. In (a) —
(c) and (d) — (f) the PEALE and TALE processes are shown, respectively. In (a) and (d)
the full ALE processes are shown. The ellipsometry (A — A,) and the process pressure for
the second PEALE cycle is shown in (b) and (c), respectively. In (e) and (f), the

ellipsometry and process pressure are shown for the third TALE cycle.

5.4.3 Transmission Electron Microscopy

A set of three samples were prepared for transmission electron microscopy (TEM):
a control sample and two GaN surfaces patterned with metal contacts. The patterned GaN
surfaces were subjected to either 5 or 10 super cycles of the PEALE and TALE process,
respectfully. The processes were designed such that a thickness of 5 nm would be removed

for both processes. After the processes were completed, cross sectional TEM was
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performed on each sample and results are shown in FIG 5.5. In FIG 5.5(a) — (b), the control
sample is shown. In FIG 5.5(b), some surfaces fringes are observed indicating a degree of
surface roughness. The PEALE sample is shown in FIG 5.5(c) — (d). FIG 5.5(c) shows the
area under a metal contact with a PEALE process exposed area to the right. Evidently, the
GaN removed during the ALE processes was less than anticipated and probably less than
2 nm. An area similar to FIG 5.5(c) is shown in FIG 5.5(¢e). Like the PEALE sample, the
TALE sample does not show clear evidence of etching. Similar to the control sample,
fringes are observed in FIG 5.5(d) indicating surface roughness but to a lesser extent than
FIG 5.5(b). A minor difference between the two process is the TALE exposed area, FIG
5.5(f), shows fewer surface fringes indicating a lesser degree of surface roughness in these

arcas.
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FIG 5.5. Transmission electron microscopy of the (a — b) control sample, (c — d) the plasma
oxidized, and (e — f) thermally oxidized GaN samples. The control sample had no
patterning. (c) and (d) show the edge of the metal contact (T1) while (d) and (f) are far away

from the contact.
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5.5 Discussion

The ellipsometry showed a small positive increase in the ellipsometric parameter
A for both PEALE and TALE process. However, the change in A of this scale (>0.1) could
indicate etching a small degree. From previous reports, it was expected the water vapor
and Oz-plasma exposures would create ~0.5 nm and ~1.0 nm of GaOx, respectively. Over
the 5 and 10 super cycles of PEALE and TALE, respectively, performed on patterned
surfaces an etched thickness of ~5 nm was expected. TEM of both ALE processes could
be interpreted as a maximum 1 — 2 nm reduction in thickness. Additionally, TEM indicated
the processes surfaces were smoother.

XPS analysis indicated that the alternating HF and TMG step could reduce the
surface oxide by ~74 %. The HF-TMG etch process left a near undetectable, by XPS,
amount of carbon. Fluorine species were also present at ~3 at. %. The application of
PEALE or TALE cycles resulted in a similar level of C, F, and O impurities on the GaN
surfaces. TEM showed the overall surface quality may have improved with possibly 1 —2
nm of GaN removed for processed samples.

These results show that either the converted oxide could not effectively be etched,
or the amount of oxide created was far less than expected. As alternating exposures of HF
and TMG is known to etch amorphous GaOs3, it is expected the native oxide and converted
oxides, from the water vapor or O>-plasma exposures, would be etched.l*”! Recently, Dycus
et al indicated that the native oxide on GaN (0001) was arranged similar to bulk B-Ga>O3
with a thickness of ~ 2 nm.[*®! This implies that the Ga,0O3 ALE method may be ineffective
for crystalline Ga>O3. Moreover, Murdzek et al showed that while alternating exposures of

HF and trimethylaluminum were effective for etching amorphous Al>O3, crystalline Al,O3
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was not etched past the first ~1.0 nm.!*’! The ability to etch amorphous Al,O3 but not
crystalline Al,O3 was attributed to the difference in density between the polymorphs.
Future studies could incorporate a high temperature (=750 °C) NH3 or H2/N; anneal
to remove the native oxide prior to the application of the TALE and PEALE method.[*"]
Alternatively, the inability to etch the surface Ga,Os; with the amorphous GaxO3 ALE
process motivates further research into ALE of -GaO3. Additionally, modulation of the
O;-plasma composition to include Ar or He may be beneficial for producing an amorphous

31-33, 50

surface oxide.! 1 Removal of surface etch impurities could accomplished using either

a remote H», or NH3,-plasma.

