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In the thesis, a study on ultra wide-bandgap materials of metastable corundum gallium
oxide (0-Gax03) is presented by exploiting its high quality growth and phase stability.
The thesis is divided into seven chapters.

In chapter 1, a brief introduction of ultra wide-bandgap (UWBG) semiconductor
materials and their promising characteristic as materials for power devices is given. Then,
from the view point of power devices, the properties of a-Ga,O3; grown on sapphire is
described. Especially, the advantages and issues of mist-chemical vapor deposition (mist-
CVD), which has been used for the growth of a-Ga>Os3, are reviewed, then, the necessity
of the molecular beam epitaxy (MBE) growth is stressed. The purpose of this thesis is
clarified by summarizing the fundamental technology to be solved toward applications of
a-Ga,0s3 based power devices.

In chapter 2, a reduction of carbon (C) impurity concentrations in mist-CVD grown
a-Ga20; films is conducted. After the explanation of the mist -CVD system used in this
study, properties of a-Ga,Os3 thin film grown on sapphire substrates using gallium tri-
chloride (GaCls) as a gallium precursor are shown and discussed. Dependences of growth
rates of a-Ga20;3 films on hydrochloric acid (HCI) and growth temperatures (7g) are
investigated to reveal the reaction of forming a-Ga>Os3. HCI enhances the growth rate by
producing GaCI*>" in the aqueous solution, leading to the maximum growth rate of 7.8
pum/h. The optimized 7y is 700 °C (the supply limited progress), and atomic force
microscopy (AFM) images shows the root-square-mean (RMS) roughness of 0.19 nm due
to the high growth temperature. The impurity concentration of carbon in the film is
successfully reduced below the detection limit level (1x10'7 cm™).

In chapter 3, polymorphs of Ga>Os grown on a-(Al,Gaix)203 is studied toward
devices with a multilayer structure. When the a-(Al:Gai)>O3 layers are annealed and the
AFM images shows atomic steps, €-Ga>Os is grown on the layer at 500 °C regardless of

the Al composition x. On the other hand, a-Ga;O; is obtained on the as grown
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a-(Al:Gaix)203 layer at the same temperature. From these results, the dependence of
polymorphs on surface morphology or termination is suggested. Growth temperatures
higher than 700 °C is revealed to be suitable for the growth a-Ga>O3 due to the longer
diffusion length.

In chapter 4, an introduction of a-(Al,Gai.)203 graded buffer layer and epitaxial
lateral overgrown (ELO) a-GayO3 are investigated aiming at the reduction of dislocation
density in a-Ga>Os3 layers. With the a-(AliGai«)203 graded buffer layer, the dislocations
are concentrated in the buffer layer and the edge dislocation density is decreased nearly
by two orders in magnitude. The epitaxial lateral overgrowth of a-Ga;0s is demonstrated
by using SiO; as a mask material. The selective area growth of a-GaxOs is successfully
achieved at 7,>500 °C due to longer diffusion lengths of source materials on the mask
region. The ELO a-Ga;O3 on a-plane sapphire substrates with the stripes along m-axis
shows the largest ratio of lateral and vertical growth rates (L/V ratio) of 0.96, resulting in
the full coalescence. The generation of dislocations on the mask region is prevented,
leading to the reduction the threading dislocation density on the center of the mask area
to less than 1.6 X 107 cm™.

In chapter 5, growth of a-(Al:Gai.x)203 on sapphire substrates is demonstrated using
plasma-assisted molecular beam epitaxy (PAMBE). By using m-plane sapphire substrates,
which is perpendicular to c-plane, single-phase a-(AliGai«)20s3 films are stabilized in the
entire range of x by preventing a formation of c-plane facets, which is considered to
enhance the growth of B-Ga,0s. Different phases/domains are not detected from both x-
ray diffraction (XRD) measurement and cross-sectional scanning transmission electron
microscopy (STEM) observations. However, stacking faults are observed in the a-Ga>O3
and Ga-rich a-(Al,Ga1.x)203 films due to the strain from the substrates having the large
lattice mismatched to the films. The bandgap energy of the a-(AliGaix)203 films is in the
wide range from 5.34 to 8.56 eV.

In Chapter 6, the phase stability of a-Ga;O3 on sapphire is explored. The phase
transition temperature of a-GaxO; films to the B-phase increases as the film thickness
decreases regardless of the growth conditions. The phase transition to the B-phase is
revealed to be occurred from the surface of the film by transmission electron microscopy
(TEM). 0-Ga20s has a larger thermal expansion coefficient than sapphire, suggesting that
a-Ga;0s films on sapphire substrates have the tensile stress near the surface. B- Ga,03
has the larger density than a- Ga>Os, therefore the tensile stress could convert a-Ga>Os3 to
B-Gax0s.

In chapter 7, conclusions of this study and suggestions for future works are described.
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1.1 Background 1

Chapter 1

Introduction

1.1 Background

Today, there are many things using “electricity” that exist in our daily lives as home
electric appliances, transportation equipment, and so on. In late 1900’s, a lot of electrically
driven products have been developed for example refrigerators, air conditioners,
automobiles, and railway trains. These products have changed our lives more convenient
and more comfortable. In 1960’s, personal computer appeared, which is essential for our
lives now. In 2010’s, smart phone and tablet personal computer became widespread,
allowing us to use internet even outside buildings. It has led to the “internet of things (IoT)”
society, that is the interconnection via computing devices embedded in everyday objects,
making them intelligent, programmable and capable of interacting with human. The IoT
based technologies are used in manufacturing, assert management, smart homes, freight
monitoring, and so on, changing what our lives are like. These developments of
technologies, on the other hand, have increased the demand of electric energy.

On the other hand, energy conservation and prevention are seriously required to prevent
global warming. Figure 1.1 shows the global greenhouse gas emissions from all sources.
The Emission Gap Report 2019 reported that the total emissions grew 1.5 % per year in the
last decade (2009 to 2018) without land-use change, reaching a record high of 55.3 GtCO,¢?
in 2018. This means that the global greenhouse gas emission is still increasing and further
efforts are necessary for us to reduce the emissions and save our earth. For Japan, it is
required to reduce energy supply using fossil fuels. Japan are largely dependent on the fossil
fuels such as oil, coal, and liguefied natural gas (LNG). Although renewable energy is
increasing, the dependency of primary energy supply of Japan on the fossil fuels is 87.4 %
in 2017 as shown in Fig. 1.2. » Note that the dependency was 81.2 % before the Great East
Japan Earthquake, which resulted in the shutdown of nuclear power plants. In order to
decrease the dependency on the fossil fuels, it is necessary to save energy itself and increase
the supply of renewable energy. Another important way is to improve energy consumption
efficiency, which can decrease the amount of energy and reduce CO» emission, leading to

a solution to global warming as well. Improving energy efficiency means that we can use
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Figure 1.1. Global greenhouse gas emissions from all sources. !
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Figure 1.2. Composition of Primary Energy Supply of Japan in 2017.

more energy by the same amount of energy source, allowing us to continue our convenient
and comfortable lives with approaching the problem of global warming.

Most energy is consumed as electric energy, therefore, it is especially important to
enhance the efficiency of electric energy. The loss of electric energy is mainly produced
during power conversion; electric power is transmitted from power plants to us through
several power conversions by reducing high voltage generated in the plants to a certain
voltage we want to use. In order to reduce the energy loss during the power conversions,
semiconductor power devices have been playing an important role. The power devices
allow power conversion by utilizing switching and rectifying functions of semiconductor

materials, leading to high conversion efficiency. This technology is widely used in a lot of



1.2 Ultra-Wide Bandgap Semiconductors 3

applications; power transmission, railway trains, electric vehicles, home appliances such as
air conditioners and refrigerators, AC adaptors, PCs, and many other electric devices.
Therefore, the performance of the power devices is crucial for energy saving, and much
effort has been mad to enhance the efficiency of the power devices. Power devices are also
utilized to amplify powers of high-frequency signal inputs, which is essential for the

development of advanced information society.

1.2 Ultra-Wide Bandgap Semiconductors

1.2.1 Wide Bandgap Materials

Silicon (Si) and gallium arsenide (GaAs) have been widely used as materials of power
devices and have helped energy saving. However, performance of these devices is
approaching to their physical limits of materials and we have paid much attentions to power
devices based on wide bandgap (WBG) semiconductor materials such as silicon carbide
(SiC) and gallium nitride (GaN). >* Table 1.1 shows the basic properties of various
compound semiconductor single crystals. > “Figures of Merit” (FOM) is widely used to
evaluate the potential of materials although a single FOM cannot capture all aspects of
device performance. Baliga FOM (BFOM) is defined as suE.> for low frequency based on

on-state loss, and uE.* for high frequency based on sum of on-state loss and switching loss,

Table 1.1. Basic physical properties of various compound semiconductor single crystals. >

Bandgap E; (eV) 1.1 33 34 4.5 53
Electron mobility u (cm?/V *s) 1400 | 1000 | 1200 | 300 300 (estimation)
Breakdown electric field Ec | 0.3 2.5 33 7 10 (estimation)
(MV/cm)
Relative permittivity & 11.6 9.7 9.0 10 10 (estimation)
Thermal conductivity 1.5 4.9 1.3 0.14 -
(W/cm*K)
Baliga figure | Low frequency | 1 340 870 2307 6726 (estimation)
of merit (euES)
Si=1 o

! High frequency | 1 50 104 117 238 (estimation)

(uESP)




4 Chapter I Introduction

where ¢ is the permittivity, u is the electron mobility, and E. is the critical electric field.
This FOM increases as the cube or square root of E., therefore, materials with larger Ec
tend to show higher FOM. Materials with larger bandgaps experimentally have larger E.,
resulting in high FOM of WBG materials. As shown in Table 1.1, SiC and GaN show high

FOM and can achieve significant performance improvement by replacing Si-based devices.

1.2.2 Ultra-Wide Bandgap Materials

As the WBG semiconductor-based devices have been explored and commercialized, the
next generation of semiconductor materials has been expected at the following research
stage; a new category was born in 2015, that is so-called “ultra” wide-bandgap (UWBGQ)
materials that have bandgaps larger than that of GaN (E¢>3.4 eV). %" Figure 1.3 shows the
relationship between energy bandgap and bond length for various semiconductor materials
where the UWBG materials are located in the region painted orange. Representative
semiconductor materials in this category include aluminum nitride (AIN), diamond (C) and
gallium oxide (Ga203). The borderline between semiconductor and insulator has shifted to
the higher energy-side and now AIN is the semiconductor with the largest bandgap energy
of ~6 eV. However, Ga;03 allows bandgap engineering to ~8.8 eV by alloying with Al2O3,
indicating the potential of a power device with the highest electric energy efficiency,

although electric conductivity of the (Al,Ga),0s3 alloy is currently being researched.

9 b|--#A-- corumdum AG'A|203 | = E
B Diamond \‘\,‘\ =
8 Fl--@-- Rocksalt \ EMgO - 8”
__ 7o wurtzite Bt ey 1- B
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2, 6| AIN® ' % -8
o f mdiamond ., Ag-Ga,05 | @
o ‘\‘ ‘\\T"Bt@a\203 ‘\\ 8
S ol S e
o 3f ARSI oHSIC o AeIM05] - o
oL kL3 EST O —— T
eqo{ <
i 4 m
InN'® =
0 e "
ié 1.8 2.0 2.2 2.4

Bond Length [A]
Figure 1.3. Relationship between energy bandgap and bond length for various
compound semiconductors. The region of ultra-wide bandgap materials is drawn in

orange.
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1.3 Gallium Oxide

Gax0; has bandgap of around 5 eV, ¥ and is expected to have much larger BFOM than
those of SiC and GaN as described in Table 1.1. These estimates indicate the potential of
Gay0s3 for high-power and high-voltage device applications. In addition, alloying with
AlO3 and InoO3 allows bandgap engineering from around 3 to 8.8 eV. Therefore,
heterostructure devices are possible such as modulation-doped electron channels, quantum
wells, and superlattices in the In203-Ga>O3-Al>0O3 alloy system.

Gay0s takes five different polymorphs; corundum (o), monoclinic (B), defective spinel
(), bixbite (6), and orthorhombic (g). The summary of synthesis and interconversion of the
polymorphs of Ga,O;3 and related phases is shown Fig. 1.4. ° Note that £-Ga,O3 with the
space group Pna?2; is sometimes called k-Ga20Os3 in the literature. Among the five different
polymorphs of Ga;Os, the B-gallia structure is the thermodynamically most stable phase,
while the others are metastable and convert to the B-phase upon heating at 500-700 °C.
Most studies on GaxOs are related to the f-GaxOsz because high quality p-GaxOs free-
standing substrates are available by several melting methods, '©!7 leading to
demonstrations of both lateral and vertical devices using the homoepitaxial growth of
B-Gay05.'82Y Recently a formation of high mobility two-dimensional electron gas (2DEG)
at B-(AlxGa1.x)203/Ga20s interface has been reported through modulation doping and delta-
doping using plasma-assisted molecular beam epitaxy (PAMBE). °2% As described above,

the promising results have already been reported for the most stable B-GaxOs.

Ga(NO0,)..9H,0 Mﬂﬁl—) » Hydrothermal
[ (NOs1 2 Calcinationsoo-c - | GaO0O0H | < 24 hours, 220 °C
12 hours, 220 °C 4 hours, 500 °C
Ga;0,(0H)
v v » Y
“8-Ga,05”" a-Ga,0; Imetastable
14 days, 400 °C >700°C
I\'GazO3
v v

J.0tZ ‘shepg
(v30) |[ewsayionjos

>500°C >500°C
n
most|stable e 1
aind: Metallic
PPT (EtOH) & N Solvothermal (MEA} allium
Calcination 500 *C = ;’-63203 S 72 hours, 240°C g

Figure 1.4. The interconversion of the polymorphs of Ga,Os and related phases. ¥
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On the other hand, the metastable phases such as a- and e-phases have attracted much
interests due to their unique characters in the recent years. e-Ga>Os3 is expected to have
pyroelectric properties and large spontaneous polarization (0.23 C/m?) as calculated by the
Berry-phase approach. 27 Experimental results of dynamic hysteresis measurements show
the presence of ferroelectricity of -Ga>O; as well. 2®) These properties suggest applications
of human body sensors as well as high frequency devices. In this study, the author focuses

on the a-phase and the detail will be described in the next section.

1.4 Corundum Gallium Oxide (a-Ga203)

The bandgap energy of 0-Ga,Os has been reported to be 5.3-5.6 eV, 2*2% while those of
the other phases are in the range of 4.6-4.9 eV. The larger bandgap is an important physical
property to achieve high power devices as explained in section 1.2. The greatest advantage
of 0-Ga,0s is its good miscibility with Al2O3 and the bandgap engineering in the wide range
of 5.6-8.8 eV by alloying with AlO;. The ground-state crystal structures of Ga;0O3; and
AL Oj; are the monoclinic () and corundum (a), respectively. The difference of the most
stable phases results in the solubility limit of Al;O; in B- and &-Ga;O3; while a- and
7-(Al;Gay.4)20s are epitaxially grown in the entire range of x without a phase separation.’!”
33 The highest Al contents of (Al,Gai-)203 epitaxial films are reported to be x~0.7 (Eg~6.1
eV) for the B-phase, *¥ and x~0.65 (estimated Ex~6.5 eV) for the e-phase.’>>® Although
v-(AlxGai1.x)203 are controlled in the entire range of x, the bandgap of y-Al>O; is as small
as 6.97 eV, ** which is 2 eV smaller than that of a-Al,O3 (Ez~8.8 e¢V). By forming an
a-Gay03/(AlGai-,)20; heterointerface, the large valence band offset of 3.24 eV has been
predicted due to the large bandgap of a-Al,Os. *”) In face, the valence band offsets of 2.7
and 1.87 eV have been experimentally reported for a-Ga,0O3/Al03 and
a-Ga203/(Alo2Gaos)203  heterointerfaces as determined by X-ray photoelectron
spectroscopy (XPS). 3% The large band offset suggests a potential of higher charge density
2DEQG at the a-(AliGai1x)203/Ga20;3 heterointerface with a higher breakdown voltage than

the other materials.

1.5 Growth Methods of a-Ga;0;

Since 0-GaO3 does not have its free-standing substrate yet, sapphire (a-AlO3)
substrates, which has the same corundum structure (a-phase), has been used to grow the
epitaxial film of a-Ga20s. Single-crystalline 0-Ga;0Os3 films are successfully grown on
sapphire substrates using mist chemical vapor deposition (CVD) 2442 and halide vapor
phase epitaxy (HVPE). *~* Recently, Chen et al. reported the growth of a-Ga>0O3 on
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nonpolar ZnO (1120) substrates by the laser molecular beam epitaxy (MBE)
technique.*® In the following part, the author shows the features and current status of mist-
CVD, HVPE, MBE and metal organic chemical vapor deposition (MOCVD), which are

mainly used as the growth techniques for a-Ga,0s.

1.5.1 Mist-CVD

Interestingly, the epitaxial growth of a-Ga>O3 has been demonstrated on c-plane
sapphire substrates for the first time using the mist-CVD method.?”) The schematic of the
hot-wall type mist-CVD system is displayed in Fig. 1.5. A liquid solution including source
materials is atomized by an ultrasonic vibrator and mist particles are transferred with the
carrier and dilution gases to a substrate where a film is grown basically by a CVD
mechanism on the substrate. In this system, the growth is usually operated under
atmospheric pressure without a vacuum equipment. Therefore, the mist-CVD method is a
safe, cost-effective, and low-energy-consumption growth method especially suitable for the
growth of oxide materials since atmospheric oxygen is not treated as a severe contamination
unlike the growth of II-VI and nitride materials. Gallium (III) acetyleacetonate
[Ga(CsH70»)3)] is generally used as a Ga precursor, which is dissolved in a deionized (DI)
water or a mixed solution of a DI water and a methanol. Oxygen of Ga>Os3 is originated
from the DI water or Ga(CsH70.)3, but it has not been clearly revealed yet.

