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Abstract

Growing demand for electrical energy calls for more efficient electronic devices not only
in terms of performance but also in terms of energy-efficient fabrication processes. With
traditional semiconductors (such as silicon) reaching their limits in electrical power han-
dling, alternative semiconducting materials have been considered to overcome fundamental
material limitations and meet the stringent requirements of efficiency, reliability, and cost
effectiveness. Gallium nitride (GaN) has been one of the frontrunners to replace silicon
for power electronic and optoelectronic applications. However, gallium oxide (Ga,0O3) has
recently attracted considerable attention as a suitable candidate that can compete with and
complement GaN electronics and lead to more efficient devices. Even though Ga,0; is
not a new material, its application as a wide bandgap semiconductor in electronic devices
is new. For electronic applications, two crystalline Ga,O5; phases are of interest, a-Ga, O3
and $-Ga,03;. However, high quality crystalline Ga,Oj3 thin films can currently be obtained
on very limited substrates in specific process conditions or at high temperatures. This work
demonstrates a number of novel strategies for energy-efficient fabrication of high quality
crystalline films of gallium oxide and oxynitrides as emerging wide bandgap semicon-
ductors with applications in a broad range of electronic devices. Atomic layer deposition
(ALD) is used to achieve dense and pinhole-free films of gallium oxide at low thermal
budgets (with a special focus on temperatures < 300°C). After determining the onset tem-
perature for crystallinity formation to be 190°C (the lowest reported value in the literature
so far), the deposition process conditions are presented that result in either amorphous or
mixed-phase crystalline films with superior properties. Furthermore, for the first time in
the literature, by taking advantage of the unique crystallographic features of Ga,0s3, a uni-
versal and robust approach is proposed to control the crystallinity of Ga,Oj3 thin films in
situ and achieve single-phase a-Ga,O; films on GaN-compatible non-native substrates at
low thermal budgets. The step-by-step process is then revised so that the energetics of the

process can lead to high quality epitaxial 5-Ga,Os3 films at low temperatures. Discovering
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universal methods to obtain single-phase crystalline films of a-Ga,0; and 5-Ga,0; are
major novel contributions of this work. In addition, this work showcases a series of ALD
depositions for controlled incorporation of oxygen in the crystal structure of GaN at low

temperature to obtain gallium oxynitride films with tunable structure and properties.
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Chapter 1

Introduction

1.1 Background

Research into new materials for power electronic devices (devices that convert DC power
generated by solar cells and fuel cells to AC power, thereby making it usable by consumers,
or devices that convert AC power supplied by a provider to DC power, thereby making it
usable in charging the battery of an electric car or a portable electronic device) has emerged
as an inseparable part of sustainable development and efficient handling of electrical energy
during the past three decades. Currently, the most commonly used semiconducting mate-
rials in building electronic devices, namely silicon (Si) and gallium arsenide (GaAs), have
reached their limits in speed, temperature and power handling. Therefore, building more
efficient electronic devices from advanced materials and by means of an energy-efficient
fabrication process will have a large impact on improving the energy accessibility in the
world and advancing the social and economic security of humanity by building a cleaner

and more abundant low-carbon energy future. Wide bandgap semiconductors such as SiC
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and GaN have been considered as candidate materials for power devices to overcome the
limitations of their traditional predecessors in meeting the growing needs and the stringent
requirements of the high energy demand society today. During the past few years, gallium
oxide (Ga,0s3) has also been proposed as an alternative material for both optoelectronic
and power semiconductor devices to compete with and complement the outstanding prop-
erties of GaN as the front-runner material in those applications. However, to date, high
quality crystalline films of these semiconductors are only grown at high temperature pro-
cesses (> 500°C), which consume a lot of energy to build thick layers of the material and
substantially increase the carbon foot print. Development of low temperature technologies
for crystalline growth of these materials and proof of the quality of the material (as has
been attempted in this work) will lead to energy-efficient electronic devices, not only in

performance but also an energy-efficient fabrication process.

1.2 Literature Review

Gallium oxide is an important inorganic solid-state material in several fields. Traditionally,
gallium oxide has been used for its catalytic properties [11, 12] as well as its gas sensing
abilities in both oxidizing and reducing environments [11-13]. It has also been used as
a passive component (e.g., as gate oxide, i.e., an insulator) in electronic devices [11, 12,
14-20]. Meanwhile, during the past few years, gallium oxide has attracted attention as
an emerging semiconducting material for the active layers of solid-state electronic devices
[10-12,21], offering superior properties to the traditional semiconducting materials (such

as Si) and competitive and complementary properties to the more recent ones (such as SiC
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and GaN) and thus finding applications in power electronics (for smaller, lighter, and more
efficient power handling circuitries, including both DC/DC and DC/AC power converters
in automotive applications, such as in hybrid cars, and more efficient converters that handle
electricity produced by renewable energy resources), optoelectronics (including transparent
conductive oxides (TCQO’s) and interlayers in solar cells and even in flexible electronics,
flat-panel displays, and touch screens), communications infrastructure, and devices in harsh
environments.

Compared to SiC and GaN, which are currently the front-runner materials in similar
applications outperforming the traditional Si devices, gallium oxide has a wider bandgap
(which, for example, expands the operating spectral range of transparent devices to deep
UV), a larger breakdown field (which enables power devices to withstand higher voltages
while being smaller in size and lighter in weight), lower on-resistance (which results in
lower conduction loss in the active layer of the electronic device), and extremely low re-
verse leakage current (which results in more efficient electronic devices in off-state). Ref-
erences [10] and [21] compare properties of gallium oxide with common semiconductor
materials in-use today showing the exceptionally high figures of merit (FOM) of gallium
oxide in power handling.

Crystalline forms of gallium oxide are desirable in these applications to ensure stability
and repeatability of the device performance. Gallium oxide has several crystalline poly-
morphs [11,12,22,23]; a- and p-gallium oxide are the most studied polymorphs. Among
those two, 5-gallium oxide is the most stable polymorph of gallium oxide with a monoclinic
crystal structure belonging to the space group C2/m. «a-Gallium oxide is isostructural to

a-aluminum oxide, belonging to the rhombohedral space group R3c (which can be pro-
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jected on a hexagonal coordinate system as well). Interestingly, a-gallium oxide, which
can exist at ambient to high temperatures and pressures, has a larger bandgap, larger break-
down voltage, larger refractive index, and larger dielectric constant as well as an ~20%
smaller effective mass of electrons compared to S-gallium oxide [11, 23], which make it
even more advantageous in emerging applications of gallium oxide in solid-state electron-
ics. v-Gallium oxide, isostructural to Al,MgO, with cubic structure in space group Fd3m,
is also agreed to be a metastable polymorph of gallium oxide which is only obtained in spe-
cific process conditions. Information about other gallium oxide polymorphs, namely ¢, x,
and ¢, is limited and, in some cases, debated in the literature [24,25] mainly due to the fact
that these polymorphs are hard to obtain as isolated phases, which makes their structure
determination challenging. For example, some researchers believe J-gallium oxide to be a
nanocrystalline form of € or x as opposed to being a new phase [24]. e-Gallium oxide is
considered orthorhombic in some studies [26,27]; however, some studies believe e-gallium
oxide has a hexagonal structure, and ~-gallium oxide is the orthorhombic polymorph which
only forms either as a transient phase impossible to isolate [24] or as nanoscale subdomains
possessing 6-fold symmetry which might be reported as hexagonal e-gallium oxide if their
size falls below the resolution of the probing technique [25].

Thin films of gallium oxide are required for fabricating electronic devices. Even though
processes for producing bulk (3-gallium oxide wafers are developed and such wafers have
become commercially available during the past few years to serve as templates for thin
film growth, deposition of gallium oxide on foreign substrates (especially those that are
available to the semiconductor industry at cheaper prices and larger dimensions) is re-

quired. Deposition of such crystalline thin films on foreign substrates is challenging and



CHAPTER 1. INTRODUCTION

is usually only possible for high-temperature processes which consume a lot of energy.
References [11] and [28] provide an overview of the gallium oxide growth techniques. In
this work, we present energy-efficient processes for the growth of crystalline gallium oxide
and oxynitride thin films at low temperatures by means of plasma-enhanced atomic layer
deposition (PEALD).

Atomic layer deposition (ALD) [29-33] is a promising nanofabrication technique for
growing thin layers of a wide range of materials with atomic-level control over thickness,
excellent conformality on patterned structures, and exceptional uniformity over large ar-
eas. ALD consists of self-limiting reactions that introduce precursors or reactants to the
substrate surface one by one in a cycle and eventually form a monolayer of target material
on the surface. Repeating the cycles results in formation of dense pinhole-free films that
very often provide superior properties compared to films deposited by other methods. ALD
processes use either molecular species (including water, oxygen, ozone, and ammonia) or
species in plasma state as oxidizing or reducing reactant. The former process is commonly
termed thermal ALD (TALD), since thermal energy is the only available source of energy
for reactions to proceed, while the latter is termed plasma-enhanced ALD (PEALD). Using
species in the plasma state makes the ALD process more complex while providing access
to new reaction pathways and products that would not be achievable otherwise.

There are only a few literature reports of gallium oxide grown by ALD [13-20,34-49].
They mostly result in amorphous films that require high-temperature annealing to crystal-
lize. However, there are very few reports [35,42,43,46,47,49] of ALD growth of crystalline
gallium oxide. In particular, Boschi et al. [49] reported e-Ga, 05 deposited on c-plane sap-

phire at 550°C by an unoptimized thermal ALD process (i.e., using water as the oxidant)
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and indicated that the process conditions need optimization. Hao et al. [35] obtained crys-
talline Ga,O; films on GaN wafers at 250°C and observed an epitaxial interface between
Ga,0; and GaN. Roberts et al. [42] obtained crystalline gallium oxide films on sapphire
at 250°C which consisted of a-Ga, O3 columns originating from the substrate interface.
Another gallium oxide polymorph, believed to be £-Ga, 03, was observed at the tip of the
columns, and there was a significant amorphous component to the film located near the
surface and between the a-phase columns. Roberts et al. [43] also obtained crystalline
gallium oxide films on sapphire at deposition temperatures > 250°C. The films were pre-
dominantly a-phase in the temperature range 250-350°C while they consisted of a mixture
of a and € phases above 350°C. In addition, the very recent publications of Boris et al. [46]
and Wheeler et al. [47] have reported ALD growth of crystalline Ga,Os: Boris et al. [46]
investigated the role of plasma conditions on the crystallinity of titanium oxide and gallium
oxide films grown by PEALD and obtained crystalline films in the temperature range 300-
600°C on c-plane sapphire, while Wheeler et al. [47] explored this further and obtained
crystalline Ga,0j3 films from 265 to 475°C on the c-plane sapphire substrate.

While during the past few years, Ga,O3 has been proposed as an alternative material
for power semiconductor devices due to its larger bandgap, and therefore larger breakdown
field, GaN is still the front-runner material in many device applications (particularly the
higher frequency ones) owing to its larger electron mobility compared to Ga,O;. Table
1.1 and Figure 1.1 show this by comparing the key properties of w-GaN and 3-Ga,0; and
depicting the upper-limits for power and frequency ranges that each of these materials can
handle. Compared to traditional semiconductors (such as Si and GaAs), GaN exhibits

superior properties including stability at high temperature, high thermal conductivity, high
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GaN Gaz0;
Dielectric Constant, € 9 10
Breakdown Field, Es, [MV/cm] 33 8
Electron Mobility, p [cm?/(V.s)] 1250 300
Baliga Figure of Merit (BFOM) = &.u.Eg,? 846.0 3214.1

Table 1.1: Key properties of GaN and Ga,0j; taken from reference [10].

electron mobility, and high breakdown field. These outstanding properties strongly depend
on GaN crystal structure, with perfectly single crystal GaN exhibiting the most superior
properties. Thanks to nearly three decades of research on GaN electronics, strategies for
GaN heteroepitaxy on common substrates (such as sapphire, Si, SiC, diamond, and even
B-Ga,03) as well as n- and p-type doping of GaN have been successfully developed and are
being used in commercial power conversion devices today [50-52]. Wurtzite GaN (w-GaN)
with a hexagonal crystal structure (belonging to the space group P6;mc) is the widely used
polymorph in GaN electronic devices. Even though studies exist on dry and wet oxidation
of GaN to convert it to Ga,O; (which will be either amorphous or 3-Ga,0;) for use in
passive electronic components [53, 54], it is well known that uncontrolled inclusion of
oxygen in GaN can deteriorate the crystal structure and is considered contamination [55].
ALD can provide the means to incorporate oxygen into the crystal structure of w-GaN
to increase its bandgap while obtaining uniform pinhole-free crystalline films. This is a

subject that has not been investigated much in the literature by using ALD and will be
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Figure 1.1: Power-frequency diagram of the application space for several semiconductor
materials. While GaN is suitable for moderate-to-high power and/or high frequency ap-
plications, Ga, O3 will overtake the applications at ultrahigh power or moderate frequency.
Image reproduced with permission from reference [10].

explored in this work by using plasma-enhanced ALD.

1.3 Objectives of This Work

The objective of this work is to find the most energy-efficient fabrication process for grow-
ing thick (> 10 nm) crystalline gallium oxide (Ga,0O3) films. Furthermore, taking advantage
of the ability to grow high quality Ga,0Oj; films at low temperatures and considering the
strong technological relevance between Ga, O3 and GaN, this work also presents thin film
deposition strategies that bridge the gap between Ga,O3; and GaN and enable the growth
of high quality single-phase gallium oxide (i.e., either «-Ga,0; or 3-Ga,0;) and gallium

oxynitride films at low temperatures.
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1.4 Outline of This Thesis

The current chapter provides an introduction to highlight the importance of the subject of
Ga, 03 crystalline thin film growth.

In Chapter 2, we use an optimized PEALD process to deposit gallium oxide thin films
on a variety of common substrates aiming to obtain crystalline gallium oxide at very low
temperatures. We determine the onset of crystallinity formation to be as low as 190°C
on c-plane sapphire, above which crystalline films consisting of highly oriented a-Ga,0;
(006) and 3-Ga,03(201) planes are obtained. Starting from the films deposited at the on-
set of crystallinity (i.e., 190°C), we report that crystalline films consisting of purely (-
Ga,03(201) set of planes parallel to the surface form by annealing at the relatively low
temperature of 550°C. Both of the temperatures at which we obtained the crystalline as-
deposited (onset at 190°C) and the highly crystalline annealed (550°C) films are, to the
best of our knowledge, the lowest temperatures reported in the literature so far at which
ALD-grown crystalline gallium oxide film is obtained as-deposited and annealed, respec-
tively. In terms of long-term phase stability, our films were all stable, with no change in
their crystallinity, for 25 months after their fabrication (this time limit is reported merely
because analysis beyond that time was not conducted). This work provides insights into
the development of a low-temperature crystalline gallium oxide technology that will lead to
energy-efficient electronic devices, not only in performance but also in an energy-efficient
fabrication process.

In Chapter 3, we introduce a self-regulated process for controlling Ga,O; crystallinity,

enabled by atomic layer deposition (ALD), to achieve a-Ga,03 through stepwise in-situ
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plasma-enhanced oxidation of wurtzite GaN (w-GaN). More specifically, a-Ga,0O; is de-
posited in consecutive cycles each consisting of an optimized sequence of triethylgallium
(TEG, as the gallium precursor) dose, argon purge, forming gas (i.e., 95% nitrogen / 5%
hydrogen) plasma dose, argon purge, oxygen plasma dose, and argon purge. The first
four steps of this sequence result in a coherent monolayer of w-GaN through which Ga
atoms form a stable and highly symmetric scaffold (i.e., possessing 6-fold symmetry) that
steers the oxygen atoms into forming the crystal structure of a-Ga, O3 upon oxygen plasma
exposure in the remaining two steps of the sequence. The cycles are repeated until the
desired thickness of material is deposited. The entire deposition is optimized to achieve
crystallinity at the low temperature of 277°C, thereby establishing an energy-efficient fab-
rication process for growing crystalline Ga,O; films on non-native substrates on which a
monolayer of heteroepitaxial w-GaN can be initially grown to serve as the template. Once
such template is available, the deposition process would proceed in cycles described above
to achieve a-Ga, O3 through stepwise construction of an atomic scale hexagonal scatfold
of Ga atoms while taking advantage of plasma species to transform nitride to oxide at a
low thermal budget. Additionally, this GaN-mediated deposition strategy provides a new
platform for direct deployment of GaN dopant candidates to Ga,Os during growth and
moving toward realization of bipolar Ga,0j; electronic devices. Fabrication of Ga,0O3 de-
vices on GaN-compatible non-native substrates using this deposition strategy also allows
for the transfer of pertinent thermal management technologies that are already established
for GaN electronics [56] which will mitigate the low thermal conductivity of Ga,O5; and
make devices available that are able to concurrently handle higher power, higher voltage,

and higher operating temperatures.