5.6 Conclusions

Two atomic layer etching (ALE) methods for gallium nitride have been presented.
These methods differed in the oxidation method; using either water vapor or remote O»-
plasma exposures. Both methods were studied by in situ ellipsometry, X-ray photoelectron
spectroscopy (XPS), and ex sifu transmission electron microscopy (TEM). Ellipsometry
indicating a small change in A which could be interpreted as a small change in thickness.
XPS showed the etch processes left a small amount of impurities (F, O, C) on the surface
accounting for 8 — 10 at. % of the surface composition. TEM of etched patterned samples
indicated a maximum of 1 — 2 nm of GaN may have been removed. Additionally, a slight
reduction in surface roughness relative a control sample. TEM results indicate the two ALE
processes may be ineffective for GaN which was attributed to the presence of the ordered
surface oxide. Future experiments could include removal of the native oxide prior to ALE

or methods of producing a disordered surface oxide.
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CHAPTER 6

SUMMARY AND FUTURE WORK

6.1 Summary and Current Work

In this study, methods for atomic layer deposition and etching of two wide band
gap materials were presented. First, to enable the deposition and etching of wide band gap
materials, two atomic layer deposition and etching reactors were designed and constructed,
detailed in Chapter 3. In Chapter 4, a comparison of thermal and plasma enhanced atomic
layer deposited aluminum fluoride (AlF3) is presented. The results indicated that the plasma
enhanced variant showed the incorporation of Al clusters which were later found to be
detrimental to ultraviolet and electronic applications. In Chapter 5, two methods for atomic
layer etching (ALE) of gallium nitride is presented. The two ALE methods implemented a
three-step process consisting of oxidation, fluorination, and ligand exchange. The results
indicated that the two methods were ineffective at removing GaN layers which was
attributed to an ordered surface oxide similar to p-Ga20s.!!]

Recently, the AlF; plasma enhanced atomic layer deposition (PEALD) process
discussed in Chapter 4 was implemented to fabricate a middle ultraviolet (UV) reflective
coating. The coating was fabricated using alternating layers of AIF3; and Al>O3 which were
deposited by atomic layer deposition.!”! This middle UV coating had a predicted ultimate
reflectance of ~100 % at 225 nm. However, the incorporation of the Al-rich clusters in the
AlFj3 layer increased absorption at lower wavelengths leading to a decrease in the predicted
ultimate reflectance to 43 % and a shift of the center wavelength to ~235 nm. Consequently,
the PEALD AIlF; process showed degraded performance for middle UV coatings. The
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thermal ALD AlF3 process did not display Al-rich clusters and the layers may prove more
effective for UV optical coatings.

Currently, efforts are focused on using thermal ALD AlF3 as a gate dielectric on
diamond devices. Due to the large band gap of AlF3 (>10 eV),-*! AlF; layers may be able
to confine carriers at diamond — AlF; interfaces.[* 3 Prior to employment of AlF; for
diamond devices, the band alignment of AlF3 with diamond must be established. Initial
research indicates that the use of PEALD AlF3 layers results in pinning of the Fermi level
due to the incorporation of Al-rich clusters. As such, TALD AIF; may offer superior
properties for electronic applications.