Doping and alloy are available simply by dissolving source materials together and
concentrations are controlled by the molar ratio to Ga in the source solution.

a-(Al,Ga,In)>O3 can be grown by adding aluminum (III) acetyleacetonate [Al(CsH702)3)]

CVD reaction

===l )=

dilution gas substrate” ™ susceptor
lheater
carrier gash
Ultrasonic Vibrator

Figure 1.5. Schematic of a hot-wall type mist-CVD system.
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and Indium (III) acetyleacetonate [In(CsH70,)3)].>!*” The 0-(Al:Gai-)>05 films has been
grown on c-plane sapphire in the entire range of x without a phase separation, showing
optical bandgap engineering from 5.3-8.8 eV.*! n-type conductivity control is possible by
doping donor impurity such as Sn, Si and Ge.***>*49) Akaiwa et al. reported the control of
carrier concentration in the range of 10'7-10'” cm™ by doping Sn with the maximum hall
mobility of 24 cm?/V s (n=2X10'® cm™) for c-plane and 65 cm?/V s (n=1.2X10'® cm?)
for m-plane. °? Si-doped a-Ga,Os has showed larger mobility of 31.5 cm?/V s (n=3 X 10'®
cm™) for c-plane reported by Uchida et al. **

By using acetyleacetonate precursors, the promising results has been achieved, as
described above. However, the precursor including carbon (C) resulted in the high C
impurity concentrations of 1 X 10! cm™ in the a-Ga>Os film. *? In addition, the threading
dislocation density in the 0-Ga,Os film has been reported to be as high as 7 X 10'° ¢cm™? 3!

due to the large mismatches to sapphire (3.54 and 4.81% along c- and a-axes, respectively).

1.5.2 HVPE

The structural quality of HVPE-grown a-GazOs is similar to that of a mist-CVD-grown
film, but the tilt angle tends to be larger (~100 arcsec) probably because of the unoptimized
nucleation process. 4 A plane-view transmission electron microscopy (TEM) observation
revealed that the dislocation density of the order of 10! cm™ in the a-Ga»Oj3 film grown on
c-plane sapphire. *2 The largest advantage of HVPE growth is high growth rate exceeding
100 pm/h.*¥ n-type conductivity control is possible by doping donor impurities, such as Ge.
The electron mobility of a Ge-doped a-Ga>O; film has been reported to be as high as 28

cm?/V s when n =3x10" ¢cm 3. >

1.5.3 MBE and MOCVD

In the studies on the growth of II-VI and III-V compound materials, MBE and MOCVD
are dominant growth methods, providing high quality layers with excellent control of purity,
uniformity, composition, and interface. The two epitaxial growth methods are used in the
studies on the growth of B-Ga>O3 as well. On the other hand, the growth of a-Ga;Os3 by
these methods is still at the stage of investigating growth condition to grow single-phase
a-Gay0s3. As shown in Fig.1.6, B-Ga20O3 has been reported to grow on the top of a three-
monolayer-thick psuedomorphically grown layer of 0-Ga,O3 on c-plane sapphire. >*
However, the growth of a-Ga;O3 by MBE and MOCVD are necessary to control

composition and interface precisely and further study is desired.\
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Figure 1.6. STEM HAADF images of typical B-Ga;O; layers grown on c-plane
sapphire substrates by MOCVD, PLD and MBE. Between the -Ga,Os layer and the

sapphire, a three-atomic-layer thick interlayer of a-Ga>Os is visible. >

1.6 Aims and Outline of This Thesis

a-Gay0s has the advantage for high power heterostructure devices as described above.
However, the study on a-GaxOs is still at the initial stage and there are several issues to be
studied and solved. Most of the issues arise from the its metastable characteristic: control
of polymorphs and high dislocation density in the epitaxial film related to the
heteroepitaxial growth on foreign substrates, and the low thermal stability. a-Ga>O3 does
not have its high-quality free-standing substrate and requires the growth on foreign
substrates such as sapphire. The heteroepitaxial growth of a-Ga,O3 on sapphire substrates
results in difficulty of controlling polymorphs and high dislocation densities of 10'°cm™ in
the a-Gax0s3 layer due to the large lattice mismatches (3.54 and 4.81% along c- and a-axes,
respectively). > As explained in Section 1.5, mist-CVD is a promising method for the
growth of a-Ga20s3, but the mist-CVD grown o-Ga;Os; films have high impurity
concentrations such as C induced by the source materials and atmospheric condition.
Furthermore, the MBE and MOCVD growth of a-Ga>Os3 films is worth studying in view of
the importance of sharp heterointerfaces toward heterojunction device applications. The
largest issue to be discussed is its thermal stability. In order to develop a-Ga>Os-based

power devices, these problems have to been solved. In this study, the author aimed at the
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growth of high quality a-Ga>O3 on sapphire substrates. Here, “high quality” is including

“control of polymorphs”, “low dislocation density”, “low impurity concentration”, and

“high thermal stability”.

This thesis is organized as follows:

Chapter 2. Growth of a-Ga203 film using GaCls Precursor by Mist-CVD
Chapter 2 deals with the mist-CVD growth of a-Ga>O3 using GaCls as a Ga precursor
aiming at eliminating the C impurity in the a-Ga;Os film. It presents the growth rate as a
function of growth temperature and HCl/Ga concentrations in the source to discuss
reactions for the formation of a-Ga,Os. Structural properties are characterized using x-ray
diffraction (XRD) and atomic force microscopy (AFM). Impurity concentrations in the
a-Ga,0s films are studied by secondary ion mass spectrometry (SIMS) and their origins
are discussed.

Chapter 3. Control of Crystal Structure of Mist-CVD grown a-Ga:03 by

0-(AlcGai«)203 Layers
Chapter 3 focus on the control of the crystal phase of mist-CVD grown a-Ga;O3 on
a-(AlyGaix)203 layers. Dependence of polymorphs of Ga;Os on growth temperature,
surface morphology and Al contents of a-(AliGai)203 layers are investigated using,
AFM, XRD and transmission electron microscopy (TEM).

Chapter 4. Reduction of Dislocation Density in a-Ga20s3 films
Chapter 4 presents studies on reduction of dislocation densities in a-Ga>O3 films on
sapphire substrates. Two ways are applied: quasi-graded a-(Al:Gai.x)>O3 buffer layers and
epitaxial lateral overgrowth technique. Detailed characterizations of epitaxial layers are
given using XRD, TEM and secondary electron microscope (SEM).

Chapter 5. Growth of 0-Ga:03 and 0-(Al:Gai«)203 on Sapphire Substrates by

Plasma-Assisted Molecular Beam Epitaxy
Chapter 5 describes the growth of a-(AliGai.x)203 by PAMBE. Aiming at the growth of
single-a-phase Ga;O3 by PAMBE, m-plane sapphire is adopted as a substrate. Structural
properties are discussed by characterizations of XRD, AFM and STEM. Optical bandgaps
of the a-(Al:Gai.,)20; films are obtained by transmittance measurement.

Chapter 6. Phase Transition Temperature of a-Ga203 Film on Sapphire Substrate
Chapter 6 discusses the phase transition temperature to the B-phase of a-Ga>Os3 films
grown on sapphire substrates. Film thickness dependence of the phase transition
temperature is clarified. Detailed properties are discussed using XRD and TEM.

Chapter 7. Conclusion
Finally, the conclusion of the work is presented in Chapter 7. Subject to be investigated
in the future study will also be discussed.
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Chapter 2

High Purity a-Ga;0O3 Thin Films Grown
by Mist-CVD Using a GaClz Precursor

2.1 Introduction

The growth of single-crystalline a-Ga>O;3 films on sapphire substrates has been reported
using the mist chemical vapor deposition (CVD) method,'”” which is a safe, simple, cost-
effective, and environmentally friendly growth method. Gallium(IIl) acetylacetone
[Ga(CsH70»)s], that is also referred to as Ga(acac)s, has been used as a gallium (Ga)
precursor for the growth of a-Ga,;O3; by the mist-CVD method. Although Ga(acac); is a
safe and water-soluble material, 15 carbon (C) atoms are included in the compound [Fig.
2.1(a)], resulting in the high impurity C concentration of about 10" ¢m™ in the 0-Ga>03
film.? C-related deep levels in GaN have been reported to cause the free-carrier
compensation, which is responsible for the semi-insulating behavior of GaN film. ®° In the
study on B-Ga>0O3, C impurities have been predicted to be a shallow donor as simulated by
the self-consistent hybrid functional approach.!” On the other hand, C was found to be a
deep DX-like center, as calculated by a post hoc band-edge correction.!? Both cases are not
preferable to control the electric conductivity of samples since shallow donors induce high
background charge concentration and deep DX centers lead to Fermi-level pinning and
compensation. The similar results are expected for a-Ga203 as well and the reduction of
the C impurities is required. In this chapter, the author reports the growth of a-Ga>Os3 thin
films on sapphire substrates using the C-free gallium (III) tri-chloride (GaCls) source [Fig.
2.1(b)], aiming at eliminating the C impurity in the film. The origin of the other impurities

1s also discussed.

4<=< /O:é |
\o 0—Ga /Ga\
&o cl cl
W/,

(a) (b)

Figure 2.1. Structures of (a) gallium (III) acetylacetonate and (b) gallium tri-chloride.
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2.2 Experimental Procedures

GaxO;s thin films were grown on c-, a-, and r-plane sapphire substrates by the mist CVD
method. GaClz and deionized (DI) water (H2O) were adopted as gallium and oxygen
sources. The purity of the GaCls precursor used in this study was 4N-5N. Hydrochloric acid
(HCI) was used to enhance reactions of forming Ga>O3. GaCls was dissolved in a mixed
solution of DI water and HCI. Inert nitrogen (N2) was used as both carrier and dilution
gases. Dependences on the molar ratios of Ga (GaCls) [Ga] and HCI [HCI] in the source

solution, and the growth temperature (7) were investigated.

2.3 Dependence on Growth Temperature

a-Gay0; films were grown on c-plane sapphire substrates at 7 between 500 and 800
°C to investigate the 7y dependence. Note that 7y is the thermocouple temperature
monitoring the outer wall of the quartz tube in the hot-wall type mist-CVD system. The
simulating experiment revealed that 7§ is about 100 °C lower than a surface temperature of
a sample. The growth condition is summarized in Table 2.1. The HCI concentration in the
source was set at 0.18 mol/L, which was the same as that used for the Ga(CsH702)3
precursor. Film thicknesses and growth rates of the samples were in the ranges of 72-100
nm and 2.4-3.3 nm/min, respectively.

Figure 2.2 shows symmetry X-ray diffraction (XRD) 26/ scan profiles in a logarithm
scale for the a-Ga,Os films as a function of T,. Cu Kay radiation (A= 1.5406 A) was used
for the XRD analysis in this thesis. The dashed line lies in the theoretical position of the
diffraction peak from a-Ga;0O3 0006 (20= 40.2429°).!2 The profile exhibits that
single-o-phase Ga;0Os films are obtained at the growth temperatures between 500 and
800 °C, although a-Ga;O3 has been reported to convert to f-Ga2O3; upon heating at
atmospheric pressure at around 600 °C. 719 In the previous reports, the inclusion of

B-phase was seen at the growth temperatures above 550 °C when Ga(CsH702)3; was used as

Table 2.1. Experimental conditions

Ga precursor GaCls

Solvent H20

HCI 0.18 mol/L

Ga concentration 0.125 mol/L
Growth temperature Tq 500-800 °C

Carrier gas (flow rate) N2, 3.0 or 5.0 L/min

Dilution gas (flow rate) N2, 0.5 L/min
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the gallium precursor, ! almost agreeing with the phase transition temperature of 600 °C.
However, the author has found that the phase transition temperature to the B-phase of
a-Gay0;3 films grown on sapphire substrates depends on the film thicknesses: the phase
transition temperature increases as the film thickness decreases. When the film thickness is
in the range of 72-100 nm (this study), the a-Ga>O3 film can maintain the corundum (o)
phase heating up to 680 °C, which is expected to correspond to the growth temperature of
780 °C, resulting in the growth of the a-Ga>Os3 films at above 650 °C in this chapter. The
detail will be explained in Chapter 6.

For T,<575 °C, the diffraction peak from 0-Ga;O3; 0006 is located on the red line,
suggesting the films are completely relaxed. On the other hand, for 7x>600 °C, the a-Ga,O3
0006 reflex appears at 20/w=40.19 (7z:=600 °C), 40.15 (Tz=700 °C), and 40.16° (7,=800
°C), which are slightly lower than the ideal position of 40.2429°. This indicates that the
a-Gay0s films are not completely relaxed and subject to a slightly in-plane compressive
stress when 7y is higher than 600 °C.
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Figure 2.2. Symmetric XRD 26/w scan profiles for the a-Ga20O3 films grown on c-
plane sapphire substrates as a function of growth temperatures (7)) shown in (a) wide
and (b) narrow 26/ ranges.
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Figures 2.3(a)-(g) are surface atomic-force microscope (AFM) images of the a-Ga>Os
films grown at the growth temperature between 500 and 800 °C. When the growth
temperature is lower than 600 °C, grain sizes increase and the root mean square (RMS)
roughness becomes smaller with increasing T,. On the other hand, a-Ga>O3 films grown at
Tx>600 °C have smooth surface morphologies without small grains [Fig. 2.3(e)-(f)]. The
improvement of the surface morphology suggests that the diffusion length becomes longer
as the growth temperature increases. The sample grown at 700 °C shows the smallest RMS
roughness of 0.19 nm and atomic steps [Fig. 2.3(f)]. When the growth temperature is 800 °C,

. ‘a"o‘-‘-?_.. 3
RMS: 2.1 nm RMS :0.73 nm
(a) (b) ©

o
-

3.0 nm 3.0 nm

1.

” 0.0 nm
RMS : 042 nm  20MM RMS : 0.19 nm
(d) (f)
7.0 nm
L7 0.0 nm
RMS:1.93 nm
()]

Figure 2.3. Surface AFM images of the a-Ga;Os films grown on c-plane sapphire
substrates as a function of growth temperatures. The growth temperatures are (a) 500,
(b) 525, (c) 550, (d) 575, (e) 600, () 700, and (g) 800 °C.
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clacks are observed in the AFM image due to the difference of the thermal expansion
coefficients between the film and substrate [Fig. 2.3(g)]. The angle between the clacks are
120°, which is derived from the three-fold symmetry of corundum structure. Although the
cracks are introduced into the film, the XRD 26/ scan profile revealed that the sample was
still subject to the in-plane compressive stress. The a-Ga;0Os3 films grown at 7.>600 °C
might not be completely relaxed since the higher growth temperatures slightly suppress the

introduction of misfit dislocations at the interface between the film and substrate.

2.4 Dependence on HCI and Ga Molar
Concentrations in Source Solution

In order to discuss the effect of HCI on the reactions for the formation of a-GayOs3,
growth rates of a-Ga,0s films were investigated by changing [HCI] and [Ga] in the source
solution. The growth conditions are summarized in Table 2.2. Figure 2.4(a) shows the
growth rates of the a-Ga,0s films grown at 600 and 700 °C as a function of [HCI] in the
source solution. The growth rate for 7,=700 °C is higher than that for 7,=600 °C at the
entire range of [HCI] investigated. The difference arises from the reaction limit and this
will be explained in Section 2.5. The growth rate for both 7z monotonically increases with
the increase of [HCI], saturating around 2.4 mol/L. In this study, the source solution
includes GaCls, H>O and HCI. Aqueous solutions of gallium(III) salts has been reported to
contain the hydrated gallium ion, [Ga(H20)6]*"'” When [HCI] was set at 0.18 mol/L, the
growth rate was as low as 2.4-3.3 nm/min as shown in Section 2.3, suggesting that
[Ga(H20)6]*" does not contribute the formation of Ga,O3 and other gallium complexes
seems to be composed by adding HCI, leading to the increase of the growth rate. GaCl**
could be the complex formed in the condition with HCI. The stability constant for the
formation of GaCl** in an aqueous solution has been reported to be
[GaCI>"]/[Ga*"][CI']=1.02 £ 0.05 L/mol.'® [GaCI**], [Ga*'], and [C]] show the molar

Table 2.2. Experimental condition

Ga precursor GaCls

Solvent H.O

HCI concentration [HCI] 0.6-3.6 mol/L
Ga concentration [Ga] 0.025-0.2mol/L
Growth temperature Ty 500-800 °C
Carrier gas (flow rate) N2, 4.0 L/min

Dilution gas (flow rate) N2, 0.5 L/min
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concentrations of GaCI>*, Ga*>*, and CI" in the aqueous solution, respectively. The blue solid
line in Fig. 2.4(a) depicts the calculated [GaCI**] as a function of the HCI concentration
based on the stability constant. Here, HCIl is assumed to be completely ionized. The
calculated [GaCl?'] increases with increasing [HCI] and the trends of [GaCl>*] agree well
with those of the growth rates of a-GaOs3, indicating that the composition of GaC1** yields

to the formation of Ga,Os. From these results, HCI enhances the growth rate of a-Ga>O3 by

12+ 12+

forming GaCl“" in the solution. The larger [GaCl“"] at lower HCI concentrations at [Ga] of
0.1 mol/L is observed probably because other equilibrium reactions are not taken into the
account as well as chemical vapor reactions to form a-GaxOs.

When the HCI concentration is set at 2.4 mol/L, the growth rates for 7,=600 and 700
°C increase in proportion to the Ga concentration as shown in Fig. 2.4(b). The maximum
growth rate reaches 7.8 pm/h when the growth temperature is 700 °C, which is limited by
the atomization process of the ultrasonic vibrators in the mist-CVD system; high
concentrations of GaClz and HCl make the source solution heavy and the atomization
difficult, resulting in less supply of the sources and the reduction of the growth rate. This

can be solved by improving the mist-CVD system in future.
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Figure 2.4. Growth rates as functions of the molar concentrations of (a) HCI and (b) Ga
in the source solution. The blue solid line in (a) shows the calculated GaCl*" molar

concentration. The HCI concentration was 2.4 mol/L for the samples shown in (b).