10
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In Chapter 4, we present a deposition strategy that achieves high quality 5-Ga, 05 films
by using metastable Ga, 03 as an intermediate layer (also referred to as buffer layer and/or
seed layer in the following pages) prior to 5-Ga,O; deposition. This process enables de-
position of high quality 5-Ga, O3 on substrates (e.g., wafers, membranes, multilayers, or
laminated structures) that are compatible with different Ga,O3 polymorphs (i.e., not just
with -Ga,0; but also with metastable polymorphs) and paves the way for accelerated
development of 3-Ga, 03 devices on non-native substrates.

In Chapter 5, we investigate the possibility of low temperature growth of gallium oxyni-
tride films by atomic layer deposition (ALD) in an attempt to preserve the crystal structure
of w-GaN as the background matrix material while inserting oxygen anions in the GaN
lattice to increase the bandgap (and thus the breakdown voltage). We show that we can ob-
tain uniform pinhole-free films for use in electronic device applications or for use as buffer
layers in epitaxial growth techniques.

Chapter 6 concludes this thesis and provides directions for future research.

11



Chapter 2

Low Thermal Budget Heteroepitaxial
Gallium Oxide Thin Films Enabled by

Atomic Layer Deposition

2.1 Chapter Overview

This work explores the applicability of atomic layer deposition (ALD) in producing highly
oriented crystalline gallium oxide films on foreign substrates at low thermal budgets. The
effects of substrate, deposition temperature, and annealing process on formation of crys-
talline gallium oxide are discussed. The Ga,0j; films of this work exhibited a strong pre-
ferred orientation on the c-plane sapphire substrate. The onset of formation of crystalline
gallium oxide is determined, at which only two sets of planes, i.e., @-Ga,05(006) and (-
Ga,05(402), are present parallel to the surface. More specifically, this work reports, for

the first time, that epitaxial gallium oxide films on sapphire start to form at deposition

12
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temperatures > 190°C by using an optimized plasma-enhanced ALD process such that
a-Ga,03(006)||a-Al,03(006) and 3-Ga,05(201)[|a-Al,03(006). Both a-Ga,03(006) and
(-Ga,03(201) planes are polar planes (i.e., consisting of only one type of atom, either Ga
or O) and, therefore, favorable to form by ALD at such low deposition temperatures. Ellip-
sometry and van der Pauw measurements confirmed that the crystalline films have optical
and electrical properties close to bulk gallium oxide. The film grown at 277°C was deter-
mined to have superior properties among as-deposited films. Using Transmission Electron
Microscopy (TEM) to locate a-Ga, 03 and 5-Ga, O3 domains in the as-deposited crystalline
films, we proposed a short annealing scheme to limit the development of a-Ga, O3 domains
in the film and produce pure 5-Ga,0O; films via an energy-efficient process. A pure [3-
Ga, 03 phase on sapphire with B—Ga203(501)||a—Ale3(OO6) was successfully achieved by
using the proposed process at the low annealing temperature of 550°C preceded by the
low deposition temperature of 190°C. The results of this work enable epitaxial growth of
gallium oxide thin films, with superior material properties offered by ALD, not only with
potential applications as a high-performance material in reducing global energy consump-

tion but also with an energy-efficient fabrication process.

2.2 Experimental Details

Gallium oxide films were deposited on c-plane sapphire, p-Si(100), n-Si(111), and p-
Si(110) wafers as well as glass slides by using a Kurt J. Lesker ALD 150-LX system
equipped with a remote inductively coupled plasma (ICP) source and a load lock. All

wafers were prime quality and polished on one side. Sapphire wafers, in particular, were

13
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epi-polished to R, < 0.3 nm. Detailed specification of the substrates can be found in Ap-
pendix A. Substrates were exposed to 60 s oxygen plasma to remove contamination and
pretreat the surface right before the depositions. Depositions were done by using an op-
timized recipe consisting of 0.1 s triethylgallium, TEG (Strem Chemicals, Inc., electronic
grade (99.9999% Ga) in stainless steel Swagelok cylinder assembly which was not heated
during the depositions), 20 s Ar purge, 10 s oxygen plasma, and 12 s Ar purge (see refer-
ences [4] and [5] for details of the optimization procedures that were used in this work).
The pressure of the reactor was ~1.1 Torr with ~1000 sccm continuous flow of Ar. In
addition, 60 sccm oxygen was introduced to the reactor during plasma exposure with ~600
W forward power. This setup is also explained in detail elsewhere [57]. Ar and oxygen
gases were of ultrahigh purity (99.999%, Praxair Canada, Inc.). Depositions were done in
the ALD window at selected nominal substrate temperatures (T,omina) of 130, 200, 250,
300, 350, and 400°C. As per vendor’s standard measurements, these nominal temperatures
correspond to actual Tyy,’s of 125, 190, 233, 277, 315, and 352°C, respectively; that is,
there is a deviation between the heater set temperature and the actual substrate temperature
at larger temperatures since the reactor walls are always kept at colder temperatures than
the substrate (chamber walls are kept at 130°C while the top plate of the cylindrical reactor
is kept at 120°C). The error in all actual temperatures is £3°C. A total of 700 cycles of
deposition were done at each temperature to get ~40 nm gallium oxide. At the end of the
depositions, the samples were left in the reactor to cool to ~95°C (under a vacuum of ~1.1
Torr and with Ar flowing) before transferring out of the reactor.

A J.A. Woollam M-2000DI spectroscopic ellipsometer, permanently mounted on the re-

actor at an incident angle of 70°, was used for in-situ monitoring of the depositions. In-situ
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ellipsometry is a particularly useful technique in this case since the effect of measurement
temperature on optical properties of gallium oxide is limited to the third decimal place of
the measured values [58]. Ellipsometry measurements using this setup were done in the
spectral range of 0.73-6.40 eV (equivalent to 190-1700 nm) at intervals less than 0.05 eV.
Data analysis was done by using CompleteEASE software.

Out-of-plane coupled 1D XRD scans were performed by using a Rigaku Ultima-IV
diffractometer equipped with a cobalt source, a D/Tex ultrahigh-speed position sensitive
detector, and a K-{ filter at a scan rate of 2°/min and 0.02° steps (which is equivalent to 0.6
s/step exposure). Out-of-plane coupled 2D XRD (XRD?) scans were performed by using a
Bruker D8 Discover diffractometer equipped with a cobalt source, a Goble mirror, a rotary
absorber, a UBC collimator, and a Vantec 500 detector as well as a sample-to-detector
distance of 20 cm at an exposure of 450 s/step with 5° increments; 180° p-rotation at a
rate of 60°/min was done for all XRD? out-of-plane coupled scans. Experimental details
pertinent to off-specular ¢-scans to study in-plane orientation can be found in Appendix
B.2.

The surface morphology of the films was examined by using a Bruker Dimension Edge
atomic force microscope (AFM) with Si cantilevers (Olympus, OMCL-AC160TS-W2) in
tapping mode with drive voltages between 2.2 and 2.4 V at a scan rate of 1 Hz. Areas as
large as 3 pum by 3 um were scanned, and the results did not change by analyzing smaller
surface areas. NanoScope Analysis software was used to remove tilt by applying a first-
order-flattening filter and to analyze the data.

Resistivity was measured by using the van der Pauw method by a Keithley 4200-SCS

instrument using 1 pA source current. On the lowest current source ranges (i.e., 1 and 10
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pA) of the Keithley 4200- SCS instrument, the input resistance of the voltmeter is > 10'6
() to make measurements on highly resistive samples possible. Prior to measurements,
circular contacts consisting of ~20 nm Ti followed by ~80 nm Au were sputtered on the
top surface of the films.

Cross-section TEM samples were prepared by low-energy ion polishing at 2 kV (to
minimize damage) using a ThermoFisher Helios G4 PFIB UXe DualBeam system. TEM
images were obtained with high angle annular dark field (HAADF) STEM microscopy at

200 kV by using a Thermo Scientific Themis Z S/TEM instrument.

2.3 Results and Discussion

2.3.1 Bandgap, Thickness, and Optical Properties at Different Depo-
sition Temperatures

The bandgap (E,), thickness, and optical properties of the films obtained from ellipsome-
try at the end of 700 deposition cycles at different substrate temperatures on sapphire are
shown in Table 2.1 as well as Figures 2.1 and 2.2. Because sapphire is a dielectric with
a very wide bandgap (~9 eV), the Cauchy model was used to determine optical constants
of the sapphire substrate over the entire measured spectral range. A delta offset was also
added to the model to correct for strained windows. Because the general structure of the
gallium oxide film optical constants (n, k) versus wavelength was not known before the
measurements, a B-spline model was first used to fit for n, k, and film thickness, and then

the model was parametrized to a Tauc—Lorentz model to provide a good starting point for
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heater set temp (Tominay “C) actual deposition temp (T, + 3 °C) thickness (A) E, (eV) MSE
130 125 39147 £ 1.55 4.157 £ 0.020 3.402
200 190 369.72 + 0.86 4.094 £ 0.014 2.837
250 233 391.20 £ 0.72 4.215 + 0.016 3.139
300 277 397.31 £ 0.55 4.878 + 0.022 4.718
350 315 383.52 £ 0.58 4.229 + 0.029 3.731
400 352 371.48 £ 0.53 4.002 + 0.030 3.060

Table 2.1: Results of modeling the ellipsometry data for Ga,O; films grown on sapphire
substrate at different temperatures after 700 cycles of deposition.

fitting a final Tauc—Lorentz model to the experimental data. This procedure was extremely
beneficial in obtaining very low mean-squared error (MSE) values for the final fits and
obtaining repeatable fit results (including n, k, E,, and thickness).

As shown in Table 2.1, after 700 deposition cycles, the thickness of all the films is ~38
nm on average, resulting in an overall growth per cycle (GPC) of 0.55 + 0.02 A/cycle in
the temperature range 125-352°C. The values of GPC on sapphire were in close agreement
with GPC values obtained on p-Si(100).

The bandgap of gallium oxide depends on its crystal structure. For instance, a-Ga, O3,
which is a metastable phase of gallium oxide, has the largest bandgap of ~5.2 eV among
all gallium oxide polymorphs; meanwhile, the bandgap of 5-Ga,0Os3, which is the most
stable phase of gallium oxide, is relatively smaller and varies between 4.6 and 4.9 eV in
the literature reports [11]. Furthermore, the presence of localized electronic states (such
as defect states) is known to cause the value of optical bandgap to appear smaller than
single-crystal values. Optical constants of gallium oxide also depend on its crystal structure
with a-Ga, 03 having a larger refractive index (n) than 5-Ga, 03, which is consistent with
the higher packing density of atoms in a-Ga,O3; compared to 5-Ga,0; (i.e., a-Ga, 05 has

a smaller molar volume than (3-Ga,03) [22, 23]. Furthermore, presence of amorphous
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Figure 2.1: Optical constants of Ga,O; films grown on sapphire at the end of the deposition
(i.e., after 700 cycles) as a function of photon energy. The photon energy corresponding to
632.8 nm (i.e., 1.96 eV) has been identified by a dashed line for reference, and the maxi-
mum value of the extinction coefficient for the film deposited at 277°C has been identified
and labeled to provide an example of identifying K.

phase results in a decrease in the value of refractive index compared to extended crystalline
phases.

Figure 2.1 shows the dispersion of refractive index (n) and extinction coefficient (k) for
gallium oxide films deposited at different temperatures on sapphire in this study over the
entire measured spectral range based on the final Tauc—Lorentz models. In addition, Figure
2.2 compares the optical bandgap for the same gallium oxide films as well as their refractive
index (n) at the selected photon energy of 632.8 nm (equivalent to 1.96 eV) at which light

absorption does not occur in gallium oxide (i.e., k = 0 at 632.8 nm). As evident from both
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Figure 2.2: (a) Bandgap, (b) refractive index at 632.8 nm, and (c) maximum value of
extinction coefficient for Ga,O; films grown on sapphire at different temperatures after
700 cycles of deposition. The error in refractive index and extinction coefficient values is
limited to £0.001 in all cases.
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Figures 2.1 and 2.2b, films deposited at lower temperatures of 125 and 190°C have a lower
refractive index in the entire spectral range (including at 632.8 nm) compared to higher
temperature films. Based on Figure 2.2a, the low-temperature films also have lower optical
bandgaps compared to that of bulk gallium oxide. Therefore, these low-temperature films
are expected to have a relatively large defect density and high amorphous content. On the
other hand, the film grown at T, = 277°C has the largest bandgap and comparatively large
refractive indices in the measured spectral range; therefore, this film is anticipated to have a
higher crystalline quality with possible presence of the a-phase (i.e., the metastable phase
with the largest bandgap). As the deposition temperature increases beyond 277°C, the films
show refractive index values close to the 277°C film; therefore, they are also expected to
be dense and crystalline but with lower amount of a-phase or more defects based on their
lower bandgap values compared to the 277°C film (see Figure 2.2a). XRD and cross-section
TEM measurements were performed to assess these hypotheses (see sections 2.3.3 and
2.3.4). Based on the Tauc—Lorentz model [59], as the photon energy (or the frequency) of
the incident light increases, light absorption starts to occur near the bandgap energy (below
which k = 0, indicating no light absorption) and goes up further until it reaches a maximum
value (i.e., kiax) when the oscillation frequency of the incident electromagnetic wave of
light just passes the resonant frequency of the Lorentz oscillator for electric polarization.
As the photon energy increases further, the frequency of the incident light becomes too
large for the electrons to follow, and therefore k decreases. This is consistent with the
dispersion curves of k presented in Figure 2.1. As shown in Figure 2.1, no light absorption
occurs at photon energies less than E, (i.e., k = 0), and the maximum value of extinction

coefficient (kyax) Occurs at photon energies greater than E, for each film. The k., values
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for gallium oxide films grown at different temperatures are extracted from Figure 2.1 and
depicted in Figure 2.2c. Comparing k.,,x values, we observe that the films grown at higher
temperatures show a larger value of maximum k than the films grown at lower temperatures.
A larger value of ky,,x represents a larger concentration of free carriers in the conduction
band after the free carriers have been excited to the conduction band by photons having
high-enough energy. If the electron mobility in the films is similar or follows the same trend
as kmax, one would expect that the films grown at higher temperatures be more conductive
than the films grown at lower temperatures. The resistivity of the films was measured by

using the van der Pauw method to evaluate this hypothesis (see section 2.3.2).

2.3.2 Resistivity as a Function of Deposition Temperature

Commercially available 3-Ga,O3; wafers [60, 61] are reported to have resistivities > 10°
MQ-cm, with Fe-doped insulating 3-Ga,Os having resistivity > 10'® MQ-cm. The resis-
tivity of the wafers can be decreased by different doping strategies. On the other hand, it
is well-known that very thin films (< 200 nm) have higher resistivity values compared to
those of bulk wafers due to size constraints, surface effects, and so on. The results of van
der Pauw resistivity measurements on films grown on sapphire are summarized in Figure
2.3.

All the films have resistivity values close to bulk wafers (i.e., ~10° MQ-cm) despite
their very thin nature (only ~38 nm; see Table 2.1 for exact thickness values). In particular,
the film grown at Ty, = 277°C has the lowest resistivity, which is consistent with the fact

that k. for this film was the highest among all the films (see Figure 2.2). It is worth
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Figure 2.3: Resistivity of ~38 nm Ga,O; films grown on sapphire as a function of deposi-
tion temperature. For comparison, the maximum value of the extinction coefficient (Kax)
obtained from in-situ ellipsometry measurements at the end of the depositions is also plot-
ted. In all cases, the error in resistivity and extinction coefficient values is limited to £0.078
MQ-cm and £0.001, respectively.

noting that the film grown at Ty, = 277°C also had the largest bandgap and high refractive
indices compared to the other as-deposited films studied in this work (see section 2.3.1).
Specifically at 632.8 nm, as shown in Figure 2.2b, the 277°C film has a high refractive
index of 1.965, which is exceptionally close to the reported value of 1.97 for bulk 5-Ga,0;
wafers [60]. These observations indicate that Ty, = 277°C achieves the highest quality

among as-deposited films while maintaining a low thermal budget deposition process.
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2.3.3 Crystal Structure as a Function of Deposition Temperature

XRD patterns were obtained for gallium oxide samples grown at different deposition tem-
peratures on sapphire, Si(100), Si(111), Si(110), and glass. In each case, the XRD pattern
of the corresponding substrate was used as a reference to better distinguish thin film peaks
in the patterns. No crystallinity was observed on Si(100), Si(111), Si(110), and glass at any
deposition temperatures studied in this work. Meanwhile, gallium oxide films on sapphire
showed peaks in their XRD patterns at Tg,, > 190°C.