A major challenge for TALD AIlF; films is obtaining stochiometric layers as
fluorine deficient films may induce Fermi level pinning. While the TALD AlF3 presented
in Chapter 4 had a stoichiometry of 3.1, the uncertainty was 10 — 20 %.[%! Additional
experiments will be needed to reduce this uncertainty. As fluorine is preferentially
sputtered, stoichiometry from Rutherford backscattering (RBS) or secondary ion mass
spectroscopy (SIMS) may be obscured.[”) An alternative experiment would be the direct
measurement of the effective attenuation length (EAL) of a substrate’s electrons in AlF;
and of the photoionization cross-section of AlF3 Al 2p and F 1s core levels. Such an
experiment would require energy electron loss spectroscopy (EELS) and XPS.[0 ]
Measurement of the EAL and photoionization cross-sections would remove the large
uncertainty for calculation of stoichiometry by XPS.

The implementation of AlF3 ALD and GaN ALE processes improve upon the

current understanding of fluorine chemistry and surface interactions for the ALD and ALE

of wide band gap materials.
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6.2 Outline of Future Work
6.2.1 Atomic Layer Deposition of Gallium Fluoride
Gallium fluoride (GaF3) has an ultrawide band gap >9.6 eV and dielectric constant
between 6.6 and 10.8.[' GaF; films have applications as III-V material surface
passivation, 131 and as a dielectric on GaAs transistors.['*! Additionally, the large band gap
and dielectric constant implies GaF; may have use in ultraviolet optics or as a gate
dielectric for wide band gap semiconductors. The application of GaF3 to ultraviolet and
electronic applications would require the deposition of high purity, uniform and conformal,
layers with a precise thickness. As such, atomic layer deposition could be an ideal process.
GaF3 has previously been deposited by annealing gallium metal or GaAs in

°C.12:13. 151 For the deposition

ammonium difluoride (NH4F>) or in F» at temperatures <500
of high purity films, minimization of the possible contaminants is preferred. As gallium
does not form a stable carbide, carbon incorporation is less likely.'® "1 As such,
organometallics containing gallium could be implemented (e.g. Ga(C:Hs)s, Ga(CH3)s,
Ga(C4Ho)s, etc). A fluoride source for a thermal process could include HF, XeF», SFa,
NH4F, or NH4F>. In the Nanoscience Lab’s Oxide PEALP reactor, trimethylgallium
(Ga(CH3)3, TMG) and hydrogen fluoride pyridine ((CsHs)N-HFx, HF-P) are present. Thus,
the proposed thermal ALD process could consist of alternating exposures of TMG and HF.
The half reactions are expected to be similar to thermal ALD AlF3 and are shown in Eq.
(6.1) and Eq. (6.2).”]
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Here, the vertical bar denotes the separation between the surface and surface species. Like
AlF3 and other metal fluoride, HF molecules are still expected to absorb onto the surface
as GaFs is slightly acidic.['® V]

An alternative to the GaF3 TALD would be to implement a remote H»>-plasma after
each TMG exposure. In the analogous PEALD AlF3 process, the H>-plasma decomposed
the dimethylaluminum surface adduct to aluminum carbide (Al4C3). Since gallium does
not form a stable carbide, the carbon may desorb leaving the gallium atoms.!'® ") While
gallium tends to clump, the amount of gallium on the surface is expected to be determined
by the previous adsorption of TMG. Thus, one gallium atom per surface site is expected
assuming no steric hindrance. The chemical reactions of the plasma enhanced step shown
in Eq. (6.3) with the subsequent HF step in Eq. (6.4).

GaF3|GaF(CHy), + 4H{,) — GaF3|GaFH, + 2CHy g, (6.3)
GaFs|GaFH, + 3HF (g — GaF3|GaFs|HF + Hy, (6.4)
Here, the “*” denotes the H radicals from the remote H-plasma. This method assumes that
the surface hydride would remain on the surface rather than desorb. It is uncertain whether
GakF; film growth is via this method would suffer the analogous impurity incorporation as

the PEALD AlF; films discussed in Chapter 4 (i.e. Ga-rich clusters).