2.5 Dependence on Growth Temperature

When [HCI] and [Ga] are set at 2.4 and 0.10 mol/L, respectively, the growth
temperature dependence of the growth rate shows the typical limited progresses of the CVD
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reactions as shown in Fig. 2.5(a): (I) desorption (7¢>757 °C), (II) supply limited
(757>T>700 °C), (III) reaction limited i (700>7z>650 °C), and (IV) reaction limited ii
(T¢<650 °C). The growth rate is limited by the supply of the precursors when the growth
temperature is between 700 and 757 °C (II) while the desorption causes the decrease of the
growth rate at higher than 757 °C (I). The origin of the reaction limited-progress i (III) and
i1 (IV) could be the formation of gallium mono-chloride (GaCl) and GaCls, respectively. In
this study, GaCls, H>O, HCI and innert N> were used for the growth of a-Ga»Os. In Section
2.4, the contribution of GaCl>" to the formation of Ga,Os was explained. GaCl*" is
considered to turn into a gaseous phase just before the reaction at the substrates and can
exit as GaCl and GaClz by equilibrium reaction with HCI or Cl> gases. Therefore, the

formation of the a-Ga,Os in this system can be occurred as following reactions;

2GaCl (g) + 3H:0 (g) = Gax03 (s) + 2HCI (g) +H2 (g)
2GaCls (g) + 3H20 (g) = Ga0s (s) +2Cl (g)

)
)

(g) and (s) show the states of gas and solid. Nomura et al. has reported that for the reactions
for the formation of B-Ga20s3, the equilibrium constant for Eq. (1) is larger than that for Eq.
(2). ' The differences in Helmholtz free energy between o- and B-GaxO; has been
reported to be between 0.1-0.15 eV in the temperature range of 0-1400 K, suggesting that
0-Ga»0s has the similar trend of the equilibrium constants.?? Therefore, the reaction for Eq.
(1) can be mainly applied to the growth of a-Ga,0s3. Oshima ef al. has reported that the

calculated partial pressure of GaCls decreased with increasing temperature, while that of

= : ‘ ! =0. : °
70 [Ga]=0.1 mol/L : . i 20 [Ga]=0.1 mol/L : ‘ : .|
" 60} HCl =24 mol/L I ° ¢ T 60 HCl =24 mol/L o | e ! ¢ ®
‘5507 o‘+ * _§50- : .:' '
E 40 . : ‘ : 3 € 40¢ Y e E
= Iv W = .
9 e i i 830} : ;
o i © F
E (I) Desorption ; ;
g 20} (I) Supply limited  |{ & 20F ® coplane !
3 (Il Reaction limited i o ® a-plane
. (IV) Reaction limited ii - [ ® rplane
10 1 1 . I: L 1 “IO L I 1 1 ' 1
500 600 700 800 500 600 700 800

Growth temperature [°C]

(a)

Growth temperature [°C]

(b)

Figure 2.5. Growth rates as a function of growth temperatures for a-Ga>O3 grown on

(a) c-plane and (b) a- and r-plane sapphire substrates. The Ga and HCl molar

concentrations were 0.1 and 2.4 mol/L, respectively.
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GaCl rose with temperature between 250 and 500 °C in the equilibria
Ga+HCI=GaCl+1/2H; and GaCl+2HC1=GaCls+H,. 2V Although the condition is different
from that of this study, the reaction-limited progress ii (IV) is predicted to originate from
the coverage of GaCls.

a-Gay0s3 films grown on a- and r-plane sapphire substrates show the same growth rate
as the samples grown on c-plane sapphire substrates, indicating the progresses arises from
the reaction of the source materials [Fig.2.5(b)].

2.6 Impurity Concentrations

In order to analyze the impurity concentration in the a-Ga>Os3 films grown using the
GaCls source, the samples were subjected to secondary ion mass spectroscopy (SIMS)
measurements. The GaCls and HCI molar concentrations in the source solution were 0.1

and 2.4 mol/L. Figures 2.6(a)-(c) show the atomic densities of typical impurities [(a)
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Figure 2.6. SIMS profiles on a-Ga>O3 films grown on c-plane sapphire at 500, 600
and 700 °C. (a) Chlorine, (b) Silicon and (c) Hydrogen.
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chloride (Cl), (b) silicon (Si) and (c¢) hydrogen (H)] along the depth direction in the a-Ga>O3
films grown on c-plane sapphire substrates at 7,=500, 600, and 700 °C. Table 2.3
summarizes the main impurity concentrations in these films and the mist-CVD grown
0-Gay0; film using the Ga(acac); precursor,? and HVPE grown sample.?? As the growth
temperature increases, the concentrations of Cl and H decrease. Despite using the HCI
concentration of 2.4 mol/L, which is 24 times as high as that of the Ga source, the Cl
impurity concentration is lower than the detection limit (10> cm™) for 7,=700 °C, which
is more than an order of magnitude lower than that in the HVPE grown sample. This is
becuase the growth by HVPE used the growth temperature lower than 575 °C due to the
rough morpholgies and the inclusion of the f-Ga,0O3. The H concentration is decreased to
8x10'” cm™ by increasing Tg, but the further effort to reduce hydrogen is required. On the
other hand, the concentration of silicon impurity does not depend on the growth
temperature. Si is included in the quartz tube, bottle and the GaCls precursor (1 ppb). In
general, the concentration of the Si impurity from the quartz tube depends on the growth
temperature. Therefore, the residual Si in the a-Ga,0Os3 films arises from the source materials
or N> gas. The a-GaxOs3 films are insulating, although the a-Ga>Os films show the high
concentration of Si, which can act as a shallow donor. This may be because the residual Si
in the a-Ga0Os films is interstitial and Si does not replace a Ga site. The SIMS measurement
revealed that the concentrations of carbon impurity in the samples were reduced from 10"

cm™ to the background level (<10!7 cm™).

Table 2.3. Growth temperature dependence of impurity concentrations in the a-Ga20Os.
The table refers to the impurity concentration in the a-Ga;0s films grown by mist-CVD

using the Ga(acac)® precursor, 2 and by HVPE. 2!

Si H C Cl
Ty=500 °C 2x10 410 <DL(1x10') 1x10Y
Ty=600 °C 2x10 3x10% <DL(1x10') 9x10%
Ty=700°C 2x 1018 8 10" <DL(1X10Y) <DL (1X 10%)
Ga(acac)s 1x10% 2x10%° 1x10% -

HVPE 1X10% <DL(4X10'7) <DL(6X10Y) 7x10
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2.7 Summary

The author has demonstrated the growth of a-Ga;O3 by the mist-CVD method using
GaCls as a Ga precursor aiminng at elimination of residual C in a-Ga;Os; films. a-Ga203
was epitaxially grown on c-, a-, and r-plane sapphire substrates at the growth temperature
between 500 and 800 °C. The high growth temperature of 700 °C enhanced the diffusion
length, leading to the smooth surface morphology with the RMS roughness of 0.19 nm. The
growth rate increased with the increase of the HCI concentration in the solusion, showing
the maximum growth rate of 130 nm/min (7.8 um/h) and the minimum growth rate of
around a few nm/min. The wide range of the growth rate is preferable to control the
heterointerface precisely as well as to grow thick template layers. The supply limited-
progress was observed when the growth temperature was between 700 and 757 °C. The C
impurity concentration was succesfully decreased to the detection limit. The a-GaxOs
grown at 700 °C (the supply limited region) showed the lowest impurity concentration of

3 remains to be solved.

H and C1. However, the high Si impurity concentration of 2 X 10'® cm
From the dependence on the growth temperature, the residual Si is likely to arise from
source materials or N2 gas, not from the quartz cube. By using purified materials, it will be
solved in the future works. It is also necessary to study the electric conductivity of the

a-Gay0s3 using the GaCls precurosr and understand the role of the residual impurities.
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Chapter 3

Control of Crystal Structure of Mist-CVD
Grown a-Ga;0s; by a-(Al:Gai«)203 Layers

3.1 Introduction

Ga,0s takes five different polymorphs (o, B, v, 8, €),"? and the differences in free
energy between each phases are smaller than 0.2 eV as calculated within the quasi-
harmonic approximation (QHA).> Therefore, each phase can be grown by overcoming the
small energy difference, leading to the difficulty of controlling the growth of Ga;O3 with a
particular phase. For example, c-plane sapphire substrates, which is widely used to grow
Gay0s, offer the growth of B- and e-Ga>O3 by molecular beam epitaxy (MBE) + ¢ and
metal-organic chemical vapor deposition (MOCVD),”® as well as the growth of a-Ga,O3
by mist-chemical vapor deposition (mist-CVD) ? and halide vapor epitaxy (HVPE).'? As
described in Chapter 2, a-Ga>O3 is grown on c-plane sapphire substrates by the mist-CVD
method at growth temperatures between 500 and 800 °C, but the mist-CVD grown Ga;Os
on a-(AlxGai.x)203 has not been well understood. The controlled growth of a-Ga>Os on
a-(AlxGaix)203 is essential for the a-GaxOs based heterostructure devices. In addition,
a-(AliGai.)203 layers can be utilized as buffer layers reducing the high density dislocations
caused by the large lattice mismatches between 0-Ga>Os3 and sapphire (4.6% for a-axis).')
This chapter investigates the growth characteristics of the mist-CVD grown Ga>O3; on

a-(Al,Gaix)203 layers to control the crystal structure of a-Ga>Os.

3.2 Experimental Procedures

All growth procedures were conducted using the hot-wall type mist CVD system. The
growth conditions of a-(Al:Gai«)203 and a-Ga>Os3 layers are summarized in Table 3.1. The
Gax0s layers were grown using the carbon-free source of gallium tri-chloride (GaCls) as
described in Chapter 2, while gallium(IIl) acetylacetone [Ga(acac)s;] and aluminum(III)
acetylacetone [Al(acac);] were used as Ga and Al precursors for the growth of
a-(Al,Gaix)203 layers since the growth of a-(Al.Gai.x)203 using chloride sources is
currently being researched. The a-(Al:Gaix)203 alloys were prepared by dissolving the

source materials of Ga(acac); and Al(acac); together in deionized (DI) water and the alloy
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composition was controlled from 0.17 to 0.86 by changing the molar ratios of Ga to Al in
the source solution. ' The growth temperature (Tg) of a-(Al:Gai.)203 was set at 450
(condition I) or 700 °C (condition II). The growth of a-(Al,Gai.x)203 at lower temperature
can be utilized as a low temperature grown (LT) buffer layer for a-Ga,Os like the LT GaN
or AIN buffer layers, 1*' while higher growth temperature produces the better crystal
quality of a-(Al,Gaix)203 layer. Nitrogen (N2) was used as both carrier and dilution gases
for Ty= 450 °C, while oxygen (0O2) was adopted for 7z= 700 °C in order to prevent the
carbonization of the surface of the samples. The carbonization arises from carbons (C) in
the Ga(acac); and Al(acac)s precursors, occurring at higher growth temperatures. The
growth temperature of Ga,0O3; was varied between 500 and 800 °C. Since the growth rates
of Ga;O3 and a-(Al,Gaix)203 are dependent on the growth temperature and the Al
composition, the film thicknesses of those are stated in the following sections. The
a-(Al,Gaix)203 layers were grown on c-plane sapphire substrates, and then the samples
were annealed in an atmospheric furnace at 800 or 900 °C for 30 min to improve surface
morphology of the samples. The Ga,Os3 layers were regrown on the a-(Al,Gai.x)203 layers

with/without the annealing process.

Table 3.1. Growth conditions of a-Ga>O3 and a-(Al,Gaix)203 layers.

0-Ga203 0-(AlyGai1x)203
Condition I (LT) Condition II (HT)

Al precursor - Al(acac)3 Al(acac)3
Al molar concentration 0.09 mol/L 0.04-0.12 mol/LL
Ga precursor GaCls Ga(acac)3 Ga(acac)3
Ga molar concentration 0.05-0.1 mol/L | 0.03 mol/L 0.02-0.04 mol/L
Carrier gas, flow rate N2, 3.0 L/min | N2, 3.0 L/min 02, 5.0 L/min
Dilution gas, flow rate N>, 0.5 L/min | N2, 0.5 L/min 0, 0.5 L/min
Growth time 30 min 1h 30 min
Growth temperature 7 500-800 °C 450 °C 700 °C

3.3 Dependence on Growth Temperature of
Gaz0;3 Grown on 0-(Al\Ga1-«)203

3.3.1 Low Temperature Growth of a-(Aly.4Gao¢)203

A low temperature grown o-(Al:Gai-x)203 layer can be applied to buffer layers reducing
the high dislocation density in a-GayO3 films grown on sapphire substrates. The LT buffer
layer generally requires an annealing process. a-(Al:Gai)203 with an intermediate Al

composition has been reported to be more thermally stable than a-Ga>Os3 or a-(Al,Gai«)203
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with a lower Al content, maintaining the corundum structure at temperatures up to 900
°C.!9 Therefore, a LT o-(Alo4Gao)20; layer was investigated at first. The LT
a-(Alo.4Gao)203 layers were grown at 450 °C as shown in the condition I of Table 3.1. A
symmetric X-ray diffraction (XRD) 26/w scan profile confirms that the a-(Alo.4Gao.s)203
layer maintains the corundum structure after annealing at 900 °C as previously reported
[Fig. 3.1]. Figures 3.2(a) and 3.2(b) show surface atomic force microscopy (AFM) images
of the a-(Alo4Gaos)03 film grown at 450 °C before and after annealing at 900 °C,
respectively. The a-(Alo.4Gaos)203 layer grown at 450 °C has small grains with diameters
0f20-50 nm and a root-mean-square (RMS) roughness of 1.67 nm. On the other hand, after
annealing at 900 °C, the surface morphology is markedly improved, and the RMS
roughness of a-(Alo.4Gaos)203 is reduced to 0.56 nm. In addition, a step-terrace structure is
observed for the sample after annealing at 900 °C. The step height of the a-(Alo.4Gao.6)203
layer is 0.45 nm, corresponding with the two molecular layers of a-(Alo.4Gaos)203. The
result suggests that a flattening process occurred during the annealing process although a
significant improvement of the crystal quality of the film is not observed from the result of
the XRD measurement.

before annealing

after annealing at 900 °C

sapphire 0006

Intensity [arb. unit]

|
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Figure 3.1 Symmetric XRD 26/ scan profiles of the a-(Alo.4Gao.)203 grown at 450
°C before (black) and after (red) annealing at 900 °C.
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Figure 3.2 Surface AFM images of the LT a-(Alo4+Gaos)203 layers grown at 450 °C
(a) before and (b) after annealing at 900 °C.

3.3.2 Growth of Ga;O;3 on LT a-(Aly.4Gay6)203 Layer

Figure 3.3 shows the XRD 26/ scan profiles for Ga;O3 with the a-(Alo.4Gaos)>03 LT

layers annealed at 900 °C. The profiles for 7,<600 °C are dominated by diffraction peaks
from £-Ga>O3 0002, 0004, 0006 and 0008 reflexes at 26=19.17, 38.90, 59.95 and 83.55°.
On the other hand, the samples grown at 7z>600 °C show a-Ga;0O3 0006 reflex at 26=40.12°.
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Figure 3.3 Symmetric XRD 26/w scan profiles of GaxO3 with the a-(Alo.4Gao.)203
layers annealed at 900 °C as a function of the growth temperature of Ga,Os.
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It was predicted that a-Ga>O3 would be pseudmorphically grown on the a-(Alo.4Gaoe)203
layer when 7y was lower than 600 °C as a-Ga;0Os3 is generally grown on sapphire at around
500 °C. However, e-GaxOs3 is grown at 7:<600 °C, while a-Ga>Os is obtained at 7:>600 °C.
This result can be assumed as follows. The epitaxial relationship between e-Ga,O3 and
sapphire has been reported to be e-Ga,O3 [1010]|| sapphire [1120], which yields a lattice
mismatch of ca. 4.1% obtained by the distance between cations [Fig.3.4].¥*! Based on this
ideas, the lattice mismatch between the a-(Alo.4Gaos)203 layer and e-Ga20Os is estimated to
be 1.2%, while 0-Ga;03 has a lattice mismatch of 2.2%. Therefore, when the growth
temperature is lower than 600 °C, it seems that Ga and O atoms align so that the lattice
mismatch is minimized, and thus form the e-phase. On the other hand, a-Ga>O3 is grown
by inheriting the arrangement of the a-(Alo.4Gao.)203 layer at high temperature. As a result,
€-Ga,03 and 0-GaxO3 are grown below and above 600 °C, respectively.

Transmission electron microscopy (TEM) observations of Ga,O3; grown at 500 °C
(e-Ga203) and 700 °C (a-Ga03) were carried out to determine the crystal structure of

Gax0; and epitaxial relationships between Ga>O3 and a-(Alo.4Gaos)20;3 layers in detail.

sapphire
(a)

Distance between cations

G—A|203 E‘Gazo3 a'Gazog
Gar (A)
2.79 2.938
4.1 % 1 0%

(©)
Figure 3.4 Schematic of (a) sapphire (a-Al20O3) and (b) e-Ga>O3 atomic arrangements

viewed along the c-axis. Red, green and blue balls represent oxygen, gallium and
aluminum atoms, respectively. (c) shows the lattice mismatches between sapphire,
a- and e-Ga,03 based on the distance between cations.