Figure 2.4 shows the results of out-of-plane 1D coupled XRD scans of the films de-
posited on sapphire as well as the corresponding scan of the bare sapphire substrate as
reference. The patterns have been converted to Cu wavelength for easier comparison with
literature patterns. The single crystal c-plane sapphire substrate is expected to show a peak
at 20 = 41.80° corresponding to a-Al,O3(006) planes (considering the average of K-a1
and K-a2 peak locations) [62]. The «a-Al,03(006) peak is evident in Figure 2.4 as the
strongest peak. It is worth noting that in the diffraction pattern of powdered a-Al,O; with
completely random grains this peak is expected to show very weak intensity (having ~1%
of the intensity of the strongest peak in a-Al,O3; powder diffraction pattern). However,
since the c-plane sapphire substrate is a highly oriented single-crystal form of a-Al,0;
with (006) planes parallel to the substrate surface, the intensity of this peak will become
extremely strong in out-of-plane coupled XRD measurements, and all the other peaks from
the a-Al, O3 powder diffraction pattern will become relatively weak or absent.

Comparing the reference sapphire pattern with patterns of the thin film coated samples

in Figure 2.4, four major peaks can be distinguished as thin film peaks corresponding to
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Figure 2.4: 1D XRD patterns for Ga,O3; samples grown on sapphire at Ty, = 190, 277, and
352°C. 1D XRD pattern of the bare c-plane sapphire substrate is included as reference to
help distinguish thin film peaks in the patterns. Regions of the patterns that include thin
film peaks are shown in more detail in the bottom panels (a), (b), and (c). The data have
been collected using cobalt X-ray source. However, the patterns have been converted to Cu
wavelength for easier comparison with literature patterns.
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observed intensity ratio +£0.01%  simulated powder intensity ratio
(assuming 100% for the stron-  (assuming 100% for the strongest
gest thin film peak of each powder peak of each correspond-

corresponding phase) ing phase)
peak loca-
tion in Cu Tsub = Tsub = Tsub =
wavelength 190 °C 277 °C 352 °C
$-Ga,0, 6559 5534 8.04
(201) at
18.97°
p-Ga,04 100.00 100.00 100.00 2.85
(302) at
38.50°
p-Ga,04 42.48 47.35 6.59
(603) at
59.27°
a-Ga, 04 100.00 100.00 100.00 3.00
(006) at
40.30°

Table 2.2: List of thin film peaks observed in both 1D XRD and 2D XRD out-of-plane
coupled scans of as-deposited samples in this study along with their observed intensity
ratio as well as their expected intensity ratio based on gallium oxide powder diffraction

patterns.

regularly arranged planes of gallium oxide parallel to the surface. Table 2.2 lists these
peaks, their observed intensity ratio relative to the strongest peak present for each gallium
oxide phase in the thin films, and their intensity ratio expected based on gallium oxide
powder diffraction patterns (gallium oxide powder diffraction patterns were simulated by
using VESTA software [63] based on lattice and structure parameters retrieved from .cif
files of refs [64] and [65] as well as refs [24] and [25]).

As can be seen in Figure 2.4 and Table 2.2, planes from two phases of gallium ox-

ide, i.e., a-Ga,03 and [-Ga,0s3, are present in the diffraction pattern of the thin films.
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3-Ga,05(201), (402), and (603) planes are present at 20 = 18.97°, 38.50°, and 59.27°, re-
spectively. No other peaks from 3-Ga,0j; are present in the out-of-plane coupled 1D XRD
patterns, which indicates strong preferential orientation of 5-Ga, O3 phase in the films such
that the b-axis of 5-Ga,0j is parallel to the substrate surface (or equivalently, perpendicular
to the c-axis of sapphire) and 3-Ga,03(201)||a-Al,05(006).

Meanwhile, the metastable a-Ga,0;(006) peak is also present at 20 = 40.30°. a-Ga, 05
is isostructural to sapphire, both belonging to the space group R3c, with only ~4.77%
lattice mismatch in a-axis and ~3.50% in c-axis (lattice mismatch calculated based on the
assumption that thickness of both crystals are similar, and therefore they can be treated
by the same footing [66]). As listed in Table 2.2, the a-Ga,03(006) peak is also very
strong in the thin film patterns compared to its simulated powder pattern intensity. This
indicates strong preferential orientation of the a-Ga,O; phase in the films such that the c-
axis of a-Ga, O3 is parallel to the c-axis of sapphire (or equivalently, c-axis of both materials
perpendicular to the substrate surface). In other words, a-Ga,05(006)||a-Al,O5(006).

Because 1D XRD scans have a higher resolution than XRD? scans, they were also used
to determine the onset deposition temperature for crystallinity. As shown in Figure 2.4,
the results confirm presence of both a-Ga,0;(006) peak and (3-Ga,05(402) peak at Ty, =
190°C, both with relatively similar and very low intensity, indicating the small population
of these planes in the sample. Ty, = 190°C was the lowest temperature at which any thin
film peaks were observed, indicating that 190°C is the onset of formation of crystalline
phases in the film.

To examine the preferred orientation of the phases observed in Figure 2.4 further, out-

of-plane XRD? coupled scans of the films deposited on sapphire along with the corre-
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Bare Sapphire
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B-Ga0; (603) B-Ga,0; (402)

"

a-Ga03 (006)

352°C As-Deposited
B-Ga,03 (603) B-Ga,0; (402)

i

a-Ga03 (006)

Figure 2.5: Coupled 2D XRD (XRD?) patterns for Ga,O; samples grown on sapphire at
Tan = 190, 277, and 352°C. The first panel shows an example of how 26 and x change
in the XRD? patterns. All unlabeled peaks in the XRD? patterns correspond to the bare c-
plane sapphire substrate peaks. (-rotation has been done while collecting each individual
scan frame to increase the chance of capturing misorientations.
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sponding scan of the bare sapphire substrate as reference were also collected. To increase
the chance of capturing any randomness or misorientation of existing crystal planes, -
rotation (i.e., rotation about the normal to the substrate surface) has been performed while
collecting each individual scan frame shown in Figure 2.5 (see section 2.2 for details).
The first panel in Figure 2.5 shows an example of how 26 and y change in the XRD?
patterns: while y changes along the circumference of each given arc, 26 changes when
moving horizontally from one arc to another (i.e., all points on the circumference of a
given arc have the same 260). Any peaks observed at different 26 values (i.e., at different
horizontal locations) are indicative of the existence of a new set of crystal planes. Mean-
while, any peak broadening observed along x (i.e., on the circumference of a given 26 arc)
is indicative of the degree of randomness of that specific set of crystal planes. As an ex-
ample, sapphire peaks show minimum broadening in y because the sapphire substrate is
single crystal and extremely oriented. On the contrary, powders and polycrystalline films
would show continuous or elongated intensity distributions along Y, respectively.
Comparing XRD? patterns of the thin film coated samples with the sapphire reference in
Figure 2.5 reveals that the gallium oxide films are crystalline at Ty, = 277 and 352°C as is
apparent from the presence of additional bright spots in their XRD? patterns. Furthermore,
the narrow point-like distribution of intensities in the XRD? patterns in Figure 2.5 indicates
that the films are not polycrystalline but have a strong preferential orientation (film intensity
distributions along  are as narrow as the single-crystal substrate intensity distributions).
It is worth noting that at the lower temperature of 190°C, where 1D XRD had shown two
weak peaks (corresponding to a-Ga,03(006) and 3-Ga,05(402)) both with relatively the

same but low intensity (see Figure 2.4 for reference), the peaks are not readily detected
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in XRD? scans due to the very low intensity of the peaks as well as the limited resolution
of the instrument. Nevertheless, XRD? scans still provide an efficient means to examine
the overall crystallinity of each sample (including degree of preferred orientation of thin
film lattice planes) over a wide range of x, 26, and . In Figure 2.5, they are aimed at
complementing 1D XRD scans of Figure 2.4 by examining randomness in crystalline films
specifically by examining peak broadening along . Meanwhile, 1D XRD scans, which
have higher resolution, were used to determine exact peak positions and to establish the
onset of crystallinity.

As seen in Figure 2.5, at Ty, = 277°C, the a-Ga,05(006) peak and the 3-Ga,05(402)
peak are strongly evident in the XRD? scans, both located at the low angle side of the sap-
phire(006) peak and both showing minimum broadening in y similar to the single-crystal
substrate. At Ty, = 352°C, the same peaks appear at the low angle side of the sapphire(006)
peak. However, they are slightly more elongated along the y direction, which indicates
slightly less preferred orientation at Ty, = 352°C. We also observed that the crystalline
film grown at Ty, = 352°C has a lower bandgap and slightly lower surface roughness com-
pared to the crystalline film grown at Ty, = 277°C (see sections 2.3.1 and 2.3.5). Even
though it is expected that films grown at higher temperatures show an improved crystalline
quality, a slight loss of preferential orientation at this temperature has also been observed
in our group’s previous work on plasma-enhanced ALD growth of GaN using the same gal-
lium precursor (i.e., triethylgallium (TEG)) [67]. It is reported that decomposition of TEG
in H, and N, atmospheres takes place in the temperature ranges 220-330 and 270-380°C,
respectively, in both cases through S-elimination [68]. However, the reactor walls in our

deposition system are held at temperatures < 130°C where TEG decomposition does not
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occur (see section 2.2 for details). It is only at the vicinity of the substrate surface that
the temperature is high enough for TEG decomposition to occur. We believe that at Ty,
= 352°C in the Ar atmosphere of the reactor TEG decomposition may initiate near or at
the surface, causing a partial change in the chemical reaction pathway (including slight
poisoning of the surface with precursor ligands) and therefore a subtle loss of the expected
crystallinity. However, the changes must be slight since crystallinity is not lost and the
GPC is not significantly affected. This also indicates that the oxygen plasma is effective in
removing any precursor ligands that may remain on the surface.

Rocking scans that capture the three closely located a-Al,03(006), a-Ga,03(006), and
3-Ga,053(402) peaks were performed as well to examine the broadness of these peaks.
The corresponding results, showing relatively narrow peaks (thereby confirming the high
crystalline quality of the films), are presented in the Appendix. Strain in the films is also
briefly discussed based on the rocking scan results in the Appendix. In addition to the
highly oriented out-of-plane texture of the Ga,O; films presented so far, we also performed
off-specular (-scans to examine in-plane orientation of the films (specifically the 5-Ga,0;
phase) by studying planes that are nonparallel to the surface of the films on sapphire sub-
strate. The results are presented in the Appendix and show three in-plane orientations of
[-Ga, O3 matching the symmetry of the underlying sapphire substrate with approximately
same population and all with the same normal orientation of B—Ga203(§Ol)||a—AlgO3 (006),
which is consistent with previous observations in the literature [69—72].

Even though XRD provides proof of the presence of crystalline phases in the thin films
and their degree of preferred orientation, it cannot provide information about the location

of the crystalline phases within the film. To provide a more comprehensive picture of the

30



CHAPTER 2. MIXED-PHASE GALLIUM OXIDE FILMS

epitaxial relationship between the films and the substrate, cross-section TEM images were
obtained. Section 2.3.4 provides a more complete picture of the nature of crystallinity in
gallium oxide ALD films by studying cross-section TEM images that show the location of

different crystalline phases in the film.

2.3.4 Cross-Section TEM Analysis of Gallium Oxide on Sapphire Grown
at 277°C

High angle annular dark field (HAADF) STEM images of the gallium oxide film grown
at Ty, = 277°C along with the sapphire substrate and their interface are shown in Figure
2.6. Individual atomic columns can be seen in this figure as a result of using a subangstrom
STEM probe with high current. It is evident from Figure 2.6 that the first few monolayers of
gallium oxide near the substrate interface are a-gallium oxide and completely coherent with
the substrate (i.e., pseudomorphism). This is consistent with the results of the XRD scans
and confirms the epitaxial relationship of a-Ga,05(006)||a-Al,05(006). The formation of
such pseudomorphic a-Ga,O; monolayers along the sapphire interface could be a result
of the 60 s oxygen plasma pretreatment which was performed in situ right before the ALD
depositions and provided a starting surface consisting of an extended array of oxygen atoms
completely coherent with the underlying sapphire substrate. Beyond the first few a-Ga,0;
pseudomorphic monolayers at the interface, either more a-Ga,03(006) planes or highly
oriented 3-Ga,03(201) planes start to appear in the bulk of the film, both oriented parallel
to the substrate surface. XRD results also indicated the presence of highly oriented /-

Ga,05(201), (402), and (603) planes oriented parallel to a-Al,03(006) planes. Both a-
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Ga,05(006) and 3-Ga,03(201) family of planes are polar planes (i.e., they contain only
one type of atom, either gallium or oxygen), and therefore formation of these planes is
favorable in ALD due to the stepwise nature of the ALD process that consists of self-

limiting reactions which introduce each precursor or reactant to the surface one by one.

§ (b): substrate-film interface

Sapphire:
Substrate

(e): B-Ga,0; view
along [010] direction

0.468 nm 0.468 nm

Figure 2.6: Atomic resolution HAADF STEM images of the Ga,O; film grown on sapphire
at Ty, = 277°C showing individual atomic columns of the film and the substrate. Bright
dots correspond to individual gallium and aluminum atoms of the film and the substrate,
respectively. Frame (e) depicts a VESTA schematic of 3-Ga,0; crystal [Ga atoms are
larger green spheres, oxygen atoms are smaller red spheres] showing (201) planes in blue
alongside frame (d) which focuses on the actual 5-Ga,O5; domains in the as-deposited film.

To provide a more clear picture of the highly oriented 3-Ga,05(201) planes in the
277°C as-deposited sample, Figure 2.6 also shows a schematic of the corresponding /3-
gallium oxide planes in a perfect 3-gallium oxide crystal simulated in VESTA [63,64]. In
addition to the matching distance of ~0.468 nm for (-Ga,05(201) planes in the simulated

crystal and the TEM images, the resemblance of the simulated and the actual 5-Ga,0;
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images in showing the location of high electron density gallium atoms in 3-Ga,0Oj is inter-
esting and provides visual guidance of the quality of the 5-Ga,O; phase in the ALD films
presented in this work. As can be visually seen in the VESTA-simulated -gallium oxide
crystal in Figure 2.6e as well, 3-Ga,03(201), (402), and (603) planes are polar planes con-
taining only one type of atom, either Ga or O. We believe this facilitates formation of epi-
taxial 3-Ga,03(201)||a-Ga,03(006)||a-Al,03(006) during ALD cycles, which introduce
separated Ga and O sources to the reactor in a stepwise manner, and will help in obtain-
ing such epitaxial films at much lower temperatures by ALD compared to other deposition
techniques.

It is worth noting that lower magnification (i.e., larger view area) STEM images (im-
ages not presented here) showed that the 277°C film was crystalline for almost the entire
thickness and not just at the vicinity of the substrate. The large view in Figure 2.6 also
confirms that presence of a-Ga,0; is extended well beyond the substrate interface at some
locations. Based on the TEM observations of the location of a-Ga, 05 and 3-Ga,Oj; in the
film, an annealing strategy is employed in section 2.3.6 to hinder development of a-Ga,0;
beyond the few monolayers at the interfacial region and therefore obtain pure 5-Ga,0;

phase in the bulk of the film.

2.3.5 Surface Roughness as a Function of Deposition Temperature

Surface roughness is an important indicator of the morphology of thin films [73]. AFM
measurements were performed on gallium oxide films deposited on sapphire at several

locations on each sample, and the representative statistics are shown in Table 2.3. If one
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bare sapphire 125 °C 190 °C 277 °C 352 °C
R, (nm) 0.058 0.346 0234 0444 0.330
R, (nm) 0.073 0.444 0306 0557 0.425
R, (nm) (= max Z range) 0.84 423 3.27 522 3.50
skewness [compared to zero] +0.096 +0.825 +1.070 —0.256 +0.700
kurtosis [compared to 3] 3.45 [almost normal] 4.31 [slightly spiked] .15 [spiked] 3.13 [normal] 3.81 [almost normal]

Table 2.3: AFM statistics for ~38 nm Ga,0O; films grown on sapphire as a function of
deposition temperature. While the nominal average roughness of the c-plane sapphire sub-
strate is R, < 0.3 nm, an example of actual statistics for a piece of bare sapphire is also
included for reference.

uses the nominal average roughness of the bare sapphire substrate as a reference (R, <
0.3 nm), it is evident that all of the films listed in Table 2.3 are very smooth based on
their corresponding values of R,. In all cases, root-mean-square roughness (R,) is slightly
larger than the average roughness (R;), which is expected since R, is known to represent
the mean absolute profile, making no distinction between peaks and valleys, while R, is
more sensitive to peaks and valleys due to squaring of the amplitude in its calculation [74].
As shown in Table 2.3, the film grown at Ty, = 277°C is the roughest among all films
with the largest R,, Ry, and Ry, (even though these values are still small by themselves).
This could be attributed to the fact that the film grown at Ty, = 277°C is a crystalline film
consisting of a mixture of highly oriented c- and 3-gallium oxide phases even near the top
surface (as confirmed by XRD and TEM results in sections 2.3.3 and 2.3.4) which makes
this film appear relatively rougher than the other films.