6.2.2 Plasma Enhanced Atomic Layer Etching of Gallium Oxide Polymorphs Grown
by Plasma Enhanced Atomic Layer Deposition
Gallium oxide (Ga20O3) is an emerging material for high-power and high-
temperature electronics and ultraviolet applications. The wide band gap (>4.8 eV),[2*%3]

high dielectric constant (>8),12% 22! high critical field (>8 MW/cm),?% 24 and electron
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mobility (>300 cm?/Vs)?% 24 2] enables applications of Ga,Os to field effect transistors
(FETs),2% 26 271 metal-oxide-semiconductor high-electron-mobility transistors (MOS-
HEMTs),!%! thin film transistors,?®331 and Schottky barrier diodes.[% 3% 3] Due to the large
band gap and refractive index of (~1.89 at 633 nm)!?*], Ga,Os is an attractive material
for ultraviolet applications where it has been used for solar blind photodetectors,*6-"]
phototransistors,[*® #!I and polarization detectors.*”) Use of Ga,Os in electronic and
ultraviolet applications requires the deposition and etching of high purity, uniform and
conformal, layers with precise thickness control.

Atomic layer deposition (ALD) and atomic layer etching (ALE) are thin film
processing techniques that meet these requirements. Both ALD and ALE are self-limiting
chemical vapor techniques, which employ vapor transport to enable gas-solid interactions.
Plasma enhanced ALD (PEALD) of Ga>Os using alternating exposures of remote O»-
plasma and trimethylgallium (TMG) has been previously reported.!**-*° Recently, Wheeler
et al showed that by tuning the plasma parameters (e.g. power, pressure, composition) one
could achieve phase selectivity and deposit various polymorphs of Ga>Os. It was shown
that the most stable phase () and metastable phases (o, €, k) could easily be deposited
between 265 °C — 475 °C. It was noted that the metastable phases had slightly larger band
gaps than B-GaxOs.

Atomic layer etching techniques have not been developed for crystalline Ga>Os. At
present, two methods exist for etching amorphous Ga>O3; grown by PEALD.% 311 Both
techniques rely on sequential halogenation and ligand exchange reactions to remove
material. Recent studies have shown that ALE of amorphous GaOs; using hydrogen
fluoride (HF) and trimethylgallium was ineffective for etching the native f-Ga>Oz on GaN
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(0001).1"- 321 Recently, a similar study was presented on the ALE of amorphous and
crystalline ALO;.31 It was shown that using alternating exposures of HF and
trimethylaluminum (TMA) for fluorination and ligand exchange resulted in the etching
amorphous Al,Oj3 but not 0-Al,Os (sapphire).>*! Murdzek et al found that regardless of the
thermal fluorination agents used for crystalline Al,O3, etching was not observed past the
first 1 — 2 nm. The inability to etch crystalline Al,O3 was attributed to the difference in
densities between the amorphous and crystalline phases. An alternative route to etching
crystalline oxides could be the implementation of plasma halogenation agents such as SFg,
SF4, NF3, CF3, BF3, or BCIs. A plasma enhanced ALE (PEALE) method would require a
plasma halogenation step to create a volatile metal halide that could then be removed via
ligand exchange in the next half reaction. An important step in developing the PEALE
process would be to show the plasma halogenation step is self-limiting. Additional studies
would be required to determine the impurity corporation (S, N, C and B) from the halogen
plasmas and methods of reduction.

The NSL oxide plasma enhanced atomic layer processing (PEALP) reactor is
configured for the PEALD of Ga,Os thin films but does not currently support any of the
aforementioned halides, though the system could be modified to accommodate them. SFs
and NF; are two nontoxic gases which could be obtained in a lecture bottle and mounted
directly onto the PEALP reactor. The use a halogen plasma would require replacement of
the quartz tube and windows due to etching.l>*>" A suitable replace for the dielectric tube

and windows may be sapphire or aluminum nitride.
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