' Although £-Ga,Os has been revealed to have the orthorhombic structure with Pna2; now, 7! the
e-phase was considered to have the hexagonal P6smc space group symmetry at that time.
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Figure 3.5(a) shows the electron diffraction pattern for the a-GaOs/a-(Alo.4Gaoe)203
layer/sapphire substrate observed along the (1120) zone axis. The diffraction spots for
the a-Ga;0O3 main layer and the o-(Alo.4Gaos)203 layer are situated inside of those of
sapphire, which indicates that both the a-Ga;O3; and a-(Alo.4Gaoe)203 layers have the
corundum structure and are single crystals. The a-Ga>O3 main layer has the same crystal
orientation as the a-(Alo4Gaoe)20;3 layer and the epitaxial relationships between them are
0-Ga>03 (0006)]|a-(Alo.4Gao6)203 (0006) and a-Ga,03 [1120]||a-(Alo4Gaos)03 [1120].
The diffraction spots for a-Ga,03, a-(Alo.4Gaoes)203, and sapphire are clearly separated far
from the origin. However, near the origin, these spots appear to be overlapped because the
diffraction intensity is strong, and the distance between the spots for the epitaxial layers
and the substrate is close. Figure 3.5(b) shows a cross-sectional TEM image taken at the
a-Ga03/a-(Alo.4Gaos)203 layer/sapphire substrate. The film thickness of a-Ga,Os is ca. 30
nm. As shown in Figure 3.5(b), dislocations are present at the a-(Alo.4Gaoe)203/sapphire
and a-Ga03/a-(Alo.4Gaoe)203 interfaces and a significant reduction of the dislocation
density in the a-Ga»Os layer is not occured by the introduction of the LT a-(Alp.4Gao.6)203

layer.

u G‘Gazog
*+1014
3030 N . S
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{1010}
zone axis <1120> zone axis <1120>
(a) (b)

Figure 3.5 (a) Diffraction spots for a-GaxO3/0-(Alo.4Gao6)203 layer/sapphire interface
viewed along the (1120) direction. (b) Cross-sectional TEM image of
0-Ga203/0-(Alo4Gaoe)203 layer/sapphire interface observed along the (1120)

direction .
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Figure 3.6(a) shows an electron diffraction pattern for &-GaxOs/a-(Alo.4Gao.s)203
layer/sapphire substrate viewed along the (1010) zone axis of sapphire. As shown in Fig.
3.6(a), the epitaxial relationships between the e-Ga>O3 main layer and the a-(Alp.4Gao.)203
buffer layer are &Ga03; (002)|a-(Alo4Gaos)203  (0003) and  &-Gay03
[200],[310]||a-(Alo4Gaoe)2O3 [1120]. Here, e-GaOs is taken as orthorhombic. The
relationship between the orthorhombic and hexagonal structures of &-Ga>Os; has been
reported by Nishinaka et al. '” The diffraction spots for e-Ga,03, 0-(Alo4Gao )03, and
sapphire near the origin appear to be overlapped, as shown in Fig. 3.6(a). The diffraction
spots also exhibited streaks along the (002) direction. It is assumed that these streaks are
the result of defects along the (002) direction in the e-Ga;0Os3 layer.

Figures 3.6(b) and 3.6(c) show cross-sectional TEM images of &-GayOs/
a-(Alo.4Gaoe)203 layer/sapphire substrate and an enlarged TEM image of &-GaxOs,
respectively. The €-GaxOs3 film thickness is ca. 100 nm. The crystal structure of £-Ga>Os is
confirmed from Fig. 3.6(c). However, horizontal lines are observed in the TEM image of
the e-Ga,03 layer with color contrasts. For the growth of e-Ga>O3 on hexagonal structure,
three rotational domains have been reported to be occurred due to the orthorhombic

structure. '!'® The horizontal defects seem to arise from stacking faults because of the three

1123/
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Figure 3.6 (a) Diffraction spots for e-Ga,03/a-(Alo4Gaos)203 layer/sapphire interface
viewed along the (1010) direction. (b) Cross-sectional TEM image of
e-Gax03/a-(Alo4Gaoe)05 layer/sapphire interface observed along the (1120)
direction. (c) Enlarged image of the framework shown in (b).
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rotational domains. The white streaks along the (002) direction in the electron diffraction

pattern are considered to originate from these stacking faults.

3.4 Dependence on Annealing Process of
a-(AliGa1.x)203 Layer

Based on the distance between cations, e-Ga>;O3 matches to a-(Al,Gai.x)>03 whose Al
concentration is around 0.2, as shown in Fig.3.4. If crystal structures of Ga>O3 depend on

the lattice mismatches to a-(Al:Gai.x)203 layers, e-GaOs is predicted to be grown on
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Figure 3.7 (a) Symmetric XRD 26/w scan profiles of the a-(Alo.17Gao.s3)203 grown at
700 °C before (black) and after (red) annealing at 800 °C. Surface AFM images of the
a-(Alo.17Gao.83)203 layers (b) before and (c¢) after annealing at 800 °C.
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a-(Al,Gaix)203 layers regardless of the annealing process. This section explores an effect
of the annealing process on the crystal structure of Ga;0s.

a-(Alo.17Gao 83)203, which is almost lattice-matched to e-Gay0s, is grown on a c-plane
sapphire substrate at 700 °C, as shown in the growth condition II of Table 2.1. The phase
transition temperature of Ga-rich a-(Al,Gai+)203 is around 800 °C, lower than that of the
a-(Alo.4Gaos)203. Therefore, the a-(Alo.18Gao.s2)20;3 films was annealed at 800 °C to prevent
the phase transition to the p-phase. '©

A symmetric XRD 26/w scan profile reveals that the a-(Alo.17Gao 33)203 layer maintains
the corundum structure after annealing at 800 °C [Fig. 3.7(a)]. As shown in Fig. 3.7(b), the
high growth temperature of 700 °C improves the surface roughness of the
a-(Alo.18Gao.82)203 film as grown and the RMS roughness of the sample is as small as 0.50
nm. Although the annealing process does not change the RMS roughness of the sample
(0.49 nm), the step-terrace structure, which is also observed in the AFM image of the
annealed LT a-(Alo.4Gaoe)203 layer [Fig. 3.1(b)], is confirmed by the surface AFM image
[Fig. 3.7(c)].

Ga,0s3 films were regrown on the a-(Alo.17Gao3)203 layer before and after annealing at
Te= 500 °C, which is the temperature that e-Ga;O; was obtained on the annealed
a-(Alo.4Gaoe)203 layer. Figure 3.8 shows symmetric XRD 26/w scan profiles of the Ga>O3
on the a-(Alo.17Gao 83)203 layer before and after annealing. As expected, e-Ga>O3 is grown

on the a-(Alo.17Gaos3)203 layer after annealing as well as on the annealed LT
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Figure 3.8 Symmetric XRD 260/® scan profiles of Ga;0O3 on the a-(Alo.17Ga0.93)203
layers.
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a-(Alp4Gao6)203 layer. On the other hand, although a-(Aly.17Gao 33)03 is lattice-matched
to €-Gax03, 0-Gax03 is obtained on the a-(Alo.17Gaos3).03 layer without the annealing
process, indicating the annealing process influences on the crystal phase of Ga;O3 on the
a-(Alo.17Gao 83)203 layer by changing the surface morphology or the surface termination

structure of the a-(Alo.17Gao 83)203 layer.

3.5 Dependence on Al Contents of Annealed
0-(AlcGa1«)20;3 Layer

This section investigates the dependence of Ga>xO3 polymorphs on Al compositions of
annealed o-(Al:Gai.)203 layers. The Al composition was changed between 0.17 and 0.86.
The a-(Al,Gaix)203 samples were grown at 7,= 700 °C in the growth condition II of Table
2.1, and then were annealed at 800 °C. GaxO3 films were regrown on the annealed
a-(AliGai.x)20;3 layers at 7= 500 °C. Symmetric XRD 26/w profiles exhibit that e-GaxO3
films are grown on the annealed a-(Al:Gai.)>03 layers and the dependence of the
polymorphs on the Al composition is not observed [Fig. 3.9]. From these results, the crystal
structure of Gay0s is strongly correlated with the surface structure, not with lattice

mismatches when the growth temperature is 500 °C.

. T -
F ea-(ALGa, ),0,0006 | 1

3 | k

r | L

[ x=086 . 1

:r I 1 | 1 11 I i

F . 1

r ! 1
—=r x=068 [ L
sy AL ol
: fr | | L1 1 1 1 | : -E
- F i 1
S . :
S§ x=058 3 |5y
>0 8mf P ST
:'(;l; TR T Y VYR TR ICSW b/ I j L
3 | | =71
ar £ 1 5
r = 1@ | Qo
Ef x=030 Pt
r Loy il .: li -!

r | 1

r ! 1

r x=0.17 '/? .

] "\ 3

:rl Ll T 1 \Inm{ |Hu“1|‘.- L

30 32 34 36 38 40 42
20/w[deg.]
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annealed at 800 °C as a function of the Al composition x.
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3.6 Discussion

It was predicted that a-Ga,Os3 is grown by inheriting the structure of a-(Al,Gai..)203
layers in any growth conditions. However, &-Ga;O; was grown on the annealed
a-(Al,Gaix)203 layers at growth temperature of Ga>xO3 lower than 600 °C. On the other
hand, a-Ga,Os; layers were obtained when the growth temperatures were higher than 600
°C or a-(AliGai-)20; films were not exposed to the annealing process. The schematics of
the formation model of a- and &-Ga>O3 are shown in Fig.3.10. With the annealing process,
the a-(AliGai.x)203 layers had the surface morphology with the step-terrace structure. The
step-terrace structure would cause the crystal structure of overgrown Ga>Osz to be
determined by the diffusion length. When the growth temperature is lower than 600 °C, the
diffusion length is considered to be shorter than half the terrace width for a-(AliGai.)203.
Therefore, Ga;03 grows in the three-dimensional nucleus growth mode, and it seems that
Ga and O atoms align so that the lattice mismatch is minimized, and thus form the e-phase.
When the diffusion length is so long that atoms can reach the step edges, the same crystal
structure as the a-(Al:Gaix)203 layer seems to be stable for the epitaxial layer, leading to
the growth of a-Ga>O3 along the step edges at higher growth temperatures. As a result,
e-Ga;03 and a-Ga,0;3 are grown on a-(Al,Gai«)203 annealed below and above 600 °C,
respectively. In fact, the result of Chapter 2 revealed that the a-Ga,O3 films on sapphire
substrates have small grains with the diameter of 50-200 nm for 7,<600 °C and smooth
surface morphology for 7,>600 °C, supporting the longer diffusion length at higher growth
temperatures. On the other hand, the step-terrace structure was not observed in the surface
morphology of as grown a-(Al:Gaix)203 layers even when the RMS roughness is as small
as the annealed layer. Therefore, atoms can be easily incorporated into edges and kinks on
the surface with inheriting the the structure of a-(AliGai.x)203 layers, leading to the
formation of a-Ga,03. However, a-Ga>O3 is grown on a sapphire substrate showing steps
at 7,2=500 °C. This may be caused by the large lattice mismatch of 4.6 % or sapphire could
have the different surface terminations from the a-(AliGai.x)20;3 layers after annealing. In
addition to the surface morphology, it is also possible that surface termination of
a-(AliGai4)203 films were changed by the annealing process. The termination of the

surfaces is required to be investigate in detail in future.
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Figure 3.10 Schematics model for formation of a- and e-Ga;0s at higher and lower

temperatures.

3.7 Summary

This chapter explored that crystal phases of Ga,Os3 layers grown on a-(Al,Gai+)20;3
layers. The surface morphology of the a-(AliGai.x)203 layers after annealing at 800-900 °C
showed a step-terrace structure, leading to the growth of &-GayOz at lower growth
temperature than 600 °C. On the other hand, longer diffusion lengths yield by higher growth
temperature, or kinks on the surface of as grown a-(AliGai.x)203 layers allow atoms to
reach the edges on the surface, resulting in the formation of a-Ga,0O3, which has the same
structure as the o-(AliGai«)203 layer. From these results, a-Ga,O3 can be conrolled on

a-(AliGai.x)203 by using higher growth temperature.
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Chapter 4

Reduction of Dislocation Density in
0-Gaz0;3 Films on Sapphire Substrates

4.1 Introduction

Since a-Ga;O3; does not have its high quality substrates yet due to its
thermodynamically metastable character, the heteroepitaxial growth of a-GaO3 is essential
for a-Ga;O3 based power devices. In general, sapphire (a-Al2Os) is used as the substrate
for the growth of a-Ga, O3 since both materials have the same corundum structure. However,
the a-GaxOs3 films grown on the sapphire substrate have high density dislocations, which
arises from the lattice mismatches to the substrates (3.54 and 4.81% along c- and a-axes,
respectively). Especially the edge dislocation density has been reported as 7x10'° cm™ by
the method of Ham. " In this chapter, the author describes the reduction of dislocation
density in the a-Ga>Os3 films on sapphire substrates by two ways: an introduction of
a-(Al:Gai.x)203 multilayers as buffer layers and the epitaxial lateral overgrowth technique.

4.2 Method of Reducing Dislocation Densities in
0-Ga»0; Film on Sapphire Substrate

4.2.1 Quasi-Graded 0-(AlcGai):03 Buffer Layer

Using buffer layers allows a reduction of dislocation densities by confining strains and
misfit dislocations originated from lattice mismatches between substrates and films within
the buffer layers. The study on the group III-V and II-VI semiconductors has developed

23) strained

several types of the buffer layers such as low/high temperature buffer layers,
super lattice buffer layers, ¥ and compositionally graded buffer layers. > For the
heteroepitaxial growth of a-Ga;Os3 on sapphire, the compositionally graded-buffer and
strained super lattice buffer are available by utilizing an a-(Al:Gai.x)20; alloy, which has
an intermediate lattice length. '” Here, the author combines the both buffer layers and
proposes “compositionally quasi-graded buffer layer”. Figure 4.1 shows the schematic of
the compositionally graded and the quasi-graded buffer layers. The graded buffer layer
gradually changes an Al composition of a-(AliGai«)203 from Al-rich (substrate) to Ga-rich

(film) so that the lattice length is gradually changed from a substrate to a film and the
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introduction of dislocations is expected to be suppressed. The quasi-graded buffer layer
controls the average composition and lattice length of the buffer layer by the thickness
ratios of Al-rich/Ga-rich layers instead of the real composition as the digital alloy does. The
buffer layer is expected to enhance the controllability of changing the Al composition and

prevent the dislocation from propagating upward a-Ga;0Os.

Compositionally Quasi-graded
graded buffer buffer
Ga
rich
-------- >
X = 0.55 —
X = 0.61
X = 0.66
x =072
x =0.78
x =0.84
‘ x=0.9
Al
rich

x : Al composition

Figure 4.1. Schematics of the compositionally graded and quasi-graded buffer

4.2.2 Epitaxial Lateral Overgrowth of a-Ga;O3

The epitaxial lateral overgrowth technology has been used as one of the most promising
ways to reduce the density of dislocations in GaN. ''"!> The growth models of epitaxial
lateral overgrowth of GaN are shown Fig. 4.2.'% In the process, a part of highly dislocated
layer is masked with a dielectric mask such as SiOz and SiN, and after that the growth is
restarted. The mask filters the dislocations under it, being covered by the laterally grown
GaN, which is defect-free. Hiramatsu et al. has proposed two typical models as shown in
Fig. 4.2; in one model (A), the dislocation concentrates only on the window area and, in
the other model (B), only in the coalescence region in the center of the mask,' that is so-
called facet-controlled epitaxial lateral over growth (FACELO). The inclined facet in the

Model B has allowed a dramatic decrease of the dislocation density in GaN to the order of
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10° cm™. The Model B includes two-step processes with different growth conditions so that
the lateral growth rate is increased and the mask is easily buried. In Model A, a ratio of
lateral and vertical growth rates (L/V ratio) is important to reduce the dislocation density
effectively since the larger L/V ratio is preferable for a small fill factor (ratio of the stripe
window to the patterned period), resulting in a small area of the highly dislocated region
above the window area. Therefore, facet structures and L/} ratio are crucial parameters in
the technology, which are controlled by growth conditions such as reactor pressure and
growth temperature for FACEL of GaN via low-pressure MOVCVD. 4

The dislocation density in a-Ga>Os is also expected to be reduced by using the epitaxial
lateral overgrowth process. This chapter explores the epitaxial lateral overgrown (ELO)
0-Ga0; via mist-CVD, which has achieved promising results of 0-Ga>03. %1618 The mist-
CVD growth is considered occur in a non-equilibrium state due to using mist particles and
an atmospheric pressure. In addition, only an oxygen rich condition is available because of
atomizing a liquid solution including source atoms. These indicate that, unlike MOCVD, it
is difficult to control facet structures and the L/V ratio dramatically by only growth
conditions such as a VI/III ratio and growth temperature in the mist-CVD process.
Therefore, the ELO a-Ga;O3; on various substrate orientations with different stripe

directions are investigated in order to control the facet structures and the L/J ratio.

dislocation

Ty o

Model A Model B

Figure 4.2. Schematics of the epitaxial lateral overgrowth (ELO) and FACELO (Facet
Controlled ELO) of GaN. Two different types of models, A and B, are shown. 15)
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4.3 0-Ga;0s Layers on Sapphire Substrates with
0-(AlcGa1+)203 Quasi-Graded Buffer Layer

4.3.1 Experimental Procedures

The schematic structure of buffer layers on a c-plane sapphire substrate is illustrated in
Fig. 4.3. Although a-Al>O3/Ga,03; multiple layers are ideal as the buffer layer, the growth
temperature of o-AlO; is higher than that of a-GaxOs, which could lead to an
inclusion/growth of B-Ga>Os. The growth temperature difference is not preferable for the
growth of multiple layers as well since it requires temperature raising/lowering frequently.
On the other hand, a-(AliGaix)203 can be grown at the same growth temperature with a
reasonable crystal quality and was adopted as materials of the buffer layers. The buffer
layers consist with alternatives of a-(Alo.9Gao.1)203 and a-(Alo2Gaos)203 layers, where the
thickness of a-(Alo.oGao.1)203 was gradually decreased while that of a-(Alp2Gaos)>03 was
gradually increased from the position close to the sapphire substrate to the a-Ga;O3 main
layer.