Table 2.3 also lists the skewness parameter as a measure of the degree of bias of the
roughness shape. Skewness is not large compared to zero for any of the films, indicating
that the height distribution on the surface is almost symmetrical around the mean plane.
Another parameter that was extracted from the AFM measurements and is shown in Table

2.3 is the kurtosis value as a measure of the population of sharp features in the surface
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Figure 2.7: 2D and 3D AFM profiles for ~38 nm Ga,0; films grown on sapphire as a
function of deposition temperature.

profile. A value of 3 for the kurtosis parameter indicates that sharp and indented features
occur equally frequently in the height distribution, similar to a normal distribution, and
that the population of outliers is negligible. As listed in Table 2.3, the film grown at Ty,
= 190°C has a spiked height distribution indicated by its large kurtosis value. This could
be attributed to the fact that this temperature is the onset of crystallinity for gallium oxide
films on sapphire. Therefore, formation of crystalline domains within the mainly amor-
phous background material can cause the appearance of comparatively sharp features in
the surface profile of the film. Accordingly, the completely amorphous film grown at Ty,
= 125°C has a smaller kurtosis value. Interestingly, in spite of their crystalline nature,
the films grown at higher temperatures (i.e., Ty, = 277 and 352°C, especially the former)
also have a small kurtosis value, very close to the reference value of 3, which is indica-
tive of a normal height distribution. This, combined with the small roughness value for
these high-temperature crystalline films, could be an indication that gallium oxide has a

high crystalline quality within the entire thickness of these films and not just near the film-
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substrate interface. This is investigated in more detail in section 2.3.4 where cross-section
TEM lamellas of the 277°C film were prepared and analyzed to examine their structure
both at the film-substrate interface and in the bulk of the film.

Figure 2.7 provides visual representation of surface profile of the gallium oxide films
on sapphire deposited at four different temperatures. For each sample, the scales of the
2D and 3D profiles are the same and were set in a way that low population tails in the
height distribution are excluded. Figure 2.7 confirms the overall smooth surface of the

films, consistent with the low roughness values reported in Table 2.3.

2.3.6 Annealing of Gallium Oxide on Sapphire Grown at 190°C

Analysis of the as-deposited ALD films in this work proves that it is possible to grow highly
oriented crystalline gallium oxide films on c-plane sapphire at deposition temperatures that
are hundreds of degrees lower compared to other common deposition techniques such as
CVD. As mentioned earlier, the polar nature of 3-Ga,0; (201) planes makes them favorable
to form by ALD; however, in as-deposited films, their formation must compete with the for-
mation of a-Ga,03(006) planes which are also polar. Considering that «-Ga,Oj 1s isostruc-
tural to the sapphire substrate with very small lattice mismatches, its formation would be
considerably favorable for sufficiently thin films especially if the thin film is formed one
atomic layer at a time, thereby continuously preserving a substrate-like template at the
growth surface as the deposition proceeds. This leads to the coexistence of 3-Ga,03(201)
planes and a-Ga,05(006) planes in the bulk of as-deposited films (i.e., away from the film-

substrate interface). Therefore, if the formation of a-Ga, 05 during the ALD deposition can
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be minimized in the bulk of the film or be specifically limited to a few monolayers at the
film-substrate interfacial region, it could be possible to achieve pure $-Ga,O; phase in the
bulk of the film, after the deposition, by providing sufficient energy for short-range diffu-
sion of atoms and subsequent formation of the most stable phase of Ga,0O; in the absence
of a sustained underlying template that favors the formation of the metastable phases. To
that end, instead of depositing the films at high temperatures (such as 277°C or more) to
achieve crystallinity, we deposited the gallium oxide films at 190°C (i.e., at the onset tem-
perature of formation of crystallinity in as-deposited films) and carried an annealing study
to see whether annealing could improve the achievable crystallinity of gallium oxide ALD
films grown at Ty, = 190°C and lead to pure 5-Ga,0j films in the bulk. The samples were
isochronally annealed in air for 1 h at different temperatures between 235 and 550°C, and
corresponding outof-plane coupled 1D XRD scans at selected temperatures are presented
in Figure 2.8.

As shown in Figure 2.8, crystallinity appeared only at T > 470°C in the form of pure
3-gallium oxide with highly oriented (201) planes parallel to sapphire(006) planes (i.e.,
no a-gallium oxide peaks exist). Observing highly oriented single-phase ALD-grown gal-
lium oxide films at such low annealing temperature has not been reported in the literature
before and, we believe, is due to the fact that our starting film was at the onset of crys-
tallinity instead of being completely amorphous which facilitated formation of epitaxial
5—G3203(§01)||a—A1203(006) at low annealing temperatures. In other words, we believe
that by performing the ALD process at Ty, = 190°C development of a-Ga,O3; domains
as a result of a preserved underlying crystalline template (similar to the case of layer-by-

layer ALD growth at higher temperatures) has become limited in the bulk of the film while
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Figure 2.8: 1D XRD patterns for annealed Ga, O3 samples on sapphire—annealing was done
in air for 1 h starting from samples grown at 190°C. 1D XRD pattern of the bare c-plane
sapphire substrate is included as reference to help distinguish thin film peaks in the patterns.
Regions of the patterns that include thin film peaks are shown in panels (a), (b), and (c).
The data have been collected using cobalt X-ray source. However, the patterns have been
converted to Cu wavelength for easier comparison with literature patterns.
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resulting in atomic structures in the bulk with short-range order (considering that 190°C
is the onset of crystallinity formation) which can rearrange to form highly oriented (201)
planes of the thermodynamically stable 5-Ga,O; at a low thermal budget in the absence
of the competing metastable a-Ga,O3 domains in the bulk. This conclusion was supported
further by the fact that similarly processed gallium oxide films on glass (i.e., completely
amorphous films with the least atomic order in the bulk) did not show any signs of crys-
tallinity upon annealing at any temperatures studied in this work. This method, i.e., ALD
growth at the low temperature of 190°C to get a relatively less disordered structure in
the bulk followed by only 1 h anneal at the higher temperature of 550°C, is overall more
energy-efficient than growth of as-deposited films at high substrate temperatures while re-
sulting in a pure 3-Ga,0; epitaxial film with no a-Ga, 05 inclusions that can be detected by
XRD in the film. Additional XRD measurements (including rocking scans and off-specular
p-scans) were also performed on the 550°C annealed film, and the results are presented in
the Appendix. Moreover, optical properties of the annealed film are presented in the Ap-

pendix along with those for the film before annealing.

2.4 Summary and Conclusions

Atomic layer deposition was utilized to deposit gallium oxide thin films on commonly used
foreign substrates in the low process temperature range aiming at achieving crystalline
films. While films deposited on Si(100), Si(110), Si(111), and glass were amorphous at all
conditions studied in this work, it was found that Ga,Oj starts to crystallize on c-plane sap-

phire at deposition temperatures as low as 190°C such that a-Ga,03(006)||a-Al,03(006)
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and B—Ga203(7102)||a—A1203(006). At higher deposition temperatures, as-deposited films
contained a mixture of a-Ga,03 and $-Ga,0; epitaxial phases preserving the same pre-
ferred orientation as the 190°C films. While all the as-deposited films had large refractive
index values (e.g., n > 1.8 at 632.8 nm) along with atomically smooth surfaces and resis-
tivity values close to undoped bulk gallium oxide, the best as-deposited film properties on
sapphire were obtained at Ty, = 277°C, beyond which the crystal structure slightly de-
graded and the bandgap decreased. Cross-section TEM analysis of this film revealed that
pseudomorphic a-Ga,0; in the as-deposited films originates from the sapphire substrate
surface and continues to grow as long as an underlying isostructural template is sustained
by the stepwise growth characteristic of the ALD technique. Meanwhile, beyond the few
monolayers of pseudomorphic a-Ga,0; formed all along the film-substrate interface, [3-
Ga, 03 also starts to appear and increasingly develop as the deposition continues and the
film thickness increases. To suppress the formation of a-Ga,0O; inclusions in the bulk
of the film while preserving a low thermal budget process, the 190°C as-deposited films,
which were at the onset of crystallinity, were annealed in air. Annealing such films at T
> 470°C resulted in formation of pure $-Ga,O3; phase with the epitaxial relationship of
B—Ga203(§OI)||a—A1203(006) while suppressing the formation of a-Ga,O5 inclusions in
the bulk of the film which was attributed to the negligible population of a-Ga,0j3 in the
starting film and the presence of short-range order in the starting film, thereby facilitating
the formation of highly oriented -Ga,O; planes in the absence of the competing layer-
by-layer pseudomorphic ALD growth of a-Ga,O; on sapphire. Realization of low thermal
budget high quality crystalline Ga,O; films on sapphire as a result of this work enables

the development of next-generation solid-state electronic devices that can withstand higher

40



CHAPTER 2. MIXED-PHASE GALLIUM OXIDE FILMS

voltages while meeting stringent requirements of efficiency and form factor faced by the

microelectronic industry.
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Chapter 3

Bridging the Gap Between Gallium
Oxide and Gallium Nitride:
Heteroepitaxy via Atomic Level

Scaffolding

3.1 Chapter Overview

Gallium oxide (Ga,0O;) is an emerging wide bandgap material with exceptional properties,
which compete with and complement gallium nitride (GaN) properties, for improving the
performance and efficiency of power electronic devices and expanding the wavelength span
of optoelectronic devices. However, challenges in growing high quality crystalline Ga,0;

on non-native substrates hinder the development of Ga,O3 semiconductor heterostructures

42



CHAPTER 3. a-GALLIUM OXIDE FILMS

and integration of Ga,O3; with GaN electronics. This work demonstrates a deposition strat-
egy for obtaining crystalline Ga,O; on GaN-compatible non-native substrates as a key
enabling technology for implementation of Ga,0O; in next-generation electronic devices.
Plasma-enhanced atomic layer deposition is used to create a highly symmetric atomic scale
scaffold of gallium atoms by taking advantage of a sacrificial GaN monolayer as an in-
termediate step during Ga,0O3 growth. Establishing such scaffold together with the use of
highly reactive plasma species allow this GaN-mediated Ga, O3 deposition approach to be
performed at low thermal budget while resulting in a highly oriented a-Ga,O; film with
vanishing amounts of nitrogen and carbon impurities as well as a larger bandgap and larger
refractive index compared to the conventionally deposited Ga,O5. The deposition strategy
presented in this work opens new horizons for accelerated development of high perfor-

mance and energy-efficient Ga,O; electronics.

3.2 Experimental Details

Depositions were done at 277°C on single-side polished (R, < 0.3 nm) prime quality c-
plane sapphire wafers (see reference [8] or the Appendix for detailed specifications of the
wafers) by using a Kurt J. Lesker ALD 150-LX system equipped with a remote inductively
coupled plasma (ICP) source and a load lock. The error in determining the actual deposi-
tion temperatures was +3°C. The pressure of the reactor was ~1.1 Torr with ~1000 sccm
continuous flow of argon. In addition, 60 sccm oxygen or forming gas was introduced to the
reactor during plasma exposures with ~600 W forward power. This setup is also explained

in detail elsewhere [8,57]. Triethylgallium, TEG, (Strem Chemicals, Inc.) was electronic
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grade (99.9999% Ga) in a stainless steel Swagelok cylinder assembly which was not heated
during the depositions; all other gases (argon, oxygen, and N,/H, forming gas) were of ul-
trahigh purity (99.999%, Praxair Canada, Inc.). Substrates were exposed to 60 s plasma
to remove contamination and pretreat the surface prior to deposition. Reference GaN de-
positions were done by using a recipe consisting of 0.1 s TEG dose, 3 s argon purge, 15 s
forming gas plasma dose, and 2 s argon purge. Reference Ga, 05 depositions were done by
using a recipe consisting of 0.1 s TEG dose, 20 s argon purge, 10 s oxygen plasma dose,
and 12 s argon purge (reducing the two purge times down to 3 s and 2 s, respectively, did
not change the deposition results for the reference Ga,O3). The details of the optimization
procedures that were used in this work (similarly performed for both GaN and Ga,0;) are
explained in references [4] and [5]. GaN-mediated Ga, O3 depositions were done by using
a recipe consisting of 0.1 s TEG dose, 6 s argon purge, 15 s forming gas plasma dose, 13
s argon purge, 1.5 s oxygen plasma dose, and 10 s argon purge (the forming gas plasma
dose time was chosen to ensure completion of GaN formation reactions while the oxygen
plasma dose time was chosen to ensure complete conversion of nitride to oxide using GaN
and Ga,0j; enthalpies of formation [75] as guides).

Ellipsometry measurements were done by using a J.A. Woollam M-2000DI spectro-
scopic ellipsometer, permanently mounted on the reactor at an incident angle of 70°, in
the spectral range of 0.73-6.40 eV (equivalent to 190-1700 nm) at intervals less than 0.05
eV. Ellipsometry data analysis was done by using CompleteEASE software. Thickness and
optical constants of the films were obtained based on Tauc—Lorentz modeling of the ellip-
sometry data (see reference [8] and section 2.3.1 for detailed explanation of the modeling

procedure).
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Out-of-plane coupled 1D XRD scans were performed by using a Rigaku Ultima-IV
diffractometer equipped with a cobalt source, a D/Tex ultrahigh-speed position sensitive
detector, and a K-{ filter at a scan rate of 2°/min and 0.02° steps (which is equivalent to 0.6
s/step exposure). The patterns were converted to copper wavelength for easier comparison
with the literature.

Cross-section TEM lamella was prepared by low-energy ion polishing (to minimize
damage) using a ThermoFisher Helios Hydra DualBeam PFIB system. HRTEM images
were obtained by using a Titan 80-300 HRTEM instrument. Atomic resolution STEM
analyses (including STEM images, EDS maps, and nano-beam diffraction patterns) were
performed by using a Thermo Scientific Themis Z S/TEM instrument equipped with 4 win-
dowless EDS detectors arranged symmetrically around the sample to allow EDS mapping

of light elements such as C, N, and O.

3.3 Results and Discussion

3.3.1 Revealing the Atomic Level Scaffold

Figure 3.1a and 3.1c show views along the c-axis of the position of atoms in a monolayer
of w-GaN [63,76] and a slice of a-Ga, 03 [63,65] revealing that the position of Ga atoms in
a monolayer of w-GaN coincides with the position of Ga atoms in a-Ga, O3 after a 30° in-
plane rotation of coordinates. With such an atomic scale scaffold of Ga atoms in place (see
yellow dashed lines in Figure 3.1a and 3.1c as guides to the eye), the highly reactive oxygen

plasma can readily interact with nitrogen atoms in the w-GaN monolayer and transform it
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to a-Ga,05. It is worth noting that formation of no more than one monolayer of w-GaN
in each cycle is essential in establishing a scaffold that is compatible with the position of
Ga atoms in «-Ga,O5; this indicates the crucial role of ALD in the success of this GaN-

mediated deposition process.
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Figure 3.1: Views of a monolayer of w-GaN (a) along and (b) perpendicular to the c-axis,
as well as views of a slice of a-Ga,0; (c) along and (d) perpendicular to the c-axis. Yellow
dashed lines show the atomic scale scaffold of Ga atoms as guides to the eye.