30 min=) 0-Ga,0,

20's
40 s
60 s
80s
100 s
120 s
140 s
160 s

180 s
200 s

220 s=p
240 s=) a-(Al, ,Ga, ),0,

sapphire

substrate

Figure 4.3. Sample structure and growth sequence of the constituent layers.
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Prior to the growth of the sample, the sapphire substrate was annealed in air at 1050°C
for 12 hours to obtain atomically flat surface, and then washed in acetone, methanol, and
deionized (DI) water in an ultrasonic cleaner. The a-Ga;O; main layer and the
a-(Al,Gaix)203 buffer layers were grown by the mist CVD method. Gallium(LL)
acetylacetonate [ Ga(acac)3] and aluminum(I1I) acetylacetonate [ Al(acac)s] were used as the
precursors for Ga and Al, respectively, which were solved in DI water. The growth
conditions of a-Ga>O3 and a-(Al,Gaix)203 (x = 0.2 and 0.9) layers are summarized in Table
4.1. Here, the molar concentrations of Ga and Al (mol/L) are shown as [Ga] and [Al],
respectively, which were determined so that the growth rate of a-(Al.Gai.)203 reached ca.
5 nm/min. Since the incorporation rate of Al from the source precursor into the film was
lower than that of Ga, the liquidus composition ratio of [Al]/([Ga]+[Al]) was higher than
the solidus composition of Al (x). The growth of a-(Al:Gai.)203 multiple layers was carried
out at 700 °C, then, following the growth of a-Ga>O3 at 470 °C. Nitrogen (N2) was used as
both carrier and dilution gases for the growth of a-Ga>O3. On the other hand, oxygen (O2)
was used for the growth of a-(AliGai-,)203, for preventing carbonization of the surface of
the a-(AliGai-,)203, as explained in Chapter 3. The growth times of a-(AliGai.x)203 buffer
layers and a-Ga,O3; main layer are shown in Fig.4.3. The author designed the buffer layer
structure taking double layers of a-(Alp.9Gao.1)203/a-(Alo2Gaog)203 as a basic pair, which
was grown in 4 min (the thickness of 20 nm). 12 pairs of a-(Alo.9Gao.1)203/a-(Alo.2Gao 8)203
layers were formed on sapphire increasing the growth time of a-(Alo2Gao )03 layers by
20 seconds from 0 to 220 seconds while decreasing the growth time of a-(Alo.9Gao.1)203
layers by 20 seconds from 240 to 20 seconds. Then, an a-(Alo.2Gaos)203 layer was grown
on the 12 pairs of a-(Alo.9Gao.1)203/0-(Alo.2Gag.8)203 layers for 30 minutes (the thickness
of 150 nm), followed by the growth of an a-Ga;03 main layer for 30 minutes (the thickness
of 150 nm).

Table 4.1. Experimental conditions.

0-Ga203 0-(Alo2Gaos)203  a-(Alo.9Gao.1)20;3
[Al] 0.09 mol/L 0.14 mol/L
[Ga] 0.020 mol/L 0.03 mol/L 0.02 mol/L
Carrier gas, flow rate N2, 1.0 L/min 02, 5.0 L/min 02, 5.0 L/min
Dilution gas, flow rate N, 0.5 L/min 02, 0.5 L/min 02, 0.5 L/min

Growth temperature 470°C 700°C 700°C
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4.3.2 X-ray Diffraction Measurement

Figure 4.4 shows the reciprocal space map for 1129 reflection. The author attributed
the three intense reflection patterns to those from the sapphire substrate, the
a-(Alo.9Gao.1)203 layer (on the right side of sapphire), the thick a-(Alp.2Gaos)203 layer on
the buffer layers (below the a-Ga;O3; main layer), and the a-Ga;O3; main layer judging from
their positions although some layers in the buffer may be too weak to be detected. The
dashed line intersects the theoretical positions of sapphire and 0-Ga,O3 1129 reflections.
Apparently, the a-Ga>O3 and a-(Alo2Gaog)20;3 layers are lattice-relaxed with respect to the
sapphire substrate and the a-Ga>Oj3 layer seems to be subject to slight in-plane compressive
strain. On the other hand, in-plane tensile stress acts on the a-(Alo.9oGao.1)203 layer, being
strained by the a-(Alo.2Gao.5)203 and a-Ga,Os3 layers.

) Gao1)20
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_103
_102
| 10!
- 3320
096 0542 = 041 = 040 10°
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Figure 4.4. Reciprocal space map for x-ray 1129 reflections from the sample with

buffer layers.

4.3.3 Transmission Electron Microscopy Observation

Figure 4.5(a) depicts the electron-beam diffraction pattern at the
[a-Ga203/0-(AlcGaix)203 buffer layers/sapphire substrate] region observed along the
(1010) axis. The diffraction spots of a-GaOs and o-(Alp2Gaos).03 appear to be
overlapped because the difference in Ilattice constants between a-Ga,O3 and
a-(Alo.2Gao8)20;3 1s small (about 0.7 and 1.0% along c- and a-axes, respectively). Anyway,
the diffraction spots of a-GaOs; [and probably those of a-(Alo2Gaog)203] are clearly
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situated inside of those of sapphire, indicating that the a-GaO3 film has the corundum
structure and is a single crystal film. The cross-sectional transmission electron microscope
(TEM) image at the [0-GaxOs/0-(AliGai)203 buffer layers/sapphire substrate] region
observed along the (1120) zone axis is shown in Fig. 4.5(b). The sample structure
consisting of periodic multilayers of a-(Alo.9Gao.1)203 and a-(Alp2Gaos)203, as shown in
Fig. 4.3, is actually fabricated. The thickness of a wunit pair of
a-(Alo.oGao.1)203/a-(Alo.2Gao s)203 are recognized as about 20 nm, which is nearly same as
designed.

Cross-sectional TEM images under two-beam conditions were taken to discuss the
dislocation structure of the buffer layers and the a-Ga,O3; main layer. Figure 4.6 shows the
dark field images of the [a-Ga>0s3/a-(AliGai.x)203 buffer layers/sapphire substrate] region.
Figures 4.6(a) and 4.6(b) were observed along the (1120) zone axis with diffraction
vector g = 0006 and 1010, respectively. In the image for g =1010 [Fig. 4.6(b)], edge
dislocations are observed and the density of them in the a-Ga>Os3 thin film is estimated to
be 8x10” cm™, while in the image for g = 0006 [Fig. 4.6(a)], the density of screw dislocation
is calculated as 3x10® cm™ using the method of Ham. ** Figures 4.6(c) and 4.6(d) show
cross-sectional TEM images observed along the (1010) zone axis with g = 0003 and 112
0, respectively. The 0003 diffraction spot is observed as an extinct spot forbidden by the c-
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Figure 4.5. Transmission electron beam diffraction spots for the [0-Ga>03/a-(AliGai.x)203
buffer layers/sapphire] region viewed along (1010) (a) and cross-sectional TEM image

of the sample viewed along (1120) zone axis (b).
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glide symmetry, that is, 1123 + 1120 = 0003 in the (1010) zone, ** as shown in Fig.
4.5(a). Therefore, g = 0003, which is the closest to the origin, was used. As shown in Fig.
4.6(c), few screw dislocations are confirmed in the a-Ga>O3 main layer. By enhancing the
contrast of the image in Fig. 4.6(c), the screw dislocations are apparently observed and the
density of them is similar to that in the image viewed along the (1120) zone axis for g =
0006 [Fig. 4.4(a)]. On the other hand, in the image for g = 1120 [Fig. 4.6(d)], the dark
and bright areas apparently appear owing to the strain. The edge dislocation density in the
0-Ga>03; main layer is approximated as 6x10% cm™. In all the obtained images, most of
bright-dark contrast areas and lines are seen in the a-(Al,Gai.x)>O3 buffer layers. It indicates
that much dislocations are confined in the buffer layers.

Cross-sectional TEM images showed that the density of dislocations observed along
the (1010) zone axis with g = 1120 [Fig. 4.6(d)] was higher than those observed with g
= 0003 [Fig. 4.4(c)] or along the (1120) zone axis [Figs. 4.6(a) and 4.6(b)]. This result is
similar to that obtained for the a-Ga>Oj3 directly grown on c-plane sapphire substrates, ?
but it should be noted that the edge dislocation density in the a-Ga>Os3 thin films was
reduced to 6x10® cm™ (in the present study) from 7x10'° cm™ (in the previous study,*? in
a-Gay0s directly on sapphire). The graded-buffer layers may concentrate dislocations in
the a-(AliGai.)203 buffer layers by gradually changing the average lattice length from the
substrate to the a-GaOs3 layer, resulting in the reduction of the edge dislocations in the
a-Gax03 thin films. On the other hand, in the a-Ga>O3 thin films on the a-(Al,Gai+)20;3
buffer layers, screw dislocations were evidently observed and their density was 3x10® cm?,
which was in contrast to the oa-Ga,Os; grown directly on sapphire where the screw
dislocation density was under 107 cm™. In this study, the screw dislocations in the main
a-GaxOs layer probably arise from tilting lattice happened at the heterointerfaces of the
multiple layers. On the other hand, for the a-Ga>Os directly grown on sapphire, a-Ga,0s is
grown semi-coherently on sapphire with the periodic structure along the (1100) direction,
corresponding to the matching of 20 a-Ga>Os cells and 21 a-AlOs cells, preventing the

generation of screw dislocations.
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Figure 4.6. Dark-field TEM images observed under two-beam diffraction condition at
the [0-GaxOs/0-(Al:Gai«)203 buffer layers/sapphire] interface. (a) and (b) were taken
with the (1120) zone axis and titled to diffraction vector g = 0006 (a) or 1010 (b) .

(c) and (d) were with the (1010) zone axis and tilted to g = 0003 (c) and 1120 (d).
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4.4 Epitaxial Lateral Overgrowth of a-Ga,0O3

4.4.1 Experimental Procedures

Si0, was adopted as the dielectric mask material for the ELO a-GaxOs. A striped-
patterned SiO> mask was used to investigate the relation between the direction of stripes
with respect to the crystal orientation, and the facet structure and L/V ratio of the ELO
a-Ga203. a-GaxOs is able to be heteroepitaxially grown on sapphire substrates without
nucleation layers by mist-CVD and HVPE unlike GaN. Therefore, the SiO, mask was
formed directly on sapphire substrates by using a photolithography. The width of stripe
windows was 5 pm with a periodicity of 10 pm, as shown in Fig. 4.7. The growth of
a-Ga03 was conducted on c-, m- and a-plane sapphire substrates patterned by the SiO»
mask whose stripes were along c-, m- and/or a-axes by the mist-CVD method. The growth
condition is summarized in Table 4.2. Gallium tri-chloride (GaCls), which allows the higher
growth rate than Ga(acac)s;, was adopted as a Ga precursor. The mist-CVD growth of
a-Gay0;3 using GaCls is explained in Chapter 2 in detail. Epitaxial c-, m-, and a-plane
a-Gay0; films were grown on c-, m-, and a-plane sapphire substrates with the in-plane
orientations of the films corresponded with those of the substrates. The growth temperature

(Ty) was changed between 500 and 700 °C. Nitrogen was used as both carrier and dilution

gases.
Table 4.2. Experimental conditions
Substrate c-plane A-and m-
sapphire plane
sapphire
Ga precursor GaCl;
Solvent H,O
HCI 2.4 mol/L
Ga concentration 0.1 mol/LL 0.02 mol/L
Growth temperature 7, 500-700 600 °C
°C
Carrier gas (flow rate) N2, 4.0 L/min
Dilution gas (flow rate) N2, 0.5 L/min

Window 10|J-m SiOz mask

Sapphire substrate

Figure 4.7. Schematic of the SiO, mask on a sapphire
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4.4.2 Temperature Dependence of SAG a-Ga0;

Scanning electron microscopy (SEM) was used to investigate selective area growth
characteristics of the a-Ga,Os3 on the patterned substrates, facet structures of the selective
area grown (SAG) a-GaxOs and the L/V ratios. At first, temperature dependence of selective
growth was investigated. Figures 4.8(a)-(c) are plane view and cross-sectional SEM images
of the SAG 0-Ga,0j3 on c-plane sapphire substrates with the stripe along the (1120), where
the a-Ga,0s layers were grown at the growth temperature (7%) of (a) 500, (b) 600, and (c)
700 °C. The a-Gax0s is selectively grown on the window areas at 7,= 600 and 700 °C,
while depositions are observed on the SiO> mask at 7g= 500 °C, as shown in Fig. 4.8(a),
revealing that the growth temperature higher than 500 °C is required for the SAG a-Ga,03
at the present growth condition. However, the a-Ga;O3 grown at 700 °C hs a rough surface
morphology with cracks, as shown in Fig. 4.8(c), due to the larger difference in thermal
expansion coefficients of a-Ga>0Oj3 and sapphire at the higher temperature. ')

Figure 4.9 shows symmetric X-ray diffraction (XRD) 26/w scan profiles of the SAG
0-Ga20; on the c-plane sapphire substrate with the (1120)-oriented stripe mask. The
samples grown at 500 and 600 °C show the a-Ga>O3 and sapphire 0006 related reflex, while
the sample grown at 700 °C exhibits small peaks from B-Ga,O3 201 related reflex besides
those from a-Ga>Os. The a-Ga,03 layers with a micrometer order thickness were obtained

at Tx>600 °C, which is higher than the reported phase transition temperature. This is

because the a-GaOs is stabilized on the patterned substrates due to less strain in the SAG

(a) (b) (©)

Figure 4.8. Bird’s-eye (upper) and cross-sectional (lower) SEM images of ELO GaxOs
on c-plane sapphire with the (1120) stipe grown at (a) 500 °C, (b) 600 °C and (c) 700 °C,

respectively.
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a-Gay0s3 layers. The detail will be discussed in Chapter 6. The same dependence on the
growth temperatures was observed for the SAG 0-Ga>O3 on m- and a-plane sapphire
substrates.

FO0C
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C B-Ge,04 503

Intensity[arb.unit]

T a-Ge,0y 0006
sepphire 0006
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Figure 4.9. Symmetric XRD 26/ scan profiles of the SAG a-Ga>O3 on c-plane sapphire

with the opening stripes along <1120> axis as a function of growth temperatures.

In order to investigate the mechanism of the selective area growth of a-Ga;0O3; on
sapphire substrates using the SiO> mask, GaO. was deposited on quartz (SiO2) glass
substrates.! Note that the composition of the film is shown here as GaOx, since amorphous
gallium oxide is formed on SiO» and the Ga/O ratio may not always be the stoichiometric
value (2/3). The Ga concentration and growth time were set at 0.02 mol/L and 5 min,
respectively, which were smaller than those used for the SAG a-Ga;O3 (0.1 mol/L and 1
hour) to see the initial nucleation of GaOx on the substrates. Bird’s eye SEM images for the
GaOx on quartz show the nucleation of GaO, on the quartz glass substrates at 7 between
500 and 700 °C [Fig. 4.10(a)-(c)], while no depositions on the SiO, mask were observed
for the SAG a-Ga;0s at Tg= 600 and 700 °C [Fig. 4.8(b) and 4.8(c)]. These results indicate

! Since amorphous gallium oxide is formed on SiO,, the Ga/O ratio may not always be the
stoichiometric value (2/3); so the composition of the film is shown here as GaOx,
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that GaOx can be deposited on SiO2, thus, the SAG of a-Ga20s3 is not happened by the
desorption characteristic of a-Ga>O3 on SiO». Figure 4.11 explains the expected mechanism
of the selective area growth of the a-Ga;Os on the SiO, mask. When the SiO> mask is
patterned on a sapphire substrate, the source materials can diffuse on the SiO, mask at
enough high temperature (7z>500 °C) and all the sources are incorporated into the facet on
the window area of the sapphire, following the lateral growth [Fig. 4.11(b)]. In the present
study, source materials seem to have enough long diffusion length to reach the window area
at Tz>500 °C, yielding the SAG a-Ga;0s. On the other hand, GaO, is deposited on the
quartz glass substrate due to the enough supply to form the initial nucleus. When the growth
temperature and growth time are 600 °C and 1 h, respectively, the cross-sectional area of
the SAG a-Ga,Os (the periodicity of 10 pm) is approximated to be 30 pm?, as estimted

from Fig. 4.8(b). The area corresponds with the area of a-Ga;O3; on sapphire substrate

(@) Ty4=500°C (b) T4=600 °C (©) T4=700
Figure 4.10. Plane-view SEM images of GaOy on SiO; glass substrates grown at
(a) 500 °C, (b) 600 °C and (c) 700 °C, respectively.
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Figure 4.11. Schematics of growth behaviors of (a) GaOx on SiO; and (b) selective area

growth of a-GayO3 on sapphire substrates with a Si0, mask.
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without patterns as calculated based on the growth rate of 50 nm/min [Fig.2.5 in Chapter
2]. These results support that all sources supplied on the mask region is incorporated into
the facets at 7,>500 °C by the enough long diffusion lengths on the SiO> mask.

4.4.3 Dependence of SAG 0-Ga;0O3 on Orientation of
Substrates

Due to the cracks introduced before a coalescence of the facets at 700 °C and the
deposition on the mask at 500 °C with the mask/window width of 5/5 pm, the growth
temperature around 600 °C is suitable for the ELO a-GaxOs. In order to investigate the
dependence of facet structures on the mask direction with respect to the orientation of
sapphire substrates, a-Ga,O3 was grown at 600 °C on c-, m-, and a-plane sapphire

substrates with the stripes along c-, m-, and/or a-axes.

C-plane Substrates with the A- and M-axes Stripes
Figures 4.12(a) and 4.12(b) show bird’s-eye and cross-sectional SEM images of the
SAG 0-Ga,03 grown on c-plane sapphire substrates with the (1120) and (1010) stripes,

respectively. Triangular stripes with {10?1} and {1012} facets were formed for the
(1120) stripe, while a rectangular cross section with a (0001) top facet and {1150}
sidewalls is observed for the (10?0) stripe. The triangle facet can be utilized for the

m
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(a) (1120) stripe (b) (1010) stripe

Figure 4.12. Bird’s-eye (upper) and cross-sectional (lower) SEM images of the SAG
Ga,03 on c-plane sapphire grown at 600 °C with (a) the (1120) and (b) (1010)
stripes.
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FACELO. Hiramatsu et al. reported that the dislocation density was dramatically dropped
to the order of 10°® cm in the FACELO process: bending of the dislocations by controlling
the facet structure from the inclined triangular one to a flat one. !> The facet structures of
0-Ga,0; on c-plane sapphire with stripes along (1120) can be changed a triangle to a flat
one as well by changing the growth temperature from 600 to 700 °C [Fig.4.8(b) and 4.8(c)].
Therefore, this will be a promising condition to reduce the dislocation density in a-GaxO3
effectively by one process. However, the small L/V ratio of 0.23 causes the difficulty of the
coalescence with the mask width of 5 um because of the introduction of cracks or
exfoliations before the coalescence. Here, the L/V ratio was determined as shown in Fig.
4.13. The smaller widths of openings and masks will enable the coalescences and lead to

the reduction of the dislocation density in future works.
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Figure 4.13. Schematics of the SAG a-Ga>O3 on sapphire substrates.

M-plane Substrates with A- and C-axes Stripes

As shown in Fig. 4.14(a), a triangular stripe with {1OI1} and {1012} facets is
formed for the (1120) stripe. These facets of {10?1} and {IOIZ} are the same planes
observed for the same opening axis of (1120) for the c-plane sapphire [Fig. 4.12(b)].
These results indicate that surface energies of {10?1} and {10?2} of a-Ga,0;3 are lower
than that of the {0001} in the present condition. On the other hand, a trapezoidal cross
section with a {10?0} top and {1150} facets is observed for the <0001> stripe [Fig.
4.14(b)].

A-plane Substrates with M- and C-axes Stripes

A trapezoidal stripe with the {1 150} facets is observed for the (0001) stripe
[Fig.4.15 (a)], while a rectangular cross section with (0001) sidewalls is grown for the
(1010) stripe [Fig.4.15(b)]. These facets are corresponding to the (0001) stripe on the
m-plane sapphire and the (1010) stripe on the c-plane sapphire [Fig.4.14(b) and
Fig.4.12(b)].
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Figure 4.14. Bird’s-eye (upper) and cross-sectional (lower) SEM images of the SAG
Ga,03 on m-plane sapphire grown at 600 °C with (a) the (1120) and (b) (0001)

stripes.
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Figure 4.15. Bird’s-eye (upper) and cross-sectional (lower) SEM images of the SAG
Ga,0; on a-plane sapphire grown at 600 °C with (a) (0001) and (b) the (1010)

stripes.
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Summary

Table 4.3 summarizes the SAG a-Ga;0Os on the c-, m-, and a-plane sapphire substrates.
The shapes of the SAG a-Ga>O3 depended on the orientations of substrates and the direction
of the stripes, but all the facets consisted of the basal (¢) {0001}, rhombohedral (r) {1012},
prismatic (a) {1510} and structural rhombohedral (s) {10?1} except for the prismatic
(m) {1010} facet on the m-plane sapphire with the (1120) stripe where the {1010} top
facet was not buried by the inclined a-plane facets [Fig. 4.14(b)]. C-, r-, a- and s-planes are
same as the equilibrium facets of cavity in sapphire annealed at 1600 and 1800 °C reported
by Choi ef al. and Kitayama et al., where m-plane, identified as a low energy plane of
sapphire in some 0 K lattice simulations, was not observed at either temperature.?>?!) These
planes in a-Ga2O3 are considered to be stable as well because of the same corundum
structure.

The L/V ratios of the SAG a-Ga>O3 were determined as depicted in the Fig. 4.15. The
SAG a-Gax0Os3 on the a-plane substrates showed approximately 4 times as large L/V ratio as
those on c- and m-plane substrates. The SAG 0-Ga>O3 on the a-plane substrate with the
(1010)-oriented stripe mask had the largest L/V ratio of 0.96. The fast lateral growth rate
along c-axis indicates that c-plane takes higher surface energy than the other stable planes
(r, s, a-planes) in the growth condition, which is consistent with the result of the ELO
a-Ga;03 on c-plane sapphire substrates that the c-plane top was buried into the r- and
s-plane facets [Fig. 4.12(a)]. From viewpoints of a small mask fill factor, the ELO a-GaxO3
on the a-plane substrate with the largest L/} ratio is suitable for the ELO a-Ga;Os.

Table 4.3. Summary of the SAG a-Ga203 on c-, m-, and a-plane sapphire substrates with

Si0; masks.

opening | Lateral Facet Facet planes | L/V ratio
axis structure
C
m a ﬂ 2 a, C 0.20

C
a m I's, C 0.23
C a m, a 0.27
m
a C rs 0.37
m C a, C 0.96
a
C m a 0.93
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4.4.4 Epitaxial Lateral Overgrown o-Ga;O3 on A-Plane
Sapphire

By using the a-plane sapphire substrate with the (1010)-oriented stripe mask, the full
coalescence was achieved by growing for 2 hours, as shown in Fig. 4.16(a). The growth
temperature of 550 °C was used since cracks were introduced in the a-Ga,Os layer before
a coalescence occurred at 7= 600 °C. Figure 4.16(b) shows the symmetric XRD 26/® scan
spectrum of the ELO a-Ga,O; on the a-plane sapphire substrate with the (1010)-oriented
stripe mask. The spectra exhibits peaks originated from 0-Ga2Os 1120 without any other
peaks, meaning there is no inclusion of the different phases or domains in the ELO a-GaxOs.
The SAG 0-Ga>O3 on c- and m-plane sapphire substrates also did not show the diffraction
peaks from other phases or domains unlike the ELO 0-Ga,O3; by HVPE. 22
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Figure 4.16. (a) Bird’s-eye (upper) and cross-sectional (lower) SEM images of ELO
Ga;03 on the a-plane sapphire substrate with the (1010) stipe grown at 550 °C.
Something on the surface of the cross-sectional view may be a fraction of the sample
formed in the cleavage process. (b) Symmetric XRD 26/ scan spectra of ELO a-Ga2O3
grown on the a-plane sapphire substrate for 3 hours, suggesting successful formation of
a-Gaz0s.
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The cross-sectional TEM observation was conducted for the ELO a-Ga;Os3 on the a-plane
sapphire with the (1010)-oriented stripe mask, as shown in Fig. 4.17. The 0-Ga,03 was
grown for 4 hours to achieve the full coalescence. Figure 4.17(a) reveals that the sharp
triangular voids with the height of ca. 1.5 um remain behind in the coalescence region. The
voids are likely to be formed by tilting of the facets on the mask area or less supply of the

source to the gap between the facets.

Mask WdeDw Mask

l-::-Ga i

sapphire
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(c) g=0003 (window region)
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—
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Figure 4.17. (a) Cross-sectional bright field TEM images of ELO of a-Ga;0O3; grown on
a-plane sapphire substrates at 550 °C with the direction of the stripe along (1010) axis.
(b) and (c) are the dark field images under two-beam diffraction at the window area in
(a) with (b) g=1120 and (c) g=0003. (d) is the dark field images at the coalescence
region in the framework shown in (a) with g=0003. The color contrast between the upper
half and lower half region of the a-Ga,Os3 layer was due to the different thickness caused

in the sample preparation process for the TEM observation.
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On the window area, the contrast due to the high density of dislocations is observed,
while dislocations generated on the SiO, mask are not detected from the cross-sectional
TEM image [Fig. 4.17(a)]. On the other hand, the density of dislocations above the window
area was estimated to be on the order of 10!° cm™ from a plane-view TEM image. As shown
in Figs. 4.17(b) and (c), a dark field image of the a-Ga,Os3 in the window region with
g=1 120 shows clear white lines originated from the dislocations, while a low contrast due
to the strain in the a-Ga2Os3 is observed for g=0003. These results indicate that there are
screw dislocations above the window area in the ELO a-Ga2O3 on the a-plane sapphire
substrate. On the other hand, a dislocation with g=0003 is introduced just above the void at
the coalescence boundary, as shown in Fig. 4.17(d).

In order to discuss the behavior of the dislocation introduced at the coalescence
boundary, plane-view TEM images of the ELO a-Ga>Oj3 above the mask region were taken.
Figure 4.18(a) reveals that the dislocations are introduced at the coalescence boundary at
an interval of a few hundred nm. Figures 4.18(b) and 4.18(c) show the dark field images
under two-beam conditions with g=0003 and 1010, respectively. In the image for g=0003,
the dislocations are clearly observed, meaning that the dislocations have the Burgers vector
along the (0001) axis. The endpoints of the dislocations show pits, indicating that the
dislocations are bent to 90 degrees there and turned into the threading dislocations. These

results are consistent with the results of the cross-sectional TEM observation [Fig. 4.17(d)].

(b) g=0003 (c) g=1010

Figure 4.18. (a) Plane view bright field TEM images of ELO of a-Ga,O3 grown on a-
plane sapphire substrates at 550 °C with the (1010) stripe. (b) and (c) are the dark field

images under two-beam diffraction with (b) g=1 010 and (c) g=0006 in the framework
shown in (a).
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Figure 4.19 shows the schematic of the behavior of the dislocations in the ELO
0-Ga,0;3 on the a-plane sapphire substrate with the (1010)-oriented stripe mask. In this
condition, the rectangular cross section with the (0001) sidewalls was observed, allowing
the largest L/V ratio of 0.96. Although the inclined facets could help a dramatic reduction
of the dislocation density like the FACELO GaN, the two ELO process using rectangular
facets is also a promising way to reduce the dislocation density in a-Ga>Os3; in that process,
the dislocation concentrated region above the window area are covered by the second mask.
Above the window area, there are the threading screw dislocations whose density was the
order of 10'° cm™. In the previous study on the dislocations in the 0-Ga>Os film grown on
a c-plane sapphire substrate, the edge dislocations generated in the particular plane of
{5110} was reported.!) Therefore, 0-Ga,Os is considered to have the slip direction of
(1120), as hexagonal closed-packed crystals usually do. On the other hand, the dislocations
with the Burgers vector along (0001) axis were observed above the mask region. The
dislocations seem to arise from a misalignment of facets at the coalescence boundary. Then,
they turned upward probably due to the repulsion forced by the screw dislocations above

the window area.

Window area Mask area Window area
«+—p
(1120) Coqr":ascenced
boilnd ry ~a ‘__.-" Threading dislc_»cation
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— /
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A-plnae sapphire substrate \ L»<0001>

N\ Si10, mask

Figure 4.19. Schematic of the dislocations in the ELO a-Ga;O3; on a-plane sapphire
substrates with the (1120) stipes.
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4.5 Summary

Corundum-structured a-Ga;Os thin films were grown using o-(Al:Gai)03 buffer
layers on c-plane sapphire substrates, and using the epitaxial lateral overgrowth techniques
in order to reduce the dislocation density in a-Ga2O3 on sapphire.

By introducing the quasi-graded buffer layers, the edge dislocation density in the
a-Gay0s3 layer was successfully reduced by more than two order of magnitude, compared
with a-Ga>O3 directly on sapphire. The densities of screw and edge dislocations were about
3x10% and 6x10% cm™, respectively. The total density of dislocations was successfully
decreased from 7x 10" ¢cm? (in an a-Ga,Os thin film directly grown on a sapphire
substrate) to 9x10® cm™ by more than one orders of magnitude. However, it should be noted
that the screw dislocation density was increased compared to that without the buffer layers.

Secondly, the ELO a-Ga2O3 on sapphire was investigated on the c-, m-, and a-plane
sapphire substrates with the different mask directions by adopting SiO; as the mask material.
a-Ga203 was selectively grown on the window areas without any deposition on the mask
at T¢>550 °C. The shapes of the SAG a-Ga>O3 depended on the orientations of substrates
and the direction of stripes, but all the facets consisted of the c-, r-, a- and s-planes,
indicating these planes have lower surface energies in the growth condition. The ELO
a-Ga>O3 grown on the a-plane sapphire substrates with the (1010)-oriented stripe mask
showed the rectangular facet structure and the largest L/V ratio of 0.96 due to the (0001)
sidewalls having the higher surface energy than the other stable planes. Above the window
area, the screw dislocations were observed, while the dislocations with the Burgers vector
along (0001) axis (the lateral growth direction) were generated from the coalescence
boundary probably due to the misalignment of facets at the boundary. The dislocations
generated at the coalescence boundary were bent to 90 degrees at the edge of the mask area,
turning into the threading dislocations. The bend may arise from a repulsive force between
the dislocations and those above the window area. By using the second mask which is
formed on the first window area and has a slightly wider mask width than that of the first
window to cover the dislocations on the window area as well as those at the edge of the
mask generated from the coalescence boundary, the low dislocation density can be achieved
in future works.

The reduction of dislocations by the two methods will allow the improvements of
electric properties of a-GaO3, leading to attractive device performance using inexpensive
and large-area sapphire substrates. However, the effects of these dislocations on the
electrical properties are not studied at the present stage, and it is necessary to identify the

type of dislocations which cause fatal problems against electric properties.
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Chapter 5

Growth of a-Ga:03 and a-(Al:Ga1«)20;3 on
Sapphire Substrates by Plasma-Assisted
Molecular Beam Epitaxy

5.1 Introduction

From the perspective of synthesizing heterostructure, molecular beam epitaxy (MBE)
is a promising method to control alloy compositions and make a sharp interface. '™
However, the research on the MBE growth of a-Ga>O3 and a-(Al:Gai«)203 is still in the
early stages since the growth of the 0-Ga>O3 has been suffered from forming B-Ga>O3
especially on a c-plane sapphire substrate. %7 In 2018, Kracht et al. reported the growth of
0-Ga0;3 on an r-plane sapphire substrate with a film thickness of 217 nm. ® They concluded
that after c-plane facets were formed on the surface of the a-Ga>Os3 film, B-Ga>Os appeared
with the epitaxial relationship of 0001 0-Ga>O3 and 201 B-GaOs, suggesting the c-plane
facet enhanced the growth of B-Ga>Os in the MBE growth. From these results, a
perpendicular plane to c-plane such as a- or m-planes could be suitable for the growth of
a-Gax0s. In fact, the Nb-doped a-(GaxAli«)203 and a-Ga>O3 with the film thickness of 14
nm were demonstrated on a-plane sapphire in the previous study. 7* The epitaxial lateral
overgrown (ELO) a-GaO3 on a-plane sapphire via mist-chemical vapor deposition (mist-
CVD) also showed the promising result, as shown in Chapter 4. On the other hand, there is
less report on a-(AliGai.x)203 on m-plane sapphire using MBE. Kumaran et al. referred to
Nb-doped a-Ga>O3; on m-plane sapphire, but its properties were not discussed in detail
there. ¥ Although the coalescence of the SAG 0-Ga>Os on m-plane sapphire was not
achieved at the present stage, Sn-doped a-Ga>Os films on m-plane sapphire grown by mist-
CVD has showed high mobility of 65 cm?/V s (n=1.2 X 10'® cm?), '9 suggesting the
promising electric properties of a-(Al:Gai-x)2O3 on m-plane sapphire. This chapter explores
the potential of m-plane substrates by reporting the growth of a-(Al:Gai.)>O3 on the m-
plane sapphire by plasma-assisted MBE (PAMBE) and its bandgap engineering.
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5.2 [Experimental Procedures

0-(Al;Gai)203 (0=x=1) films were grown on double polished m-plane (1010)
sapphire substrates in a Veeco Gen930 PAMBE system equipped with standard effusion
cells for elemental Ga and Al, and a radio frequency (RF) plasma source for an active
oxygen species. The input RF power and oxygen flow rate were fixed at 250W and 0.50
sccm, respectively, giving the pressure of the growth chamber of ca. 8x10° Torr during the
growth runs.*! First, a-Ga203 films were grown at a substrate thermocouple temperature
(Tsuv) of 650 °C for an hour by varying the beam equivalent pressure (BEP) of Ga from 1.1
%1078 to 8.2x10°® Torr to obtain the growth rate as a function of the Ga BEP. a-(Al;Ga1+)203
and 0-Al>O3 films were grown for two hours at Tsu of 650 and 750 °C, respectively. The
Al concentration (x) in the films was varied from 0 to 1 by regulating the BEPs of Ga [(0—
1.1) x107® Torr] and Al [(0-1.5) x107® Torr]. Structural properties and surface morphology
of the samples were characterized by x-ray diffraction (XRD) measurements, cross-
sectional scanning transmission electron microscopy (STEM) observations, and atomic
force microscopy (AFM). The film thicknesses of the samples were determined by x-ray
reflectivity (XRR) measurements. x was estimated by XRD and x-ray photoelectron
spectroscopy (XPS). Optical bandgaps E; of the films were obtained by analyzing the
optical transmission spectra using a custom-built far ultraviolet (FUV) spectrophotometer;

a m-plane sapphire substrate was used as a reference sample.

5.3 Growth of a-Ga;0O; on M-plane Sapphire
Substrate

Figure 5.1(a) shows the growth rate of the a-Ga20s films as a function of the Ga BEPs.
For Ga BEPs lower than 2.1x10® Torr, the growth rate increases in proportion to the Ga
BEP, being limited by the Ga supply (O-rich regime). On the other hand, the growth rate
does not change when the Ga BEP is between 2.1x10°® and 6x107® Torr. For Ga BEPs higher
than 6x107® Torr, the growth rate drops to almost zero. The saturation and drop of the growth
rate is due to the formation of volatile suboxide (Ga,O), which has been reported earlier in
the study on the MBE growth of B-Ga»03, e-Ga>03, and a-Ga»Os on r-plane sapphire. 5112
Figure 5.1(b) shows a logarithmic plot of symmetric XRD 26/w scan for the a-Ga>O3 film
at the Ga BEP of 2.0x10® Torr. The wide scanning for 0 from 15 to 90° reveals the
diffraction peaks from 3030 reflexes of 0-Ga>O3 and sapphire at 20=64.68 and 68.2°. The

absence of any other peaks indicates that a-Ga>Os3 is isomorphically stabilized on m-plane

*I' This study adopts Torr as a unit of pressure due to the digital display of Torr in the vacuum guage.
The vacuum in Torr can be converted to Pa of the International System of Units by 1Torr= 133Pa.
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sapphire by overcoming the energy difference between corundum and monoclinic and
preventing the formation of the c-plane facets, which contributes the inclusion of the
B-phase, as describe in Section 5.1.
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Figure 5.1. (a) Growth rate of 0-Ga>Os3 as a function of Ga BEPs. (b) is a symmetric
XRD 26/® scan profile of a-Ga>O3 film grown on m-plane sapphire at the Ga BEP of
2.0 X107 Torr.

Table 5.1. The Al and Ga BEPs, film thicknesses, and growth rates of the a-(Al:Ga;x)202
films on m-plane sapphire substrates.

x 0 0.18 0.37 0.54 0.59 0.74 1
A1 BEP (10° Torr) 0 2.5 4.9 9 9 9 15
Ga BEP (10° Torr) 11 9 9 9 4.7 3 0
Film thickness d (nm) ~ 51.8 56.7 66 84.3 63.8 58.1 78.2

Growth rate (nm/min)  0.43 0.47 0.55 0.70 0.53 0.48 0.65
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5.4 Growth of a-(AliGa1)203 on M-plane
Sapphire Substrate

The a-(AliGai-)20;3 films were grown under the O-rich condition for the a-GaxOs3, as
shown in Section 5.3: the sum of Al and Ga BEPs was set at lower than 2.0x10°® Torr. Table
5.1 summarizes the growth condition, film thicknesses (d), and the growth rates of the
samples. The film thicknesses and the growth rates were in the range of 51.8—84.3 nm and

0.43-0.70 nm/min, respectively.