As can be seen by comparing Figure 3.1b and 3.1d, which show views of the same
w-GaN monolayer and a-Ga,Os slice perpendicular to the c-axis, nitrogen atoms are being
removed and oxygen atoms placed in the existing hexagonal scaffold in each cycle, while
Ga atoms merely need to move a short distance (< 2 A) along the c-axis (to compare, the
Ga—O bond lengths in a-Ga,03 [65] are ~2 10%) to yield a-Ga,O3. As will be confirmed
by our results, these transformations and displacements are subtle enough to happen at the

low deposition temperature of 277°C using plasma species.
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3.3.2 Crystal Structure of Gallium Oxide Grown at 277°C

We chose c-plane sapphire as our non-native substrate due to availability of abundant data
for achieving high quality w-GaN on this substrate [67,77]: As shown in Figure 3.2a,
depositing a thick (~22 nm) layer of GaN by using our optimized ALD process at 277°C on
c-plane sapphire results in heteroepitaxial w-GaN such that w-GaN(002)||«-Al,03(006);
this is evident because only these peaks are observed parallel to the surface in out-of-plane
XRD scans (note that the corresponding scan of the bare sapphire substrate is included
as a reference to better distinguish thin film peaks in the pattern). Previous work in our
group [77] has confirmed that in addition to this thick GaN layer being a highly oriented
heteroepitaxial layer, the first few monolayers of GaN are free from defects which make
them an excellent GaN template to start our work with.

Figure 3.2c shows a schematic of the GaN-mediated Ga,O; deposition steps used in this
work as well as the out-of-plane XRD results for an ~22 nm film deposited at 277°C using
such approach. As shown in Figure 3.2c, an intense peak for a-Ga,03(006) is observed
right next to a-Al,03(006) peak. No other peaks from a-Ga,O; are present which indicates
that the a-Ga,O; film is a highly oriented film with a-Ga,03(006) planes oriented parallel
to the surface. This confirms that a-Ga,03(006) planes have grown parallel to w-GaN(002)
planes. Meanwhile, 3-Ga,O; peaks are hardly detectable in Figure 3.2c which is indicative
of their low population in the film (see the XRD pattern of the bare sapphire substrate to
better distinguish thin film peaks in Figure 3.2¢).

As a reference, depositing Ga, 03 directly on sapphire (i.e., without any GaN layers

involved) at the same deposition temperature resulted in a mixture of a-Ga, 03 and 5-Ga,0;
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Figure 3.2: Out-of-plane coupled XRD patterns and schematic of the deposition steps
for (a) conventional GaN deposition, (b) conventional Ga,O5; deposition, and (c) GaN-
mediated Ga, 03 deposition. In each case, the XRD pattern of the bare sapphire substrate
is included as a reference to better distinguish thin film peaks in the patterns.
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in the film; this is shown in Figure 3.2b where peaks from a-Ga,05(006) planes as well as
3-Ga,03(201) family of planes are observed parallel to the surface (the corresponding scan
of the bare sapphire substrate is included as a reference to better distinguish thin film peaks
in the pattern). Our previous results on direct deposition of Ga,O3 on sapphire [8] (also
see Chapter 2) show that even though a few monolayers of pseudomorhic a-Ga, 03 exist
along the sapphire substrate interface, a mixture of o and 3 phases form in the bulk of such
film by using the conventional deposition process. Comparing the observed intensity ratio
of 3-Ga,03 and a-Ga,0; peaks in Figure 3.2b and 3.2¢, we estimate that the population
of 3-Ga,0s in the film is < 10% (by ratio of mass of 3-Ga,O; to mass of a-Ga,03 and
B-Ga, 03, collectively) as a result of using the GaN-mediated deposition approach.

These results demonstrate that if the Ga atoms establish a hexagonal arrangement (i.e.,
an arrangement with a higher degree of symmetry) by using forming gas plasma to form a
monolayer of w-GaN, subsequent exposure to oxygen plasma can successfully interchange
the anions while preserving the Ga scaffold thereby leading to formation of a high quality
a-Ga, 03 layer. This self-regulated crystallization process is favored further by consider-
ing that the stacking sequence of atoms in both w-GaN and a-Ga,0O; is of the hexagonal
closest packing (hcp) type with both N anions in w-GaN and O anions in «-Ga,0O3 be-
ing surrounded by 4 Ga atoms (i.e., both anions have a coordination number of 4), while
B-Ga, 05 has the stacking sequence of a distorted cubic closest packing (ccp) type with
coordination number of 6 for two of the O anions and 4 for one of the O anions. There-
fore, even though 5-Ga,03; domains are demonstrated to form in the absence of structural
restrictions to atomic diffusion in the reference Ga,Oj; film (see Figure 3.2b, reference [8],

and chapter 2), presence of a hexagonal framework of Ga atoms by using a GaN-mediated

49



CHAPTER 3. a-GALLIUM OXIDE FILMS

deposition strategy enables the ability to control the crystallinity of the film in situ and to
achieve a-Ga, O3 while minimizing 3-Ga, 03 inclusions.

Using such a hexagonal scaffold at the atomic scale also offers the potential to provide
a means by which metal dopant atoms (especially those that are known to be compatible
with w-GaN) can be incorporated into the GaN layer in situ (see references [78] and [79]
for methods to incorporate dopant atoms into ALD films in situ), subsequently oxidized,

and thereby be embedded in the a-Ga,O; structure during the deposition.

3.3.3 Cross-Section TEM Analysis of a-Gallium Oxide Grown at 277°C

To investigate the structure of the a-Ga,O; film deposited by the GaN-mediated approach
further, cross-section TEM analysis was performed, and representative results are shown in
Figure 3.3. The TEM analyses show that the entire film (~22 nm) is crystalline (see, for
example, the HRTEM image in Figure 3.3a and the STEM images in Figure 3.3c and 3.3d)
and confirm the crystal structure to be predominantly a-Ga,0O; such that a-Ga,03(006)
planes are parallel to the surface (also see the electron diffraction patterns of focused re-
gions of the film and the substrate in Figure 3.3e and 3.3f, respectively). It is worth noting
that because a-Ga, O3 is isostructural to the sapphire substrate (both having the corundum
structure) with < 5% lattice mismatch [8, 62, 65], the diffraction patterns of these two ma-
terials are expected to be very similar if their crystals are oriented the same way. This is
consistent with the results presented in Figure 3.3e and Figure 3.3f. In addition to these
figures, line profiles of nano-beam electron diffraction patterns (not shown here), which

show the diffraction patterns at several locations of the lamella, confirm the predominant
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sapphire | sapphire
substrate substrate

Figure 3.3: TEM analysis results for the GaN-mediated in-situ oxidized Ga,Oj3 film includ-
ing (a) HRTEM image, (b) background subtracted EDS intensity maps obtained in STEM
mode, (c) atomic resolution STEM image obtained with a HAADF detector, (d) the same
image shown in (c) after using a combination of high-pass and radial Wiener filters to high-
light atomic columns, and (e, f) nano-beam electron diffraction patterns of focused regions
of the film (e) and the sapphire substrate (f). Capping layers in frame (a) consist of an 3nm
aluminum nitride deposited by ALD followed by carbon and tungsten deposited before
TEM lamella preparation.
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presence of the a-Ga, O3 phase. Energy dispersive X-ray spectroscopy (EDS) analyses, in
Figure 3.3b, show the low amount of impurities (both C and N) in the film and further prove

the high quality of the a-Ga, 05 film.

3.3.4 Optical Properties at 277°C

In addition to crystal structure, investigating optical properties of thin films can provide
insights into the quality and performance of the material. To that end, in-situ ellipsometry
measurements were performed on the GaN-mediated in-situ oxidized Ga, O3 film, as well as
a reference Ga,0j; film with no GaN layers involved during its deposition, and a reference
GaN film. In all cases, the substrate was c-plane sapphire, and the measurements were
performed after 450 doses of TEG (which resulted in an ~22 nm «-Ga, 05 film deposited
by using the GaN-mediated approach, as well as an ~26 nm reference o-Ga,05/8-Ga,03
mixed-phase film, and an ~22 nm reference GaN film, respectively — the difference in
thickness of the two Ga,0Oj; films is consistent with the fact that 5-Ga,0; has a larger molar
volume than o-Ga, 05 [22,23]; thus, inclusion of 3-Ga,O3; domains in the film results in a
thicker film for a constant number of TEG doses).

As shown in Figure 3.4, the values of extinction coefficient (k) for the two Ga,0j3 films
are remarkably similar to each other and different from the GaN film: Both Ga,O; films
have larger bandgaps compared to the reference GaN film (see the energy at which k starts
to deviate from zero or the listed values included in Figure 3.4); meanwhile, the a-Ga,0;
film deposited by using the GaN-mediated approach has a slightly larger bandgap compared

to the reference a-Ga,05/3-Ga, 03 mixed-phase film. Figure 3.4 also shows that while the
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Figure 3.4: Optical constants of the GaN-mediated in-situ oxidized Ga, O3 film compared to
two reference films after equal number of TEG doses. The values of bandgap and refractive
index at the photon energy of 1.96 eV (corresponding to the wavelength of 632.8 nm) are
listed for easier comparison.

refractive index (n) for the two oxide films are both smaller than GaN (as expected), using
the GaN-mediated deposition strategy results in a Ga,O; film with larger refractive index
values over the entire measured spectral range. This observation is consistent with the
crystal structure of the films noting that a-Ga, O3 has a higher atomic packing density (i.e.,
smaller molar volume) than -Ga, 03, and thus is expected to have a larger refractive index
compared to the 3 phase [22,23]. As seen in Figure 3.4, specifically at the photon energy
of 1.96 eV (equivalent to 632.8 nm), the GaN-mediated a-Ga,O; film has a high refractive

index value of 2.007 (+0.001), which is higher than the reported value of 1.97 for bulk
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B-Ga, 05 wafers [60] as well as other literature reports for Ga, 05 [23].

3.4 Summary and Conclusions

In summary, this work presented a deposition strategy for obtaining high quality a-Ga,0;
on GaN-compatible non-native substrates with atomic level control over the crystal struc-
ture. The results confirmed that sustained hexagonal scaffolding at the atomic scale, as a
result of using a GaN-mediated Ga,O; deposition approach, enabled by plasma-enhanced
ALD, plays a unique role in steering the atoms to form the crystal structure of a-Ga,0;
at a low thermal budget. This approach minimizes the formation of 3-Ga,0O; domains
and hinders formation of a mixed-phase material. It also makes integration of GaN and
Ga,0; components on a monolithic substrate possible and facilitates fast-track exploitation
of GaN technology advancements for development of Ga,O; electronics. Development of a
low temperature GaN-compatible deposition technology for Ga, 03 as a result of this work
is a key enabling technology for wide bandgap semiconductors leading to energy-efficient
electronic devices, not only in performance but also an energy-efficient fabrication pro-

CesSSs.
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Chapter 4

Deposition of 5-Gallium Oxide Films:
Achieving High Quality Films on
Non-Native Substrates Using Metastable

Buffer Layers

4.1 Chapter Overview

In an attempt to overcome challenges in growing high quality crystalline Ga,O3 on non-
native substrates and in order to enable the development of Ga,O3; semiconductor het-
erostructures and integration of Ga,O; with GaN electronics, this chapter demonstrates a
deposition strategy for obtaining 5-Ga,O; films on non-native substrates (including GaN-

compatible non-native substrates) as a key enabling technology for implementation of
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Ga,0; in next-generation electronic devices. A high quality layer of a metastable Ga,0;
phase (i.e., a phase other than the 3-Ga, 03 phase) is deposited prior to 5-Ga,O; growth.
This high quality metastable Ga,0O; layer serves as an intermediate layer on which highly
oriented crystalline 3-Ga, 05 with minimal inclusion of other Ga,O3 polymorphs is grown;
this process is independent of the instrument and can achieve $-Ga,O3 even on non-native
substrates. Establishing such intermediate layer together with the use of highly reactive
plasma species (for example, using plasma-enhanced atomic layer deposition) allow this
Ga,03 deposition approach to be performed at low thermal budgets while resulting in a
highly oriented 3-Ga,O; film with vanishing amounts of other Ga,O; polymorphs com-
pared to the conventionally deposited Ga,O;. The deposition strategy presented in this
chapter opens new horizons for accelerated development of high performance and energy-

efficient 3-Ga,O; electronics.

4.2 Experimental Details

Depositions were done at 277°C on single-side polished (R, < 0.3 nm) prime quality c-
plane sapphire wafers (see reference [8] or the Appendix for detailed specifications of the
wafers) by using a Kurt J. Lesker ALD 150-LX system equipped with a remote inductively
coupled plasma (ICP) source and a load lock. The error in determining the actual deposi-
tion temperatures was +3°C. The pressure of the reactor was ~1.1 Torr with ~1000 sccm
continuous flow of argon. In addition, 60 sccm oxygen or forming gas was introduced to the
reactor during plasma exposures with ~600 W forward power. This setup is also explained

in detail elsewhere [8,57]. Triethylgallium, TEG, (Strem Chemicals, Inc.) was electronic
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grade (99.9999% Ga) in a stainless steel Swagelok cylinder assembly which was not heated
during the depositions; all other gases (argon, oxygen, and N,/H, forming gas) were of ul-
trahigh purity (99.999%, Praxair Canada, Inc.). Substrates were exposed to 60 s plasma
to remove contamination and pretreat the surface prior to deposition. Conventional Ga,0;
depositions (used as one of the reference Ga,0O3 depositions and as the deposition method
for the topmost 5-Ga, 05 layer in this chapter) were done by using a recipe consisting of
0.1 s TEG dose, 20 s argon purge, 10 s oxygen plasma dose, and 12 s argon purge (reducing
the two purge times down to 3 s and 2 s, respectively, did not change the deposition results
for the conventional Ga,O; deposition). The details of the optimization procedures that
were used in this work are explained in references [4] and [5]. GaN-mediated a-Ga,0;
depositions (used as one of the reference Ga, O3 depositions) were done by using a recipe
consisting of 0.1 s TEG dose, 6 s argon purge, 15 s N,/H, forming gas plasma dose, 13
s argon purge, 1.5 s oxygen plasma dose, and 10 s argon purge (details of this deposition
approach are explained in detail in reference [7] and chapter 3.)

Ellipsometry measurements were done by using a J.A. Woollam M-2000DI spectro-
scopic ellipsometer, permanently mounted on the reactor at an incident angle of 70°, in
the spectral range of 0.73-6.40 eV (equivalent to 190-1700 nm) at intervals less than 0.05
eV. Ellipsometry data analysis was done by using CompleteEASE software. Thickness and
optical constants of the films were obtained based on Tauc—Lorentz modeling of the ellip-
sometry data (see reference [8] and chapter 2.3.1 for detailed explanation of the modeling
procedure).

Out-of-plane coupled 1D XRD scans were performed by using a Rigaku Ultima-IV

diffractometer equipped with a cobalt source, a D/Tex ultrahigh-speed position sensitive
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detector, and a K-/3 filter at a scan rate of 2°/min and 0.02° steps (which is equivalent to 0.6
s/step exposure). The patterns were converted to copper wavelength for easier comparison
with the literature.

Cross-section TEM lamella was prepared by low-energy ion polishing (to minimize
damage) using a ThermoFisher Helios Hydra DualBeam PFIB system. Atomic resolu-
tion STEM analyses (including STEM images and nano-beam diffraction patterns) were
performed by using a Thermo Scientific Themis Z S/TEM instrument equipped with a

high-angle annular dark-field (HAADF) detector.

4.3 Results and Discussion

4.3.1 Low Thermal Budget Deposition Approach and the Resulting
Crystal Structure

In our previous work (see chapter 3 and reference [7]), we demonstrated a GaN-mediated
deposition strategy for Ga,O; growth by which we were able to manipulate chemical re-
actions and phase transformations on the surface and, therefore, navigate the deposition
process to obtain high quality a-Ga,0s; films on GaN-compatible non-native substrates by
going through an intermediate GaN scaffold. Here, we introduce a deposition strategy that
achieves high quality 5-Ga,Os; films by using metastable Ga,O3 as an intermediate layer
(also referred to as buffer layer and/or seed layer in the following pages) prior to 5-Ga,O;
deposition. We choose a-Ga, O3 metastable polymorph as the seed layer to demonstrate

the process due to availability of previous data (in chapter 3 and reference [7]) for achiev-
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ing high quality o-Ga,O3; on non-native substrates. We show that by depositing the seed
layer before 3-Ga,0; deposition, a conventional deposition process that used to produce
a mixed-phase Ga,0; film successfully achieves high quality epitaxial 5-Ga,O3 on the
underlying metastable layer. To compare, we also show that depositing Ga,O; directly us-
ing the conventional deposition process (i.e., without any seed layers being deposited) at
the same deposition temperature and conditions results in a multiphase film containing a
mixture of a-Ga,03 and $-Ga,0; in the film.