5.4.1 Structural Properties of a-(Al.Ga;..):03
X-Ray Diffraction Analysis

Symmetric XRD 26/w scans of the samples are displayed with logarithmic intensity
scale in Fig. 5.2. The profiles reveal the diffraction peak from o-(Al,Ga;)203 3030 at the
angles slightly lower than that of the sapphire substrate without peaks originating from
other phases and other planes. This indicates that single-phase a-(Al:Gaix)203 films are
grown on m-plane sapphire substrates. With increasing x, the peaks from a-(Al,Gai-x)203
3030 monotonically shift to higher angle without composition segregation, suggesting the
higher Al composition in the films. From these results, single-phase a-(Al,Gai)20;3 films

are epitaxially stabilized successfully on m-plane sapphire substrates for the entire range of
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Figure 5.2. Symmetric XRD 20/w scans of a-(Al:Gaix)20; films grown on m-plane
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sapphire substrates. Diffraction peaks from the a-(Al:Gai-x)203 are denoted by e. Note

that no diffraction peaks from other phases are observed.
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Al compositions. The a-Ga>O3 and a-AlOs films were able to be grown on m-plane
sapphire substrates in the same growth temperature range (Zsu» around 700 °C), allowing
the growth of the a-(Al:Gai«)203 alloys without phase or composition
separation/segregation for the entire range of compositions.

To evaluate strains in the films, asymmetry reciprocal space maps (RSMs) for 2240
reflections were taken. Figure 5.3(a) shows the positional relation between (2240) and
(1010) (m-plane) of the corundum structure. 2240 is decomposed into 3030+1210,
therefore the directions of Q. and Q. are along 1010 (the growth direction) and 1210
(one of a-axes), respectively. The dashed red line intersects the theoretical positions of
sapphire [(Qr, 0-)=(—0.420, 0.728)] and 0-Ga>O3 2240 reflection [(Ox, Q-)= (—0.401,
0.695)]. When x is smaller than 0.18, the a-(Al:Gai-)203 films are lattice-relaxed as shown
in Fig. 5.3(b) and (c). On the other hand, two reflection peaks of a-(AliGaix)203 are
obtained at x between 0.37 and 0.74: ones are on the same Oy lines (Q,=—0.42 A™") as that
of the sapphire substrate and others are located between the dashed line and O,=—0.42 A"!
[Fig. 5.3 (d)-(g)]. These results indicate that the a-(Al:Gai)20;3 films (0.37 =xgep =0.74)
consist of coherent and relaxed layers, and the relaxed layers are subject to slight in-plane
compressive strain. The smaller lattice mismatches between o-(Al,Gai-,)203 with lager x

and sapphire probably enhanced the coherent growth.
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Figure 5.3. (a) Schematic of the crystal structure of a-(Al,Gai-).03 viewed along 0001
axis. Green and red balls show metal (gallium or aluminum) and oxygen atoms. (b)-(g) are
XRD reciprocal space maps in the vicinity of 2240 spots of the 0-(Al,Gai.)205 films. The
directions of Q. and QOx are along 1010 and 1210, respectively.
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Atomic Force Microscopy Observation

Figures 5.4 depicts the surface AFM images of the a-(AliGai—)20;3 films. When x is
smaller than 0.54, the root mean square (RMS) roughness is smaller than 1 nm. On the
other hand, the 0-(Al:Gai1—)203 films whose x is larger than 0.51 have rough surface
morphology due to probably the low substrate temperature for the growth of Al,O3. The
smoother morphology of a-(Al,Gai-x)20; with larger x is expected to be achieved by

increasing the substrate temperature in future works.
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Figure 5.4. Surface AFM images of a-(Al:Ga;..)203 films on m-plane sapphire substrates.
The RSM roughness of the a-(AliGai-)203 films for x < 0.51 is less than 1 nm.

Scanning Transmission Electron Microscope Observations

In order to discuss the crystal structures of the samples in detail, cross-sectional STEM
observations were conducted for a-Ga>O3 and a-(Alo37Gaoe3)203 films. The a-Gax0s3
sample was grown for an hour at the Ga BEP of 2.1 X 10" Torr, which is the intersection of
the Ga rich region and the plateau region [Fig. 5.1]. The substrate was annealed in an
atmospheric furnace at 1050 °C for 6 hours, resulting in the slightly rough surface
morphology. Figures 5.5(a) and 5.5(b) are low and medium-magnification images for the
0-Ga>Os/sapphire substrate viewed along the (1120) zone axis so that a c-plane is going
into the image. As shown in both Figs. 5.5(a) and 5.5(b), no c-plane facet was observed
because the m-plane substrate prevented forming c-facets, leading to the growth of a-Ga,0O3
by preventing the inclusion of the B-phase. The image of the a-GaxOs/sapphire interface
reveals that the a-Ga;O3 film was grown on the m-plane sapphire with the same atomic

arrangement as the substrate [Fig. 5.5(¢c)].
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<0001>

Sapphire 1nm  Sapphire

Figure 5.5 Cross-sectional STEM images of the a-Ga;0s3 sample with the incident beam
direction along the (1120) axis. (a) Low-, (b) medium- and (c) high-magnification
images.

The sample was observed along the different zone axis of (0001). The relaxation of
the film was clearly observed at the interface between the film and the substrate due to the
large lattice mismatch to sapphire substrate (3.54 and 4.81% along c- and a-axes), as shown
in Fig. 5.6(a). When a-GaOs is viewed along (0001), gallium atoms (green balls) arrange
in a hexagonal form [Figure 5.6(b)]. In Fig. 5.6(c), the arrangement of the gallium atoms is
observed on the left side of the STEM image, while the different arrangement is detected
on the right side. Figure 5.6(d) displays the enlarged image of the region including the
different arrangement looking hexagonal chains. Here, the displacements are happening
along the (1120) axis (horizontal direction), making the lattice structure overlapped and
look the hexagonal structure. The displacement was occurred with different glide direction
and distance as well, looking obscure crystal. This stacking fault seems to be caused by the
strain from the interface due to the large lattice mismatches between the film and substrate.
Although the dislocations and the stacking faults exist, different phases/domains were not
detected from the STEM observation viewed along both the (1120) and (0001) axes.

This indicates single-crystalline a-Ga>O3 was grown on the m-plane sapphire substrate.
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® Oxygen @ Gallium

Figure 5.6. Cross sectional STEM images of the a-Ga>O3 viewed along the (0001)
zone axis. (a) Low and (c¢) medium-magnification images. (d) is a high-magnification
image of the region where the stacking faults were detected. (b) is the schematic of

a-Gax0;3 viewed along (0001). The red and green balls show oxygen and gallium atoms.

Figure 5.7(a) is the low-magnification cross-sectional STEM image of the
a-(Alo37Gao.63)203 sample viewed along the (0001) axis. The film was uniformly grown
on the m-plane sapphire substrate as the AFM image revealed [Fig. 5.4]. Although the color
contrast was observed due to the strain from the substrate, neither a significant phase
separation or a compositional segregation was not detected. The image closer to the
a-(Alo.37Gag.63)203/sapphire interface is shown in Fig. 5.7(b). The a-(Alo.37Gao.63)203 film
has the same crystal structure and orientation as the substrate as shown in Fig. 5.7(c). The
film also has the staking fault which was seen in the o-Ga;Os film, but the

a-(Alo.37Gag.63)203 film is single crystalline.
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Figure 5.7. (a) low and (b) high-magnification cross-sectional STEM images of the
a-(Alo.37Gag.3)203 on m-plane sapphire viewed along the <0001> zone axis. (c) is the
enlarged image in the frame work shown in (b). Red and green balls represent oxygen

and metal (gallium/aluminum) atoms.

5.4.2 Bandgap Energy of a-(Al.Ga;.):03

Figure 5.8(a) shows the optical transmittance spectra of the a-(Al,Gai-)20;3 films (7)
and a bare m-plane sapphire substrate (7su) as a function of the photon energy (4v). Each
film shows as high transparency as the substrate in the visible and UV spectral ranges. Note
the transmittance of a-(Alo.37Gao.63)203 is lower than the other samples since the size of the
sample was smaller than that of the aperture used for the measurement. Each absorption
coefficient (a) was calculated using the following equation: 7/7su =exp(-ad). By using the
calculated a, (ahv)? was plotted as a function of 4v [Fig. 5.8(b)]. When x=0 and 0.18, the
absorption edge exhibits a double steplike onset while the a-(Al:Gai-)203 films (x>0.37)
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have a single step onset. The double steplike onset of the a-Ga>Os thin film has been
reported earlier, showing two allowed direct transitions (E,=5.61 and 6.44 eV). '* The Ga-
rich 0-(Al:Gai—)203 films (0<x<0.37) show the broader absorption onsets than the Al-rich
samples, which is related to the slightly indirect character of a-Ga>Os. Direct bandgap
energies of the a-(Al,Ga;—)20; films were estimated from the relationship of (ahv)* versus
(hv—Ej). As drawn by the red closed circles in Fig. 5.8(c), the experimental direct bandgaps
monotonically increase with increasing x. The black solid line depicts the calculated direct
and indirect bandgap energies reported by Peelaers et al. using hybrid density functional
theory calculations. '¥ The bandgaps of the a-(Al,Ga;—)20; films are approximately 0.2
eV smaller than the theoretical values because the simple Tauc plots [(ahv)® versus
(hv—Ej)] are used to estimate the bandgap energies, resulting in the underestimation of the
bandgap energies due to an exiton absorption with low energy tail that is related to the
slightly indirect character of a-Ga>Os. In the Al-rich region, the lower crystalline quality of
the films could be the reason as well. Bowing parameters b are obtained from the following

equation:
Eg(x) = (1 — x)Eg[Gay03] + xEg[Al, 03] — bx(1 — x),

where E,[Ga,03] and E,z[Al,03] are the bandgap energies of 0-Ga20;3 and a-ALO;. By
fitting the plot to the above equation, the value of b is estimated to be 1.21 eV. Here
Eq[Gay03]= 5.34 eV and E,4[Al,03]=8.59 eV were used. The experimental value agrees
well with the theoretical value of 1.37 eV (direct).
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Figure 5.8. (a) External optical transmittance of the a-(Al:Gai.x)203 films and substrate,
(b) (ahv)*-hv plot as a function of the Al composition. The a-(Alo37Gao63)20;3 film exhibited
a lower transmittance than the other samples since the sample was smaller than the aperture
for the transmittance measurement. (c) Direct bandgaps for the a-(AliGai.)203 films as a
function of the Al composition. The solid red line is a quadratic fit to the direct bandgaps.
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bandgaps for the corundum and monoclinic structures as reported '¥.
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5.5 Summary

This chapter demonstrated the epitaxial stabilization of the single-a-phase
(AliGai—)20s films for the entire range of x on m-plane sapphire substrates without phase
separation by PAMBE. The cross-sectional STEM observation revealed that the
a-(Al,Gai-x)203 films were single crystal by preventing the formation of c-plane facets,
which is considered to contribute the formation of the B-phase in the MBE growth.
However, the stacking faults were observed in the a-Ga;0O3 and o-(Alo37Gao.63)203 films
due to the strain arisen from the lattice mismatch between the films and substrate. The
bandgap energy was controlled from 5.34 to 8.59 eV with the bowing parameter of 1.21 eV.
Although the promising result was achieved for the m-plane substrate, further studies are
required to investigate the electric properties of the MBE grown (Al:Gai-)>03 films on

sapphire substrates with various orientations.
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Chapter 6

Phase Transition Temperature of a-Ga0s
Films on Sapphire Substrates

6.1 Introduction

a-Ga,03 has been reported to convert to the thermodynamically most stable B-phase
upon heating at atmospheric pressure at 600-650 °C owing to its metastable
characteristic. '» The a-Ga>Os film grown on sapphire substrates by mist-CVD also has
changed to the B-phase at temperatures higher than 600 °C. 3% This is a severe limit for
fabrication of a-Ga,0Os3 based device because the temperature of the film has to be set at
lower than 600 °C in some device processes. Especially, the doping technique for a-Ga>O3
by using ion-implantation has not been achieved yet due to the low phase transition
temperature. The Si-ion implanted in B-Ga>O;3 has been activated at 900-1000 °C. ¥ The
similar activation annealing temperature is predicted to be required for the 1on implantation
in 0-Gax03, but it is higher than the phase transition temperature of a-Ga,0O3. However,
against the phase transition temperature around 600 °C, the growth of a-Ga>Os3 films has
been conducted at the growth temperature of 800 °C, corresponding with the surface
temperature of 700 °C, as described in Chapter 2. The result indicates the possibility that
a-Ga>O3 maintains the corundum structure at higher temperature than 650 °C by some kind
of techniques. This chapter investigates the phase transition temperature of a-Ga>O3 films
grown on sapphire substrates by changing the Ga precursors, growth temperatures, and film

thicknesses.

6.2 Experimental Procedures

a-Ga203 films were grown on c-plane sapphire substrates. Gallium tri-chloride (GaCls)
or gallium(III) acetylacetonate [ Ga(acac)s] was dissolved in the mixed solution of H,O and
HCI. N; was used as both carrier and dilution gases. The growth temperature (7)) was
changed between 500 and 700 °C. Selective area growths of a-Ga,O3; were carried out on
c-plane sapphire substrates, where a dot-patterned SiO> mask with the diameter 5 pm was
used as a mask material. The a-Ga>Os films were annealed in an atmospheric furnace for

30 min at annealing temperatures (7a) between 600 and 950 °C. The phase transition
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temperature was determined by symmetric X-ray diffraction (XRD) 26/ measurements
for the samples after annealing at 7a. Phase transition temperature was defined as the
annealing temperature at which the B-phase became visible in XRD spectra. High-
temperature XRD of a Rigaku SmartLab system was also used to assess lattice lengths of
the a-Ga;O3 films and sapphire substrates. The measurement was carried out under air
atmosphere and the temperature in a black synthetic quartz glass, where the sample was put

on, was monitored.

6.3 Dependence on Ga Precursors

a-Ga;03 films were grown on c-plane sapphire substrates at 7,=500 °C using
Ga(acac); and GaCls; as Ga precursors. As described in Chapter 2, Ga(acac)s causes the
high carbon impurity concentration in a-Ga>O3 films (1 X 10" em™), while GaCls reduced
the carbon impurity in the films to lower than 1X10!” cm™. The films thicknesses of the
samples were 130 nm for the Ga(acac); and 150 nm for the GaClz precursor. Figure 6.1(a)
and 6.1(b) are symmetric XRD 26/ scan profiles of the sample grown using the Ga(acac)z
and GacCls precursors. Both a-Ga>O3 samples show a-GaxO3z 0006 reflex for 7a<650 °C,
while B-Ga,O3 402 for Ta=700 °C. This result reveals that the samples grown using both
precursors convert to the B-phase after annealing at 700 °C and the phase transition

temperature does not depend on the Ga precursors (the impurity concentrations), when the
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Figure 6.1. XRD 20/w scans of the Ga;O3 films with the film thickness of 130-150 nm
on c-plane sapphire substrates after annealing at 600, 650 and 700 °C. (a) Ga(acac); and

(b) GaCls; were used as a Ga precursor.
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films have the same film thickness.

6.4 Dependence on Thicknesses of a-Ga,0O; Films

a-Gay0s films were grown on c-plane sapphire substrates by changing film thicknesses
and growth temperatures. Then they were exposed to thermal annealing, as described in
Section 6.2.

The phase transition temperature is summarized in Fig. 6.2. Open and solid symbols
show samples that maintained the a-phase and completely converted to 3-Ga203 from XRD
20/® scan profiles. The phase transition temperature and film thickness have a strong
correlation regardless of the growth temperature and the Ga precursor (impurity
concentrations in the films). When thicker than 1 pm, the a-Ga;Os film was converted to
the B-phase at Ta= 600 °C as reported by Lee et. al. ¥ On the other hand, as the film
thickness becomes smaller, the a-Ga>O; films maintain the corundum structure at higher
temperature. When the film thickness is as small as 20 nm, the a-Ga,Os3 film maintained
the corundum structure at 7o=750 °C, which is 150 °C higher than that of the film with the
thickness of several hundred nm. The dependence on the film thickness allowed the growth
of a-Ga>O; films with thinner thicknesses than 100 nm at growth temperatures higher than
600 °C [Chapter 2], that is the phase transition temperature reported in the previous study.

In addition, the selective area grown (SAG) a-Ga;O3 on c-plane sapphire maintains the
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Figure 6.2. Open and solid symbols show samples that maintained o-phase and
completely converted to the B-phase at an annealing temperature as a function of the
film thickness. Samples drawn in blue and red colors were grown using Ga(acac); and
GaCl; as a Ga precursor. The circular, triangular and thomboid symbols show the growth
temperature of 500, 600 and 700 °C, respectively.
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corundum structure at 7o=750 °C when the thickness is around 400 nm. The enhancement
of the thermal stability led to the SAG a-Ga,0O3 with the thickness of the micrometer order
at T,=600 and 700 °C, as reported in Chapter 4.

6.5 Transmission Electron Microscope
Observation

Transmission electron microscope (TEM) observation was conducted to discuss how
the a-GaxOs3 films convert to the B-phase by annealing.

In order to obtain more detailed phase transition temperatures of a-Ga>O3 films, 7T'a for
a-Ga203 films was changed from 650 to 700 °C at an interval of 5-25 °C. The samples were
grown at Ty =700 °C using the GaClz precursor and the films thickness was around 100-
200 nm. Symmetric XRD 26/ scan profiles reveals that the sample maintains the
corundum structure at 74 =660 °C, while a weak diffraction peak originated form f-Ga>Os
402 appears at Ta =670 °C, as shown in Fig. 6.3. The a-Ga,Os film completely converts
to B-Gax03 at Ta =700 °C. TEM images were obtained for the samples annealed at 7a= 660

and 670 °C in order to observe the initial behavior of the conversion to the -phase.
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Figure 6.3. Symmetric XRD 26/w scans of the Ga;0Os3 film with the film thickness
of ca. 100 nm on c-plane sapphire substrates before and after annealing at 650, 660,
670, 675 and 700°C.
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TA=660 °C

Figure 6.4(a) is a cross-sectional TEM image of the a-Ga>Os film annealed at 74 =660
°C viewed along the (1010) axis. At this 7, the sample maintained the corundum
structure judging from the XRD measurement [Fig. 6.3]. The TEM image reveals that the
film homogeneously remains on the substrate and different phases or domains do not appear
although the strain contrast, which arises from the lattice mismatches between the film and
the substrate, is observed. Transmission electron beam diffraction spots were obtained for
the sapphire substrate, the a-Ga;Os/sapphire interface, the middle region of the a-Ga,Os

O(-Ga203

sapphire

(@) (1010) zone axis

(b) Sapphire substrate (c) a-Gax0z/sapphire interface

(d) Middle part of a-Ga>Os3 film (e) Surface of a-GaOs film

Figure 6.4. (a) A cross-sectional TEM image of the a-Ga;O; film on sapphire
substrate with the film thickness of ca. 200 nm after annealing at 660°C viewed along
the (1010) axis. Transmission electron beam diffraction spots for the (a) sapphire,
(b) a-GaxOs/sapphire interface, (c) middle part of the a-Ga>Os3 film and (d) vicinity of

surface of the a-GaOs3 film.
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film, and the vicinity of the surface of the film [Figs. 6.4(b)-(e)]. All the diffraction patterns
are from the corundum structure viewed along the (1010) axis, indicating the film
maintains the a-phase after annealing at 660 °C, as the XRD 26/w profile revealed [Fig.
6.3].

TA=670 °C

Figure 6.5(a) is an overview of cross-sectional TEM image of the a-Ga>Os film
annealed at Ta=670 °C viewed along the (1120) axis. This is the sample partially
converted to f-Ga,03 from the XRD 26/w scan [Fig. 6.3]. The film thickness in the TEM
is thinner on the right side of the image due to the sample preparation process for the TEM
observation. Unlike the TEM image for 7A=660 °C [Fig. 6.4(a)], brighter regions are
observed in the TEM image of the film, which could arise from different phases/domains.
Figure 6.5(b) is a dark filed image in the red framework drawn in Fig. 6.5(a). The color
contrasts invert that of the bright filed image, and different phases/domains look black.

Figure 6.6(a) and 6.6(b) are the high magnification (a) bright-filed and (b) dark-filed
TEM images, respectively, in the yellow framework (D drawn in Fig. 6.5(b). These images
reveals that the semielliptic different phase/domain is introduced from the surface.
Diffraction patterns for the sapphire substrate, film in the vicinity of the interface, and in
the semielliptic region were taken to discuss the crystal structures of each region. The
diffraction pattern for the film at the interface has the same pattern for the substrate [Figs.
6.4 (a) and 6.4(b)], resulting in the a-phase, while the patterns for the semielliptic regions
arise from B-Ga>0;. The epitaxial relationships are p-Ga,O3 [201] || a-Ga,O3 (0001)
and B-Ga>03 [010] || a-Ga>O3 [1010]. B-Ga203 grown on c-plane sapphire also has been
reported to have the same epitaxial relationship: p-Ga>O3 [201] || sapphire (0001).

The same observations were conducted for the views @ and (3 shown in Fig. 6.5(b).
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L T e

@  sapphire

Figure 6.5. (a) A cross-sectional bright field TEM image of the a-Ga>O3 film on
sapphire substrate after annealing at 670°C viewed along the (1120) axis. (b) A dark-
filed image in the red framework shown in (a).
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The black regions in the dark field images are found to be the B-phase, while the a-phase
remains in the whitish areas for the both views [Figs. 6.7(b) and 6.7(¢e)]. On the other hand,
the bright filed image for the view @ shows the unclear boundary between the a- and

B-phase as a yellow framework depicts in Fig. 6.7(a). The high magnitude TEM image in

0(-63203

. sapﬁhi’re:_r 1

(a) Bright field

(b) Dark field

(d) (e)

Figure 6.6. Cross-sectional TEM images in the yellow
framework (D shown in Fig. 6.5(b). (a) bright field and (b)
dark-filed images. (c)-(f) are diffraction spots for the area

shown in (a).
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the yellow framework reveals that the a- and B-Ga>O3 are overlapping at the boundary,
resulting in the obscure interface in the bright-filed image [Fig. 6.7(c)]. The B-Ga,03
observed in the views @ and (3 have the same orientation relationships as those for the
view D, but they have the different shapes of the trapezoidal cross-section spread from the

surface of the films toward the substrate.

(a) Bright field
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Figure 6.7. Cross-sectional TEM images in the yellow frameworks shown in Fig. 6.5(b).
(a) bright field and (b) dark-filed images for the framework (@), and (d) bright field and (e)
dark-filed images for the framework (3. (c) is the high magnification bright field image of

the yellow framework shown in (a).
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From these results, the a-Ga>Os film grown on sapphire appear to convert to f-Ga;Os
from the surface of the film. a-Ga>O3 has a larger thermal expansion coefficient than
sapphire and the difference of the coefficients becomes larger at higher temperature, 7
suggesting that a-Ga>0Os films on sapphire has larger compressive stress at the interface and
tensile stress near the surface at higher temperature. -Ga;0s has the larger density than
a-Gay0s, therefore the tensile stress could convert a-Ga;O3 to B-Ga,0s3 or the compressive
stress help a-Ga;0O3 maintain its phase. The smaller crystal size of the SAG a-Gax03
contributes to relaxing the tensile stress or maintaining the compressive stress in the

a-Gay03, leading to the higher thermal stability.

6.6 High-Temperature XRD Analysis for
0-Ga>03 Film on C-Plane Sapphire Substrate

In order to evaluate strains in the 0-Ga>Os3 films at high temperature, the lattice lengths
of the a-Ga»Os films and sapphire substrates were assessed by using high-temperature XRD
of a Rigaku SmartLab system. The a-Ga,Os films were grown at 7,:=700 °C on c-plane
sapphire substrates with/without the SiO> dot-patterned mask in the same growth condition.
The film thickness of the sample grown on the unpatterned substrate was ca. 100 nm and
the film converted to the B-phase by annealing at 7o=670 °C in the air furnace described in
Section 6.5. On the other hand, the sample started to convert to -Ga,O3 at 640 °C in the
high-temperature XRD system. The temperature difference probably arises from using the
different annealing systems. The SAG a-GaxOs3 layer on the patterned substrate showed a
small diffraction peak from B-GaOs at 680 °C.

As references, the XRD measurements were conducted for a c-plane sapphire substrate
without any growth as well. The measured lattice parameter (c) of the c-plane sapphire
substrate agrees well with that reported by Yim, and the growth of the a-Ga>Os films on the
sapphire does not change the lattice parameter of the substrates, indicating that the sapphire
substrate is not strained by the growth of the a-Ga>O3 film, as shown in Fig. 6.8(a).

Figure 6.8(b) shows the lattice parameter (¢) of the a-Ga,O3 on patterned/unpatterned
sapphire substrates. The a-Ga,O3 film grown on the unpatterned substrate has a slightly
larger lattice length than the reported value, suggesting the in-plane compressive strain in
the 0-Ga>Os3 film. As explained in Chapter 2, the film grown at growth temperatures higher
than 600 °C with the thickness of ca. 100 nm is not completely relaxed and subject to the
compressive strain at the room temperature of 25 °C after the growth. The difference
between the lattice parameter of the a-Ga>O3 film and the reported value becomes smaller
as the annealing temperature increases. After the conversion to B-Ga20O3 begins (640 °C),
the lattice length of the film saturates and the difference reaches almost zero. On the other

hand, the lattice length of the SAG a-Ga>Os3 layer agrees with the reported value, indicating
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the a-Ga>Os3 layer is completely relaxed. This is because the thickness of the SAG a-Ga,03
is several times as large as that of the film on the unpatterned substrate due to the

incorporation of the source materials supplied on the mask into the a-Ga,Os3 facet on the
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Figure 6.8. The c lattice parameter of (a) sapphire and (b) a-Ga,03. The blue diamond and
red triangle show the parameters of the SAG a-GaxO; and 0-Gaz0s3 film on c-plane
sapphire substrates. The solid black symbol is a c-plane sapphire as recieved. The black
dashed line shows the reported values in the previous studies.
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window area. The detail was described in Chapter 4.

From all the results, the remain compressive strain does not contribute the phase
transition temperature of a-Ga2O3 and the phase transition seems to arise from the tensile
stress caused by the difference of the thermal expansion coefficients between a-Ga>O3 and
sapphire. With increasing the annealing temperature, the tensile stress is applied to the
vicinity of surface, as shown in Fig.6.9. B-Ga,Os has the larger density than a-Gay0Os,
therefore the tensile stress could convert a-Ga>O3 to f-Ga20s from the surface. The thicker
film has the larger strain, resulting in the phase transition at lower annealing temperature.
Using the patterned substrate can prevent a-GazOs3 films from the tensile strain, leading to
the higher phase transition temperature. It is also possible that the phase transition to the

B-phase arise from an inhomogeneous strain in a-GaxOs.

Tensile stress
— B-Ga203 —_—

h\——

a-Ga,0, 0Ga.0
-La,U3

(@) Room temperature (b) Phase transition temperature

Figure 6.9. Schematics of relationship between a a-Ga>O3 film and a sapphire substrate

at (a) room temperature and (b) phase transition temperature.
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6.7 Summary

In this chapter, the phase transition temperature of a-Ga>O; films on c-plane sapphire
substrates was investigated. The phase transition temperature of the a-Ga;Os; films
increased as the film thickness decreased regardless of the growth conditions. The TEM
observations revealed that the phase transition to the -phase occurred from the surface of
the film. a-Ga>O3 has a larger thermal expansion coefficient than sapphire, resulting in the
tensile one near the surface. f-Ga>Os has the larger density than a-Ga>Os, therefore the
tensile stress contributes to convert a-Ga;O3 to B-Ga0s. From these results, a-GaxOs3 is
expected to maintain corundum structure at higher than 750 °C by removing the stress in
a-Gay0s3 such as the fabrication of a-Ga>O3 bulk grown by using the ELO technique.
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Chapter 7

Conclusion

7.1 Conclusions

In this thesis, the growth of high quality corundum gallium oxide (a-Ga>O3) on sapphire
substrates has been investigated toward high-performance a-Ga,O3 based power devices.
Here, “high quality” a-Ga20O3 includes the excellent control of polymorphic of Ga;0s,
impurity concentrations, and dislocation densities, composition of Ga;O3 based alloys, and
the thermal stability of a-GaO:s.

In Chapter 2, the mist-chemical vapor deposition (mist-CVD) growth of a-Ga>O3 was
conducted using a carbon-free gallium tri-chloride (GaCls) as a gallium (Ga) precursor in
order to eliminate the residual high carbon (C) impurity concentration of 1x10' cm™ in
a-Gay0; films even grown using gallium(III) acetylacetonate [Ga(acac)s] precursor. The
concentrations of the C and chloride (Cl) impurities were decreased to below the detection
limits (1x10'" ¢cm™ for C and 1x10'” ¢cm™ for Cl) by optimizing the growth condition. In
addition, the author revealed that a-Ga;0Oj3 is able to be grown at the growth temperature up
to 800 °C, while the low temperature around 500 °C has been preferably used for the growth
from the Ga(acac)s precursor. Atomic force microscopy (AFM) images showed that the
high growth temperature allowed the smooth surface morphology of the a-GaxO; film with
the root-square-mean (RMS) roughness of 0.19 nm. The growth reaction can be explained
by that of halide vapor phase epitaxy using H>O as an O precursor, resulting in the high
growth rate of ~7.8 um/h.

In Chapter 3, the polymorphic of Ga;03 grown on a-(Al:Gai.x)203 was studied toward
devices with a multilayer structure. When the a-(AlcGai.x)203 layers were annealed and the
AFM images showed atomic steps, e-Ga;O3 was grown on the layer at 500 °C regardless
of the Al composition x. On the other hand, a-Ga;O3; was obtained on the as grown
a-(Al,Gaix)203 layer at the same temperature. These results indicate that the surface
morphology or termination change the formation energy of each phase. When the growth
temperature was higher than 700 °C, 0-Ga2O3; was grown on the both annealed and as-
grown a-(Al:Gaix)203 layer due to the longer diffusion length.

In Chapter 4, two approaches to the reduction of the dislocation density in a-Ga;03
were proposed. First, a quasi-graded a-(Al:Gai-x)203 buffer layer was introduced between

a a-Ga203 film and a sapphire substrate using the mist-CVD method. The author devised
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the compositionally quasi-graded buffer layer to enhance the controllability of changing
the Al composition and to prevent the dislocation from propagating upward. With the buffer
layer, the dislocations were concentrated in the buffer layers and the edge dislocation
density was decreased nearly by two orders in magnitude. Secondly, the epitaxial lateral
overgrowth of a-Ga>O3 was investigated. By using SiO; as a mask material, a-Ga>O3 was
selectively grown on the patterned substrate when the growth temperature was higher than
550 °C due to the longer diffusion length of source materials on the mask region. The
epitaxial lateral overgrown (ELO) a-Ga,Os3 on a-plane sapphire substrates with the stripes
along m-axis showed the largest ratio of lateral and vertical growth rates (L/V ratio) of 0.96,
resulting in the full coalescence. The generation of dislocations on the mask region was
prevented, leading to the reduction the threading dislocation density on the center of the
mask area to less than 1.6 X107 cm™.

In Chapter 5, the growth of a-(AliGaix)203 films on sapphire substrates by plasma-
assisted molecular beam epitaxy (PAMBE) was described toward a-(Al,Gai.x)>O3 based
heterostructure devices. By using m-plane sapphire substrates, which is perpendicular to c-
plane, single-phase a-(AliGai.x)203 films were stabilized in the entire range of x by
preventing the formation of c-plane facets, which is considered to cause the growth of
B-Ga20s. The different phases/domains were not detected from both x-ray diffraction
(XRD) measurement and cross-sectional scanning transmission electron microscopy
(STEM) observations. However, the a-Ga;O; and Ga-rich o-(Al:Gai»)203; films had
stacking faults due to the strain from the substrates having the large lattice mismatched to
the films. The bandgap energy of the a-(Al:Gai.x)203 films was in the wide range from 5.34
to 8.56 eV.

In Chapter 6, the phase transition of a-GaxO3; on sapphire to the B-phase was
investigated. The phase transition temperature of a-Ga20O;3 films increased as the film
thickness decreased regardless of the growth conditions. Transmission electron microscopy
(TEM) observations revealed that the phase transition to the B-phase occurred from the
surface of the film. a-Ga20;3 has a larger thermal expansion coefficient than sapphire,
suggesting that a-Ga>Os3 films on sapphire substrates have the tensile stress near the surface.
B- Ga20O3 has the larger density than a- Ga;0s, therefore the tensile stress could convert
a-Gaz0; to B-Gaz0s.

7.2 Future Works

The author studied high quality a-Ga>O3 on sapphire substrates in this thesis. However,
there remain several issues to be solved, and there have emerged several goals to be
accomplished in the future.
® Relationship between electric property and dislocations in a-Ga:03



7.2 Future Works 93

In this thesis, the reduction of the dislocation density in a-Ga;Oj3 has been reported by
utilizing the o-(AliGai),03 buffer layers and the epitaxial lateral overgrowth
technique. Further studies on these approaches will lead to much less dislocation
density in a-Gaz0s3, but it is difficult to eliminate all the dislocations in a-Ga;0O3 by
heteroepitaxial growth. This study revealed some types of dislocations in a-Ga>Oj3 such
as screw and edge dislocations, which can be controlled by selecting substrate
orientations or designing the buffer layers. In order to achieve better device
performance, it is necessary to identify the type of dislocations which causes fatal

problems against electric properties and decrease the dislocation.

® Electric property of n-type a-(AlyGai-x)203: Though the growth of single-phase
a-(AliGaix)203 and its bandgap engineering has been achieved by mist-CVD in the
previous study and PAMBE in this study, its electric characteristic has not been studied
yet. Especially n-type o-(Al:Gaix)203 is essential for the o-Ga,O3; based
heterostructured devices. Mist-CVD is promising for the growth of a-(Al:Gaix)203,
but the aqueous solution of precursors makes it difficult to control doping for alloy.
Therefore, the fundamental study on the n-type control for a-(AliGai.)203 is required
using MBE. Another possibility for achieving n-type a-(AliGaix)203 is to use metal-
organic CVD (MOCVD). The MOCVD growth of B-Ga;O3 and B-(Al:Gai)203 has
been dramatically improved in the very recent years, yielding the much better electric
properties than those grown by MBE. Although MOCVD has not accomplished the
phase controlled growth of a-(Al:Gaix)20s3, it can be solved by selecting the proper
substrate or growth condition. In addition to the growth method, the reduction of the
dislocation density in a-(AlGai.x)20s3 is crucial since materials with larger bandgaps is
expected to be more sensitive to defects. The buffer layer and the epitaxial lateral
overgrowth technology are useful to grow o-(Al,Gai)203 with lower dislocation

densities as well as a-Gaz0s.

® Growth of high quality a-Ga203 bulk: The enhancement of the phase transition
temperature of a-GaO3 on sapphire was shown by decreasing the film thickness in this
study. The result suggested the possibility that less strain in a-Ga;O3 enhances the
thermal stability. However, the intrinsic phase transition temperature of a-Ga>Os3 has
not been revealed because of the heteroepitaxial growth of a-Ga20O3 on sapphire. For
the growth of a-Ga,O3 on sapphire, the residual strain in a-Ga>O3 cannot be completely
removed at high temperature due to the difference in the thermal expansion coefficient
between 0-Ga>03 and sapphire. In order to reveal the intrinsic characteristic of a-Ga>Os,
high purity a-Ga;Os; bulk is essential. The ELO a-Ga;0s is a promising way, but one

has to care strain in the ELO a-GayO3 originated from the distribution of dislocations
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and coalescence of facets. Therefore, the residual stress is needed to be reduced by
using a low temperature grown buffer layers or strained super lattice buffer layers. The
high quality a-Ga>O3 bulk is also helpful to understand the other intrinsic properties of
a-Ga»0s such as mobility, breakdown field, heat capacity, and so on.
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