The entire deposition is optimized to achieve crystallinity at the low temperature of
277°C, thereby establishing an energy-efficient fabrication process for growing 5-Ga,03
films on non-native substrates on which an intermediate layer of metastable Ga,O3 can be
initially grown to serve as the template. Once such template is available, the deposition
process would proceed in a conventional way to achieve 3-Ga,0j3 at a low thermal budget
(i.e., at temperatures that are hundreds of degrees lower than the processes currently in
use for 3-Ga,0; deposition). Fabrication of Ga,0; devices on non-native substrates using
this deposition strategy also allows for the transfer of thermal management technologies
that are already established for wide bandgap electronics [56] which will mitigate the low
thermal conductivity of 3-Ga,0O; and make devices available that are able to concurrently
handle higher power, higher voltage, and higher operating temperatures.

Figure 4.1 shows a schematic of the deposition steps used to demonstrate our strat-
egy for $-Ga,0; film growth. As seen in Figure 4.1, step (a) consists of depositing a
metastable Ga,O; phase on the substrate. In general, step (a) may be performed by any
deposition method that can produce metastable Ga, O3 on the substrate. As a particular ex-

ample, we used the GaN-mediated o-Ga, O3 deposition method based on our previous work
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Step (a):
Deposition of
substrate Metastable Ga,0,

Layer

Step (b):
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B-Ga,0, Layer

substrate

substrate

Figure 4.1: Schematic of the deposition steps for the method of the present work for form-
ing a thin film of 5-Ga, 05 on the substrate.

(see chapter 3 and reference [7]) which was shown to be able to produce very high quality
metastable a-Ga, 05 and had the added advantage of being able to perform the process on
GaN-compatible substrates. We chose sapphire, and more particularly c-plane sapphire, as
our substrate due to availability of abundant data for depositing Ga,O3 and relevant mate-
rials on this substrate [7,8,67,77]. Step (b) shown in Figure 4.1, represents a conventional
Ga,03 deposition process, which may be performed by any deposition method, that nor-
mally produces a mixture of 3-Ga,O; mixed with other Ga, O3 polymorphs on the substrate
if no buffer layers are involved. A particular example of such processes is the method pre-
sented in chapter 2 (also referred to as “conventional Ga, O3 deposition” in the following
pages) which results in a mixture of a- and -Ga, 03 phases in the film [8].

To demonstrate the quality of the metastable layer, Figure 4.2a and Figure 4.2b to 4.2d
show the XRD and the TEM results for an ~22 nm film of metastable a-Ga,O5 deposited
on c-plane sapphire by using the same method as utilized in this work. As shown in Figure
4.2a, an intense peak for a-Ga,03(006) is observed right next to a-Al,03(006) peak. No
other peaks from «-Ga,0; are present in the pattern which indicates that the a-Ga,0;
film is a highly oriented film with a-Ga,05(006) planes oriented parallel to the surface.

Meanwhile, 3-Ga,O; peaks are hardly detectable in Figure 4.2a which is indicative of their
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GaN-mediated Ga,O, deposition: (a)
GaN-mediated
substrate a-Ga,0, substrate
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Figure 4.2: (a) Out-of-plane coupled XRD pattern for a-Ga,Os3 deposited by using the
GaN-mediated Ga, 03 deposition method (the XRD pattern of the bare sapphire substrate
is included as a reference to better distinguish thin film peaks in the pattern), (b) atomic
resolution STEM image obtained with a HAADF detector highlighting the atomic columns
by using a combination of high-pass and radial Wiener filters, and (c, d) nano-beam electron
diffraction patterns of focused regions of the film (c) and the sapphire substrate (d).
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low population in the film (note that the XRD pattern of the bare sapphire substrate is
also included in Figure 4.2a to better distinguish thin film peaks). Meanwhile, the TEM
analyses in Figure 4.2, including the atomic resolution STEM image in Figure 4.2b, as
well as similar frames that are not shown here, confirm that the entire film (~22 nm) is
crystalline and that the crystal structure is predominantly a-Ga, O3 such that a-Ga,03(006)
planes are parallel to the surface. These results are also confirmed from the distinct and
intense diffraction spots in the electron diffraction patterns of focused regions of the film

and the substrate in Figure 4.2¢ and 4.2d, respectively.

Buffer-mediated Ga,0, deposition:

GaN-mediated 2\, 0, plasma 2
s | substrate | TEGdose Jg > ™% 9/ it
eposition

o : B-Ga,0, {201}

Intensity (a.u.), log scale

Bare sapphire

| e U
a-Al,O, (006) o -

! - ! » ¢ , ¢ , v, ¥, ¥ ¥ 1o, 111y ]

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
26 (°)
Figure 4.3: Out-of-plane coupled XRD pattern for Ga,O; deposited by using the buffer-

mediated epitaxial deposition method. The XRD pattern of the bare sapphire substrate is
included as a reference to better distinguish thin film peaks in the pattern.
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Figure 4.3 shows a schematic of the deposition steps as well as the out-of-plane XRD
scan results for an ~27.5 nm 3-Ga,0; film deposited at 277°C by using the buffer-mediated
epitaxial deposition approach proposed in this chapter. To explain further, the sample stud-
ied in Figure 4.3 consists of ~3 nm «a-Ga,0; as the seed/buffer layer deposited by using the
GaN-mediated deposition approach of our previous work (see chapter 3 and reference [7])
on which an ~27.5 nm of Ga,0; as the bulk film is deposited by using a conventional
deposition approach (see reference [8] as well as chapter 2 for details of the conventional
deposition process). As shown in Figure 4.3, three intense peaks from 3-Ga,05(201) family
of planes are observed parallel to the surface. More specifically, moving from low to high
26 angles in Figure 4.3, these 3-Ga, 05 peaks correspond to 3-Ga,03(201), 3-Ga,05(402),
and 3-Ga,03(603) planes, respectively. It is worth noting that because the underlying o-
Ga,03 seed layer has been shown to be of high phase purity even when deposited as a
thick film (see Figure 4.2 and reference [7] for results from an ~22 nm a-Ga,0O; film
deposited by using the same method as utilized in this work), we attribute the peaks for
3-Ga,03(201) family of planes to be coming from the bulk of the overgrown film (i.e., the
~27.5 nm topmost layer) and not from the seed/buffer layer. No other peaks from 5-Ga,0;
are present which indicates that the overgrown 3-Ga,Oj; film is a highly oriented film with
(3-Ga,03(201) family of planes oriented parallel to the surface. Meanwhile, the weak o-
Ga,03(006) peak observed right next to a-Al,03(006) peak in Figure 4.3, is attributed to
the a-Ga,05(006) planes present in the a-Ga,0;3 seed layer with negligible contributions
from a-Ga,0; inclusions in the bulk of the film. The results observed in Figure 4.3 indi-
cate that a single phase 5-Ga,O3 film has been achieved as a result of using a metastable

seed/buffer layer prior to 5-Ga,O5 deposition in accordance with the buffer-mediated epi-
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taxial deposition approach of the present work.

Conventional Ga,0, deposition:
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Figure 4.4: Out-of-plane coupled XRD pattern for Ga,O; deposited by using the con-

ventional Ga,0; deposition method. The XRD pattern of the bare sapphire substrate is
included as a reference to better distinguish thin film peaks in the pattern.

As a reference, Figure 4.4 shows that depositing Ga,O; directly on the substrate in a
conventional way (i.e., without any buffer layers being deposited) at the same deposition
temperature and conditions results in a mixture of a-Ga,03 and $-Ga, 05 in the film; this is
evident from observing intense peaks from a-Ga,03(006) planes as well as 3-Ga,05(201)
family of planes parallel to the surface (the corresponding scan of the bare sapphire sub-
strate is included as a reference to better distinguish thin film peaks in the pattern). Our

previous results on direct deposition of Ga, O3 on sapphire (see chapter 2 and reference [8])
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also show that even though a few monolayers of pseudomorhic o-Ga,0O3 exist along the
sapphire substrate interface, a mixture of o and 3 phases form throughout the bulk of such
film by using the conventional deposition process. Comparing the observed intensity of
B-Ga, 05 and a-Ga, 05 peaks in Figure 4.3 and Figure 4.4, a dramatic increase in the pop-
ulation of $-Ga,0j3 planes in the film is apparent as a result of using the buffer-mediated
epitaxial deposition approach of the present invention; it is estimated that the population
of 5-Ga,O; polymorph in the bulk of the film in Figure 4.3 is increased to > 90% (by
ratio of mass of 3-Ga,03 to mass of a-Ga,0O3 and [5-Ga,0;, collectively) as a result of
using the buffer-mediated epitaxial deposition of the present invention (compared to the al-
most equal proportion of a-Ga, 03 and 5-Ga, O3 polymorphs in the conventional deposition
case). This could be attributed to the fact that depositing a dominantly metastable phase
as an intermediate layer on the substrate before doing a conventional deposition increases
the free energy of the system which makes the formation of 3-Ga,0; in the subsequently
overgrown film more and more favorable when performing a conventional deposition pro-
cess on such high energy underlying template. In other words, limiting the formation of
[£-Ga, 05 domains in the seed/buffer layer by employing suitable strategies and/or restric-
tions (such as using an atomic scale GaN scaffold in our GaN-mediated deposition strategy
for growing high quality a-Ga,03), creates a lot of excess free energy in the system; there-
fore, once restrictions are removed and/or process conditions are changed from metastable
growth to mixed-phase or conventional growth, the most stable Ga,O3; polymorph (i.e., 3-
Ga,03) will be much more favorable to form (instead of a mixture of 3-Ga,O5; with other
polymorphs) because maximizing the population of 3-Ga,O; polymorph in the bulk of the

film will lead the system to reach its lowest energy state.
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4.3.2 Optical Properties at 277°C

In addition to crystal structure, we investigated optical properties of the films to gain addi-
tional insights into the quality and performance of the material. To that end, in-situ ellip-
sometry measurements were performed on the Ga,Oj3 film deposited by using the buffer-
mediated epitaxial deposition of 3-Ga,0; of the present work, as well as a reference Ga,0;
film with no seed/buffer layers involved during its deposition (i.e., grown by using the con-
ventional Ga,O; deposition approach), and a reference a-Ga,O; film deposited by using
the GaN-mediated Ga, O3 deposition approach. In all cases, the substrate was c-plane sap-
phire, and the measurements were performed after 450 doses of gallium precursor (i.e.,
triethylgallium or TEG in this instance) for depositing the film under study. This number
of TEG doses resulted in an ~27.5 nm [5-Ga,0j; film deposited on top of the metastable
seed layer, as well as an ~26 nm reference a-Ga,05/3-Ga,0O3 mixed-phase film deposited
by using the conventional approach, and an ~22 nm reference a-Ga,O; film deposited by
using the GaN-mediated approach, respectively — the difference in thickness of the Ga,0;
films while using the same number of TEG doses (i.e., constant Ga content in the films)
is consistent with the fact that 5-Ga, 05 has a larger molar volume than a-Ga,0; [22,23];
thus, an increase in the amount of 5-Ga,O; phase present in the film results in a thicker film
for a constant number of TEG doses. Accordingly, with a constant number of TEG doses,
the Ga,O; film deposited by using the buffer-mediated epitaxial deposition approach has
the largest thickness among all films confirming the largest population of 3-Ga,O; in this
film.

Figure 4.5 shows the values of extinction coefficient (k), refractive index (n), and
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Figure 4.5: Optical constants of the 5-Ga,0O; film deposited by using the buffer-mediated
epitaxial deposition method compared to two reference films after equal number of TEG
doses. The values of bandgap and refractive index at the photon energy of 1.96 eV (corre-
sponding to the wavelength of 632.8 nm) are listed for easier comparison.

bandgap for the three Ga,0O; films as well. As shown in Figure 4.5, using the GaN-mediated
deposition strategy results in a Ga,Os film with largest refractive index values over the en-
tire measured spectral range. This observation is consistent with the crystal structure of
the films noting that a-Ga, O3 has a higher atomic packing density (i.e., smaller molar vol-
ume) than $-Ga,0;, and thus is expected to have a larger refractive index compared to
the [ phase [22,23]. As seen in Figure 4.5, specifically at the photon energy of 1.96 eV
(equivalent to 632.8 nm) at which light absorption does not occur in gallium oxide (i.e., k

= 0 at 632.8 nm), the 5-Ga,O; film deposited by using the buffer-mediated epitaxial de-
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position approach of the present chapter has the lowest refractive index value among the
three films while the mixed-phase film deposited by using the conventional deposition ap-
proach has a refractive index value between the single phase films; this is consistent with
the fact that the conventionally deposited film comprises of a and 3-Ga, O3 phases. Figure
4.5 also shows that the 5-Ga,O; film deposited by using the buffer-mediated epitaxial de-
position approach has the lowest bandgap value compared to the other films, and the value
of bandgap increases as the a-Ga, O3 content increases in the film with the GaN-mediated
a-Ga, 03 film having the highest bandgap value; these observations are consistent with lit-
erature reports for bandgap values of o and 5-Ga,O3 [11] and further confirm the purity
of 3-Ga, 03 phase in the film deposited by using the buffer-mediated epitaxial deposition
approach. Based on Figure 4.5, the values of extinction coefficient (k) for the Ga,O; films
are similar to each other; meanwhile, compared to the other films, the 5-Ga,O; film de-
posited by using the buffer-mediated approach has a generally larger extinction coefficient
(k) in non-zero regions of the dispersions curve of k, which is indicative of a larger con-
centration of free carriers in the conduction band of the 5-Ga,O; film after the free carriers
have been excited to the conduction band by photons having high-enough energy (also see

reference [8] for more explanations).

4.4 Summary and Conclusions

This work presented a deposition strategy for obtaining high quality £-Ga,O; films on
non-native substrates (including GaN-compatible non-native substrates) at a low thermal

budget by taking advantage of an intermediate high quality metastable Ga,0O5 layer de-
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posited prior to 3-Ga,O3 growth. The results confirmed that using the buffer-mediated
epitaxial deposition approach plays a unique role in facilitating the formation of the crystal
structure of 5-Ga,O; in the overgrown film at a low thermal budget. This approach min-
imized the formation of non-3-Ga,0; domains and hindered formation of a mixed-phase
material. The deposition approach presented in this work makes the development of Ga, 03
semiconductor heterostructures and integration of Ga,O; with existing semiconductor de-
vice components on a monolithic substrate possible and facilitates fast-track development
of Ga,0j; electronics. Development of a low temperature technology for 5-Ga,O5; growth
(especially a GaN-compatible one) as a result of this work is a key enabling technology for
wide bandgap semiconductors leading to energy-efficient electronic devices that employ

advanced materials while being fabricated by using energy-efficient processes.
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Chapter 5

Energy-Efficient Heteroepitaxial
Gallium Oxynitride Thin Films with
Tunable Electrical and Optical

Properties

5.1 Chapter Overview

In this chapter, we aim at showcasing a series of depositions that can pave the way for
enabling the semiconductor industry to take advantage of the superior properties of both
GaN and Ga,0; (i.e., the high electron mobility of GaN for high frequency applications
and the high breakdown field of Ga,Oj; for ultrahigh power applications) by incorporat-

ing oxygen in GaN at low thermal budget (< 300°C) while obtaining a series of crystalline
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films. We show that our deposition approach, enabled by plasma-enhanced ALD, preserves
the GaN crystal structure as the backbone of the films while allowing to incorporate oxy-
gen in that backbone in a controlled manner to increase the bandgap (and therefore move
toward increasing the breakdown field, considering that breakdown field o< (E,)™ where m

is positive).

5.2 Experimental Details

Depositions were done at 277°C on single-side polished (R, < 0.3 nm) prime quality c-
plane sapphire wafers (see reference [8] or the Appendix for detailed specifications of the
wafers) by using a Kurt J. Lesker ALD 150-LX system equipped with a remote inductively
coupled plasma (ICP) source and a load lock. The error in determining the actual deposi-
tion temperatures was +3°C. The pressure of the reactor was ~1.1 Torr with ~1000 sccm
continuous flow of argon. In addition, 60 sccm oxygen or forming gas was introduced
to the reactor during plasma exposures with ~600 W forward power. This setup is also
explained in detail elsewhere [8,57]. Triethylgallium, TEG, (Strem Chemicals, Inc.) was
electronic grade (99.9999% Ga) in a stainless steel Swagelok cylinder assembly which was
not heated during the depositions; all other gases (argon, oxygen, and N,/H, forming gas)
were of ultrahigh purity (99.999%, Praxair Canada, Inc.). Substrates were exposed to 60 s
forming gas plasma to remove contamination and pretreat the surface prior to deposition.
Reference GaN depositions were done by using a recipe consisting of 0.1 s TEG dose, 3 s
argon purge, 15 s forming gas plasma dose, and 2 s argon purge. Reference Ga, 03 depo-

sitions were done by using a recipe consisting of 0.1 s TEG dose, 20 s argon purge, 10 s
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oxygen plasma dose, and 12 s argon purge (reducing the two purge times down to 3 s and 2
s, respectively, did not change the deposition results for the reference Ga,03). The details
of the optimization procedures that were used in this work (similarly performed for both
GaN and Ga,0;) are explained in references [4] and [5]. Gallium oxynitride depositions
were done by using a recipe consisting of X number of cycles of GaN followed by an oxy-
gen plasma exposure, where the GaN cycles consisted of 0.1 s TEG dose, 6 s argon purge,
15 s forming gas plasma dose, and 13 s argon purge (the forming gas plasma dose time was
chosen to ensure completion of GaN formation reactions); after repeating such GaN cycle
for X number of times, 1.5 s oxygen plasma dose followed by 10 s argon purge were used
to incorporate oxygen in the GaN film (the oxygen plasma dose time was chosen to ensure
sufficient reaction of nitride and oxide using GaN and Ga, O3 enthalpies of formation [75]
as guides and also to keep the experimental parameters consistent with the parameters in
chapter 3). The (GaN)x:0; reaction sequence was repeated to achieve the desired film
thickness (the films are also referred to as X:1 throughout this chapter, and X is referred to
as the "cycle ratio").

Ellipsometry measurements were done by using a J.A. Woollam M-2000DI spectro-
scopic ellipsometer, permanently mounted on the reactor at an incident angle of 70°, in
the spectral range of 0.73-6.40 eV (equivalent to 190-1700 nm) at intervals less than 0.05
eV. Ellipsometry data analysis was done by using CompleteEASE software. Thickness and
optical constants of the films were obtained based on Tauc—Lorentz modeling of the ellip-
sometry data (see reference [8] and section 2.3.1 for detailed explanation of the modeling
procedure).

Out-of-plane coupled 1D XRD scans were performed by using a Rigaku Ultima-IV
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diffractometer equipped with a cobalt source, a D/Tex ultrahigh-speed position sensitive
detector, and a K-{ filter at a scan rate of 2°/min and 0.02° steps (which is equivalent to 0.6
s/step exposure). The patterns were converted to copper wavelength for easier comparison
with the literature.

The surface morphology of the films was examined by using a Bruker Dimension Edge
atomic force microscope (AFM) with Si cantilevers (which did not have backside coating)
in tapping mode with drive voltages between 2.0 and 2.2 V at a scan rate of 1 Hz. Areas as
large as 3 um by 3 um were scanned, and the results did not change by analyzing smaller
surface areas. NanoScope Analysis software was used to remove tilt by applying a first-
order-flattening filter and to analyze the data.

Resistivity was measured by using the van der Pauw method by a Nanometrics HL5500
instrument equipped with a high impedance buffer amplifier/current source (HL5580).

Details of X-ray photoelectron spectroscopy (XPS) analyses along with the correspond-

ing results are included in the Appendix.

5.3 Results and Discussion

5.3.1 Bandgap, Thickness, and Optical Properties at Different Cycle
Ratios

The bandgap (E,), thickness, and optical properties of the films on sapphire obtained from
ellipsometry after 450 doses of the gallium precursor (TEG) at different GaN:O cycle ra-

tios (i.e., different values of X') are shown in Table 5.1 as well as Figures 5.1a and 5.1b.
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| n@ n@ n@
[;amt‘f € | thickness (A) Eg (eV) 1.770eV 1.960eV | 2.480eV MSE
uration (700nm) | (632.8nm) | (500nm)
Pure GaN
Reference 220.32+3.74 2.125+£0.033 2.122 2.141 2.224 10.318
[450 cycles]
> (GaN)x20-Ox1
1 .
& | 1a50TEG doses 278.49 £+1.53 | 2.638+0.020 2.045 2.057 2.101 5.302
> (GaN)x10-Ox1
1 .
2 450 TEG doses] 338.69 + 1.05 3.068 £ 0.017 1.897 1.906 1.938 3.203
0 (GaN)xs-Oxd 285.16 + 1.07 | 3.846+0.015 1.867 1.874 1.897 2.514
v [450 TEG doses] . - ' - ) ) : :
Pure Gax0s
Reference 262.10 £+ 0.64 | 4.772 +0.020 1.944 1.950 1.973 2.998
[450 cycles]

Table 5.1: Results of modeling the ellipsometry data for gallium oxynitride films grown
on sapphire substrate at different GaN:O cycle ratios (i.e., different values of X)) after 450
doses of TEG.

Because sapphire is a dielectric with a very wide bandgap (~9 eV), the Cauchy model
was used to determine optical constants of the sapphire substrate over the entire measured
spectral range. A delta offset was also added to the model to correct for strained windows.
Because the general structure of the gallium oxynitride films optical constants (n, k) versus
wavelength was not known before the measurements, a B-spline model was first used to fit
for n, k, and film thickness, and then the model was parametrized to a Tauc—Lorentz model
to provide a good starting point for fitting a final Tauc—Lorentz model to the experimental
data. This procedure was extremely beneficial in obtaining very low mean-squared error
(MSE) values for the final fits and obtaining repeatable fit results (including n, k, E,, and
thickness).

As evident from Table 5.1, bandgap increases with increasing the number of oxygen
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Figure 5.1: Optical constants of gallium oxynitride films grown on sapphire after 450 doses
of TEG as a function of photon energy. The error in refractive index and extinction coeffi-
cient values is limited to #£0.001 in all cases.
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exposures per 450 TEG doses, that is, the films that are grown using a smaller GaN:O
cycle ratio (equivalent to a smaller value of X) have a larger bandgap. Comparing the
bandgap of gallium oxynitride films with pure GaN and Ga,0; films grown at the same
temperature after the same number of TEG doses reveals that the bandgap of the gallium
oxynitride films fall between the bandgap of pure GaN and Ga,0Oj; films. A similar trend is
observed for the refractive index (n) and the extinction coefficient (k) values in Figure 5.1
as well.

Based on ellipsometry results, gallium oxynitride films are all thicker than the pure
GaN film deposited by using the same number of TEG doses. Meanwhile, ellipsometry
results show that the X = 10 film appears thicker than the other oxynitride films (see Table
5.1) while also having slightly different dispersion curves for its optical properties (see the
dispersion of refractive index (n) and extinction coefficient (k) for this film in Figure 5.1).
The reason for these results is not clear, and further analysis (including TEM analysis to
confirm the thickness and the internal structure of the films) is required to shed light on

these results.

5.3.2 Resistivity as a Function of Cycle Ratio

Figure 5.2 shows the electrical resistivity along with the bandgap of the gallium oxynitride
films grown on sapphire. The electrical resistivity and the bandgap of a reference GaN film
on sapphire and a reference Ga,O; film on sapphire are also shown in this figure. As shown
in Figure 5.2, electrical resistivity of the gallium oxynitride films increases by increasing

the number of oxygen exposures per 450 TEG doses, that is, the films that are grown using
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a smaller GaN:O cycle ratio (equivalent to a smaller value of X') have a larger resistivity.
The resistivity of the gallium oxynitride films falls between the resistivity of pure GaN and
Ga,0; films (note that all films were grown using the same number of TEG doses (i.e.,
450 doses) except the reference Ga,Os film used for resistivity measurements which was
grown using 700 TEG doses to obtain a thicker film (~38 nm) for resistivity measurements
because thinner Ga, 5 films would have resistance values outside the instrument measure-
ment capabilities). The same trend is observed for bandgap as well (see section 5.3.1 for

more details on variations of bandgap with cycle ratio).
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Figure 5.2: Resistivity of the gallium oxynitride films along with a reference GaN film and
an ~38 nm Ga,0; film grown on sapphire at the same deposition temperature. All films
were grown using the same number of TEG doses (i.e., 450 doses) except the ~38 nm
Ga,0; film which was grown using 700 TEG doses to obtain a thicker film for feasible
resistivity measurements.

77



CHAPTER 5. GALLIUM OXYNITRIDE FILMS

GaN(002) peak

GaN(004) peak

b S n L

T

RLML*—MIJ

Bare Sapphire

e I

0 15 20 25 30 35 40 45 50 55 60 65 70 75
26 (°)

Intensity (a.u.), log scale
) é L

a-Al0,(006) peak
| 2 3‘ | }p |

Figure 5.3: Out-of-plane coupled XRD patterns for the gallium oxynitride films along with
a reference GaN film grown on sapphire at the same deposition temperature. All films were
grown using the same number of TEG doses (i.e., 450 doses). The XRD pattern of the bare
sapphire substrate is included as a reference as well to better distinguish thin film peaks in
the patterns.

5.3.3 Crystal Structure as a Function of Cycle Ratio

XRD patterns were obtained for gallium oxynitride samples grown at different GaN:O
cycle ratios (i.e., different values of X) on c-plane sapphire, Si(100), Si(111), Si(110),
and glass. In all cases, the XRD pattern of the corresponding substrate was used as a
reference to better distinguish thin film peaks in the patterns. No crystallinity was observed
on Si(100), Si(111), Si(110), and glass. Meanwhile, the gallium oxynitride films on c-plane
sapphire showed peaks in their XRD patterns at all cycle ratios.

Figure 5.3 shows the results of out-of-plane 1D coupled XRD scans of the gallium
oxynitride films along with a reference GaN film deposited on sapphire as well as the
corresponding scan of the bare sapphire substrate as reference. The single crystal c-plane

sapphire substrate is expected to show a peak at 26 = 41.80° corresponding to a-Al,O3(006)
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planes (considering the average of K-a1 and K-a2 peak locations) [62]. The a-Al,O3(006)
peak is evident in Figure 5.3 as the strongest peak.

Comparing the reference sapphire pattern with patterns of the thin film coated samples
in Figure 5.3, a set of major peaks can be distinguished as gallium oxynitride thin film peaks
corresponding to regularly arranged planes parallel to the surface. As can be seen in Figure
5.3, these peaks are in close proximity of GaN(002) and GaN(004) peaks of the reference
GaN film. Comparing 20:1, 10:1, and 5:1 samples, GaN(002) peak shifts to lower angles
(i.e., higher d-spacings) as the oxygen exposure increases (or the cycle ratio, X, decreases).
This could be explained by noting that gallium atoms need to be slightly displaced along
the c-axis to enable the crystal structure of w-GaN to adjust for oxygen incorporation (see
Figure 3.1, considering that a-Ga, O3 has the closest structure to w-GaN among Ga,0;
polymorphs). Figure 5.3 also shows that the intensity of the GaN(002) peak decreases
and its broadness increases by increasing the number of oxygen exposures per 450 TEG
doses, that is, the films that are grown using a smaller GaN:O cycle ratio (equivalent to
a smaller value of X') have weaker and broader peaks indicative of a possible decrease in
their crystalline content. Meanwhile, it is noteworthy that in all cases, the crystalline planes
remain highly oriented. Further analysis (including TEM analysis to investigate the internal
structure of the films) can be very helpful in clarifying these results.

It was shown in chapter 3 that when oxygen exposure is done after depositing only one
cycle of GaN (equivalent to X = 1) a hexagonal arrangement of Ga atoms acts as an atomic
scale scaffold and navigates the oxygen atoms to convert GaN to a-Ga,O;. However, by
depositing more than one cycle of GaN (such as depositing 5, 10, or 20 cycles of GaN)

prior to oxygen exposure, we no longer have the simple hexagonal scaffold that existed for
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Figure 5.4: View of two monolayers of w-GaN along the c-axis; Ga atoms are green and
dark blue circles, and nitrogen atoms are smaller grey circles.

the case of X = 1 because each unit cell of w-GaN consists of two layers of such hexagonal
scaffolds that are not aligned exactly on top of each other. This has been illustrated in
Figure 5.4 where the first hexagonal layer of Ga atoms in a unit cell of w-GaN is shown
by using green circles (similar to Figure 3.1 in chapter 3) and the second layer is shown
by using dark blue circles. As evident in Figure 5.4, depositing more than one monolayer
of w-GaN results in the two hexagonal layers stacking on top of each other in a way that
interferes with straightforward formation of «-Ga, O3 (compare Figure 5.4 with Figure 3.1c
in chapter 3). This crystallographic arrangement of the metal atoms in a w-GaN unit cell
along with increased stability of GaN multilayers compared to a monolayer of GaN is

consistent with our XRD results showing that gallium nitride retains its stability for thin
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Bare Sapphire

Substrate

5:1 (450 TEG doses)

10:1 (450 TEG doses)

20:1 (450 TEG doses)

GaN (450 TEG doses)

Ra 0.058nm 0.942nm 0.656nm 0.694nm 0.251nm
Rq 0.073nm 1.21nm 0.836nm 0.877nm 0.316nm
Rmax (= Z range) 0.84nm 11.5nm 7.71nm 7.32nm 2.66nm
Skewness [compared to zero] +0.098 +1.06 +0.551 +0.510 -0.0585
; 3.45 4.75 3.72 3.41 3.12
KurtOSIS [Compared to 3] [almost normal] [very spiked] [spiked] [almost normal] [almost normal]

Table 5.2: AFM statistics for the gallium oxynitride films along with a reference GaN
film grown on sapphire at the same deposition temperature and using the same number of
TEG doses (i.e., 450 doses). While the nominal average roughness of the c-plane sapphire
substrate is R, < 0.3 nm, an example of actual statistics for a piece of bare sapphire is also
included for reference.

film samples deposited using X =5, 10, and 20; this is evident by the presence of highly
oriented GaN(002)-like planes in these samples being merely shifted to higher d-spacings
by increasing oxygen exposure. This is not a common observation in the literature for
incorporation of oxygen in GaN where amorphous films with varying compositions (either
amorphous Ga, 05 or amorphous gallium oxynitrides) or 5-Ga,0; films are often obtained

as a result of attempting to incorporate oxygen in the gallium nitride lattice.

5.3.4 Surface Roughness as a Function of Cycle Ratio

AFM measurements were performed on the gallium oxynitride films deposited on sapphire
at several locations on each sample, and the representative statistics are shown in Table 5.2.
If one uses the nominal average roughness of the bare sapphire substrate as a reference (R,
< 0.3 nm), it is evident that all of the films listed in Table 5.2 are still relatively smooth
based on their corresponding values of R,. In all cases, Ry is slightly larger than R, which
is expected since R, is known to represent the mean absolute profile, making no distinction

between peaks and valleys, while R, is more sensitive to peaks and valleys due to squaring
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Figure 5.5: 2D and 3D AFM profiles for the gallium oxynitride films along with a reference
GaN film grown on sapphire at the same deposition temperature and using the same number
of TEG doses (i.e., 450 doses).

of the amplitude in its calculation [74]. As shown in Table 5.2, the 5:1 film is the roughest
among all films with the largest R, Ry, and Ry« (even though these values are still small
by themselves).

Table 5.2 also lists the skewness parameter as a measure of the degree of bias of the
roughness shape. Skewness is not large compared to zero for any of the films, indicating
that the height distribution on the surface is almost symmetrical around the mean plane.
Another parameter that was extracted from the AFM measurements and is shown in Table
5.2 is the kurtosis value as a measure of the population of sharp features in the surface
profile. A value of 3 for the kurtosis parameter indicates that sharp and indented features
occur equally frequently in the height distribution, similar to a normal distribution, and
that the population of outliers is negligible. As listed in Table 5.2, the 5:1 film has a
spiked height distribution compared to the other films, indicated by its larger kurtosis value
compared to the other films.

Figure 5.5 provides visual representation of surface profile of the gallium oxynitride
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films on sapphire deposited at different cycle ratios along with the reference GaN film. For
each sample, the scales of the 2D and 3D profiles are the same and were set in a way that
low population tails in the height distribution are excluded. Figure 5.5 confirms the overall

smooth surface of the films, consistent with the low roughness values reported in Table 5.2.

5.4 Summary and Conclusions

In this work, we proposed a series of depositions for incorporation of oxygen in the crystal
structure of GaN at low temperature and showed that these deposition strategies can be used
to tune the structure as well as the properties of the resulting films. We obtained gallium
oxynitride films with tunable lattice constant, bandgap, and resistivity that can be used in
both electronic and optoelectronic devices either as the active layer of the device or as a
passive component used to adjust the properties and the performance of such devices. The
results of this work enable growth of gallium oxynitride thin films, with superior material
properties offered by ALD, not only with potential applications as high-performance mate-

rials in reducing energy consumption but also with an energy-efficient fabrication process.
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Chapter 6

Summary and Future Work

6.1 Summary and Contributions to Knowledge

One of the shortcomings in the field of electronics is energy waste that can happen at
several stages, including losses that occur because of fundamental material limitations, as
well as excessive energy consumption that occurs during the fabrication of the electronic
devices. This work demonstrated a number of strategies for energy-efficient fabrication of
high quality crystalline films of gallium oxide and oxynitrides as novel wide bandgap semi-
conductors with potential applications in a broad range of electronic devices. The strategies
shown in this work are easy to implement in fabrication process flows, they increase the
material selection versatility, and they save energy. Therefore, the strategies presented in
this work, can play a positive role in advancing the human society by helping to realize
next-generation electronic device components as well as by improving energy accessibility
in the world through decreasing energy consumption.

Specifically, in Chapter 2, an optimized atomic layer deposition (ALD) process is used
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to deposit gallium oxide (Ga,Os3) thin films on a variety of common substrates aiming to
obtain crystalline gallium oxide at very low temperatures. The onset of crystallinity for-
mation was determined to be as low as 190°C on c-plane sapphire, above which crystalline
films consisting of a mixture of a-Ga, 05 and 3-Ga,0; are obtained. A targeted annealing
study was performed to successfully obtain 3-Ga, O3 on c-plane sapphire at 550°C. Both of
these temperatures (190°C and 550°C) are, to the best of our knowledge, the lowest tem-
peratures reported in the literature at which ALD-grown crystalline gallium oxide films are
obtained as-deposited and annealed, respectively. These results provide insights into the
development of a low-temperature crystalline gallium oxide technology that will lead to
energy-efficient electronic devices, not only in performance but also in an energy-efficient
fabrication process.

In Chapter 3, a self-regulated process is introduced for controlling Ga,O; crystallinity
to achieve a-Ga,0j; through a stepwise in-situ plasma-enhanced oxidation of a wurtzite
GaN (w-GaN) template. The entire deposition is optimized to achieve crystallinity at the
low temperature of 277°C, thereby establishing an energy-efficient fabrication process for
growing crystalline Ga,O; films on non-native substrates. This deposition process success-
fully achieves a-Ga, O3 through stepwise construction of an atomic scale hexagonal scaf-
fold of gallium atoms while taking advantage of plasma species to transform nitride to oxide
at a low thermal budget. Fabrication of Ga,O3; devices on GaN-compatible non-native sub-
strates using this deposition strategy allows for the development of next-generation elec-
tronic devices which are able to concurrently handle higher power, higher voltage, and
higher operating temperatures. More importantly, the atomic level scaffolding process in-

troduced in Chapter 3 can be used for other materials as well to enable growth of metastable
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and stable phases of materials on substrates that are not currently possible.

In Chapter 4, a deposition strategy is presented that achieves high quality 5-Ga,0;
films by using metastable Ga,03 as an intermediate layer prior to 5-Ga,O5; deposition.
This process enables deposition of high quality 3-Ga,O; on substrates that are compatible
with different Ga,O3 polymorphs (i.e., not just with 5-Ga,O; but also with metastable
polymorphs) and paves the way for accelerated development of 3-Ga,0; devices on non-
native substrates.

In Chapter 5, we investigate the possibility of low temperature ALD growth of gallium
oxynitride films in an attempt to preserve the crystal structure of w-GaN as the background
matrix material while inserting oxygen anions in the GaN lattice to increase the bandgap
(and thus the breakdown voltage). Uniform pinhole-free films were obtained for use in
electronic device applications or for use as buffer layers in epitaxial growth techniques.

Overall, this thesis provides fundamental understanding of low thermal budget growth
of gallium oxide thin films on non-native substrates. Going beyond conventional methods
or specific materials, this thesis also demonstrates a unique scaffolding strategy as a means
by which desired thin film crystallinity can be achieved even in cases where a suitable
substrate is not accessible. Demonstrating the effectiveness of this scaffolding strategy in
growing single-phase gallium oxide films on non-native substrates provides the foundation
for exploiting the potential of this strategy in growing crystalline phases of other techno-

logically important thin films.

86



CHAPTER 6. SUMMARY AND FUTURE WORK

6.2 Future Work

The field of wide bandgap electronics, and especially gallium oxide electronics, is an
emerging field with great potential for research and development. An interesting area for
future work, using the deposition strategies presented in this work, would be to pursue im-
plementation of the films grown in this study in electronic and optoelectronic devices; this
will allow direct measurement of the electronic and optoelectronic properties of these thin
films (including their exact breakdown field and electron mobility) and will allow compar-
ison of these properties to the properties of bulk materials. The gallium oxynitride films
obtained in this work can be specifically interesting to study in further detail for applica-

tions as buffer layers in epitaxial thin film growth.
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Appendix A

Specification of the Substrates

Single-Side Polished Sapphire Wafer

Grade Prime

Orientation C-plane (0001), 0.2 + 0.1° off M-axis, 0 + 0.1° off A-axis
Dopant Undoped

Thickness 430 + 25 um

Front Surface

Epi-polished, R:< 0.3 nm

Back Surface

Fine-ground, Ra =0.8—1.2 um

Single-Side Polished Si (100) Wafer

Grade Prime
Orientation (100) + 0.5°
Dopant Boron (p-type)
Resistivity 1-10Q.cm
Thickness 500 + 25 um

Front Surface

Mirror Polished

Back Surface

Lapped, Etched

Single-Side Polished Si (110) Wafer

Grade Prime
Orientation (110) £ 0.5°
Dopant Boron (p-type)
Resistivity 5-10 Q.cm
Thickness 525+ 25 um

Front Surface

Mirror Polished

Back Surface

Lapped, Etched

Single-Side Polished Si (111) Wafer

Grade Prime

Orientation (111) +1°

Dopant Phosphorus (n-type)
Resistivity 320 -480 0.cm
Thickness 500 — 550 pm

Front Surface

Mirror Polished

Back Surface

Lapped, Etched

Glass Slides
Grade ‘ Precleaned Plain Pear| Microscope Slides
Thickness ‘ 1.0-1.2mm

Table A.1: Specification of the substrates.
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Appendix B

Further Analysis of Gallium Oxide Thin

Films of Chapter 2

B.1 X-ray diffraction analysis by 20-w (rocking) scans

To examine the broadness of thin film peaks for crystalline films on sapphire and examine
possible strain in those films, XRD measurements were performed using rocking scans
(aka 26-w scans) by Bruker D8 Discover diffractometers producing K-« radiation of either
cobalt or copper, Vantec 500 detectors and a sample-to-detector distance of 20 cm at an
exposure of 140 s/step with 0.4° to 0.5° w scan steps. To perform the measurements, 26
was kept constant by moving both the detector and the X-ray source altogether while w
was being scanned. The 26 angle was chosen such that the three peaks corresponding to
a-Al,05(006), a-Ga,05(006) and $-Ga,05(402) can be simultaneously captured in each
frame.

The resulting patterns are shown in Figure B.1 (The data for the bare sapphire and the
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as-deposited film has been collected using cobalt X-ray source. However, all the patterns
have been converted to Cu wavelength for easier comparison with each other and with
literature patterns). The small broadness of the thin film peaks in Figure B.1 indicates the
high crystalline quality of both a-Ga,03(006) and 3-Ga,03(402) in the thin films (film
intensity distributions while varying w in Figure B.1 are as narrow as the single crystal

substrate intensity distribution).

a-AlO, (006)

a-Ga,0, (006)

Bare Sapphire

Intensity (a.u.), log scale

14 15 16 17 18 19 20 21 22 23 24 25 26

o (°)

Figure B.1: Results of XRD rocking scans (aka 26-w scans) for Ga,O3 samples on sapphire
collected at 26 = 41° (based on Cu wavelength). Dotted lines specify peak positions in
relaxed crystals. Rocking curve of the bare c-plane sapphire substrate is also included as
reference. The data has been collected using either cobalt or copper X-ray source. However,
all the patterns have been converted to Cu wavelength for easier comparison with each other
and with literature patterns. The intensities in this figure have been normalized such that
the intensity of the a-Al,03(006) peak is the same in all the patterns.
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Sample (on c-plane sapphire) Crystalline phase and plane Calculated strain
a-Gay0s (006) -0.19%
277°C As-Deposited —
B-Ga,0s (402) +1.04%
550°C Annealed B-Gay0s3 (402) -0.50%

Table B.1: The amount of strain in the 277°C as-deposited film on sapphire as well as
the 550°C annealed film on sapphire based on deviation of the film peak positions from
expected relaxed peak positions observed in XRD rocking curves.

Moreover, Figure B.1 shows that both the 277°C as-deposited film on sapphire as well
as the 550°C annealed film on sapphire are partially strained. The strain in each phase in
these epitaxial films was calculated based on the deviation of the film peak positions from
expected relaxed peak positions, and the results are listed in Table B.1 indicating that the

amount of strain in the films is small.

B.2 In-plane X-ray diffraction analysis by off-specular -

scans

In order to study in-plane orientation of 5-Ga,O3; domains on sapphire (i.e. to study planes
that are non-parallel to the sample surface), XRD measurements were performed using
off-specular (-scans by a Bruker D8 Discover diffractometer equipped with an IuS copper
source along with MONTEL optics producing Cu K-« radiation, a LYNXEYE XE detector
at exposures ranging from 35 to 50 s/step with 0.25° p-scan steps. More specifically, (-
scans were performed at the 26 angle of each plane of interest while the sample was tilted
to an appropriate y angle so that the normal to the plane of interest bisects the beam path.

Figure B.2 shows the patterns corresponding to -Al,03(102) and 3-Ga,05(401) planes
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2288 ] 8-Ga,0,(401), (c)
4000 -
3500 -
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100000
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Figure B.2: Results of off-specular ¢-scans for (a) sapphire (102), (b) (3-Ga,03(401) in the
277°C as-deposited film, and (c) 5-Ga,05(401) in the 550°C annealed film.

observed in off-specular ¢-scans for the 277°C as-deposited film on sapphire as well as
the 550°C annealed film on sapphire. Appearance of three peaks in the a-Al,O3(102) -
scan reveals the three-fold symmetry of the underlying sapphire substrate (belonging to the
space group R3c). Meanwhile, considering the centrosymmetric structure of 3-Ga,Os (be-
longing to the space group C2/m) two peaks are expected to be observed in 3-Ga,03(401)
p-scan. Appearance of six peaks in 3-Ga,05(401) ¢-scan each one having 30° -offset
from the a-Al,03(102) peaks, reveals that there are three in-plane orientations of 3-Ga,0;
in the film matching the symmetry of the underlying sapphire substrate, with approximately
same population, and all with the same normal orientation of -Ga,0;(201) ||a-Al,05(006).

Similar observations for epitaxial 5-Ga,O; films on sapphire have been investigated in de-
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tail in the literature (see, for example, references [69] to [72] for relevant discussions) and
have been attributed to the fact that 5-Ga,O; has a less symmetric crystal structure than
a-Al,O5 thereby enabling the formation of more than one in-plane orientation of 5-Ga,0;

on Oé—AlgOg .

B.3 Optical properties of gallium oxide on sapphire before

and after annealing

Figure B.3 shows the dispersion of refractive index (n) and extinction coefficient (k) for
gallium oxide films on sapphire before and after annealing over the entire ellipsomerty
spectral range based on Tauc—Lorentz modeling of the ellipsometry data. In addition, Table
B.2 compares the optical bandgap for those films as well as their refractive index (n) at the
selected photon energy of 632.8 nm (equivalent to 1.96 eV, at which light absorption does
not occur in gallium oxide) and their maximum value of extinction coefficient (Kyax).

As evident from both Figure B.3 and Table B.2, the 550°C annealed film on sapphire
has a larger bandgap, larger k,,.x and overall larger refractive indices compared to the start-
ing film (i.e. the 190°C as-deposited film). These results are consistent with the fact that
annealing the 190°C as-deposited film (which is at the onset of crystallinity) at the temper-
ature of 550°C has transformed the film to a highly oriented S-gallium oxide film.

Furthermore, considering that a-Ga, O3 has higher packing density of atoms (therefore
larger refractive index) than 5-Ga,O;3 and based on the refractive index values reported

in Table B.2 (in this Appendix) and Figure 2.2 (in the main text), it is worth noting that
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Figure B.3: Optical constants of Ga,O; films on sapphire before and after annealing as a
function of photon energy based on Tauc—Lorentz modeling of the ellipsometry data. The
photon energy corresponding to 632.8 nm (i.e., 1.96 eV) has been identified by a dashed
line for reference.

while the as-deposited films that have high crystalline quality and a higher amount of -
phase mixed with the beta-phase (see the film deposited at Ty, = 277°C as an example)
can have slightly larger refractive index values compared to the 550°C annealed film due
to the absence of the a-phase in the 550°C annealed film, the 550°C annealed film still has
reasonably large refractive index (n > 1.9 at 632.8 nm) compared to the reported value of
1.97 for bulk 5-Ga,0; wafers [60]. Meanwhile, as mentioned in the manuscript, the best
as-deposited film properties on sapphire were obtained at T, = 277°C beyond which the

crystal structure slightly degraded and the bandgap decreased; It is worth noting that the
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Sample E; (eV) nat 632.8 nm e MSE
190°C As-Deposited 4.094 £0.014 1.870 0.365 2.837
550°C Annealed 4.447 £0.014 1.908 0.384 1.892

Table B.2: Comparison of optical properties for ~38 nm Ga,0O; films on sapphire before
and after annealing based on Tauc—Lorentz modeling of the ellipsometry data. The error in
refractive index and extinction coefficient values is limited to £0.001 in all cases.

550°C annealed film still has a larger bandgap than the films deposited at Ty, > 277°C
which is an indication of the relatively low defect density in the 550°C annealed film as a
pure S-phase epitaxial film with no a-Ga,0O; inclusions that could be detected by XRD in

the film.
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Appendix C

XPS Analysis of Selected Gallium

Oxynitride Thin Films of Chapter 5

Chemical composition of the gallium oxynitride films was studied via Angle Dependent
X-ray photoelectron spectroscopy (ADXPS) by using a PHI VersaProbe III (VP3) Scan-
ning XPS Microprobe. ADXPS is a non-destructive technique to analyze the thickness and
composition of thin-film stacks with ultra thin thickness with a few A thickness sensitiv-
ity to detect chemical elements. All the samples appeared uniform when studied by this
technique and no periodicity in the composition was detected.

Chemical composition of a selected gallium oxynitride film (the film with 10:1 cycle
ratio, or X = 10) was also studied by using a Kratos AXIS Ultra X-ray photoelectron
spectroscopy (XPS) using Al (1486.69 eV) X-ray source at 50° incidence angle. A piece
of sample was left exposed to the atmosphere for at least overnight before the XPS analysis
while another piece was kept under vacuumat all times before the XPS analysis and only

was taken out of vacuum momentarilty to be transferrred to the XPD chamber. Charge
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effects were corrected using C 1s peak as follows: Adventitious carbon 1s peak was fitted to
determine its constituent sub-peaks and then the aliphatic carbon 1s peak center was shifted
to 284.8 eV adjusting the rest of the spectrum. Casa XPS was used for this analysis: Shirley
background was applied to subtract the inelastic background; non-linear optimization using
the Marquardt Algorithm was used to determine the peak model parameters such as peak
positions, widths and intensities; the model peak to describe XPS core level lines for curve
fitting was a product of Gaussian and Lorentzian functions.

Figure C.1 shows the aliphatic carbon 1s peak center for all samples (i.e., the film with
10:1 cycle ratio kept under vacuum, the same film freely exposed to atmosphere before the
analysis, a reference GaN film, and a reference Ga,O; film) after the adjustment described
above at the binding energy (BE) of 284.8 eV.

Survey spectra for the analyzed samples are shown in Figure C.2.

Figure C.3 shows the high resolution scans for the Ga 3d peak indicating that the Ga 3d
peak has the lowest binding energy in GaN and the highest binding energy in Ga,0s. The

Ga 3d peak in the gallium oxynitride films shows a binding energy between the pure films.
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Figure C.1: The aliphatic C 1s peak center for all samples.
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Figure C.2: Survey spectra for the analyzed samples.

114



APPENDIX C. XPS ANALYSIS OF SELECTED GALLIUM OXYNITRIDE THIN FILMS OF CHAPTER 5

Ga 3d - high resolution
3500 T T T
Ga3d - Gazoa
Ga3d - GaN
Ga3d - 10:1 kept in vacuum
3000 i\ Ga3d - 10:1 kept in air overnight |
:.f \\‘I
\
AW
2500 If A\ .
[\l
) i
o\
I
20001 | -
o |
S |
z [ |
w t
c ]
g !
£ 1500 | -
|
1
|
1
|
‘I‘.
l
1000 | E
\\
| "w.\‘
/;'.‘ \
\
- \ .
500 \\
/ \
HE e ‘\
’_/,_,; g "\
D S N
0 I I | | [ — P 1
28 26 24 22 20 18 16 14
Binding Energy (eV)

Figure C.3: The high resolution scans for the Ga 3d peak for the analyzed samples.
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