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Abstract

In this thesis, we developed a deep UV Cathodoluminescence (CL)
detection system which is compatible with ordinary TEM and used the system
to study the effect of anti-phase domain(APD) of high crystalline alpha-Ga;Os
on luminescence characteristics.

First, we made the CL detection system to measure a deep UV range
with TEM. In order to make a stage which can be used in TEM, the height
of all components (mirror, lens, optical fiber, etc.) should be less than 3mm,
which is the objective pole piece gap. Until now, commercialized lenses are
made of BK7 and have a cut-off range of 350nm, so it is not possible for them
to detect deep UV range. To solve the problem, we customize the lens with

fused silica and extend the detection limit to 200nm. Then we optimize the

system to detect the cathodoluminescence light with the minimum loss and
maximum efficiency by using the following methods:

(1) Aluminum, which has high reflectivity in a deep UV range, is used.
Also, through electrolytic polishing, a perfect mirror shape was fabricated
without deformation of the curvature calculated.

(i) The optical fibers with the lowest attenuation efficiency are used to
minimize the loss.

(iii) Grating and CCD, which could maximize quantum efficiency in the deep
UV range, were used.

(iv) To increase CL light emission and get more detailed spectral information,



a cooling system with liquid nitrogen is settled in the TEM specimen stage.

Second, we confirmed extra diffraction spots of high crystalline
Ga,Os3 originate in APD, through various analytical TEM techniques. In high
crystallinity alpha-Ga,Os verified by XRD results, extra diffraction spots are
observed in [110], [010] and [221] zones. However, no additional diffraction
spots were observed in [001] zone. To find out the reason why there are no
spots in zone [001], we expose focused electron beams on the region where
extra diffraction spots are observed in dark field(DF) image of zone [221] and
create a reference point at the same position in [001] zone. Various sizes of
domains are observed near the reference point tilted to [001] zone in ADF
images.

The correlation of these domains was analyzed through a Conversed
beam electron diffraction (CBED) technique. The CBED results show the
presence of APD in the region where extra diffraction spots are observed. By
atomic-resolution ADF image analysis, it is confirmed that the atomic
resolution ADF image of the extra diffraction spot area is different from the
in-phase domain (IPD) region, and bright Ga atoms with a constant period are
observed. When overlapping IPD and APD atomic structures, Ga atoms are
situated at the same position or the different position. In case of Ga atoms are
overlapped at the same position, the proportion of Ga atoms increases and it
makes Z-contrast in ADF image brighter. The periodicity of bright Ga atoms

results in extra diffraction spots.



Third, we confirmed the origin of anti-phase domain of high
crystalline Ga,0s through various analytical techniques for TEM. The Al,O;
surface provides the template for further hetero-epitaxial growth, and the
orientation of the nuclei of a-Ga,Os is determined by the initial seating
positions. Ga atoms of APD are positioned on the hollow sites on equilateral
oxygen triangles in the same way as the IPD. We used density functional
theory (DFT) calculations to explore the interfacial stability of the Three
possible atomic arrangements of inverted nuclei. Three possible
configurations for DS2, DS3, and DS4 are considered since all 3
configurations are hollow sites centered on equilateral oxygen triangles. The
simulation results confirmed that DS3 and DS4 were more stable than DS2,
which is verified with the ADF Images of APD interface. In the case of
nonstoichiometric interfaces containing oxygen vacancies, the IPD is still
more stable than the APD. However, it should be noted that the energy
difference between IPD and APD is reduced in the non-stoichiometric case.
That is, the nucleation probability of APD can be enhanced if oxygen
vacancies are involved in the nucleation process.

Finally, the effect of APD on luminescence characteristics was
analyzed using the developed DUV TEM CL system. When checking the 2D
luminescence image, the inside domain is brightly observed at a wavelength

of 320nm, the domain boundary at a wavelength of 380-480nm, and a specific

domain boundary at a wavelength of 350nm. A specific domain boundary,



bright at 350nm, is confirmed as an APD boundary by CBED. To find the

luminescence characteristics difference between APD boundary and domain
boundary, we did a DFT calculation for the atomic structure of pristine bulk
and ADF boundary. Unlike pristine bulk, the defect state of 0.52eV is formed
near the valance band in APD boundary. Although the intermediate defect state
of 0.52eV does not exactly match to produce the single transition giving 350nm,
which is 3.54eV, the DFT calculation result supports the association of 350nm
peak and the defect state.

Therefore, the 350nm peak is believed to come from trap to trap

transition related to the states formed induced by local strain, which is

originated by different stacking sequences.
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[110] zone axis. (a) Bright-field image. (b) Electron diffraction image
of (a). (c) Dark field image of g71o. (d) Dark field image of ggy,.
(e)-(g) are obtained in [010] zone axis. (e) Bright-field image. (f)
Electron diffraction image of (e). (g) Dark field image of ggq»- (h)
[001] zone atomic model of alpha-Ga,0Os.

Figure. 15 TEM images and electron diffraction from two observation
directions from single-crystal alpha Ga,0s. (a)-(c) are obtained in
[221] zone axis. (a) Bright-field image. (b) Electron diffraction image
of (a). (c) Dark field image of g;1o. (d), (¢) are obtained in [001]
zone axis. (d) Bright-field image. (e) Electron diffraction image of
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[001].

Figure. 16 Confirmation of relative orientation relations using conversed
beam electron diffraction(CBED). (a) ADF image was taken near
the area where the extra diffraction spots were observed. (b) The
CBED image indicated by numbers are shown in (b). (¢) Atomic-
resolution ADF image indicated by a green box in (a). (d) Atomic-
resolution ADF image in lower magnification. (e) [001] zone atomic
model of alpha-Ga,Os.

Figure. 17 Origin of extra diffraction spots. (a), (b) show atomic models of
alpha-Ga203 viewed along [110] and [010], respectively. (¢) is an

atomic model of [110] and [010] crystal overlapped. (d), (e) are ADF



images observed from [110] and [010] zone, respectively, with FFT
in the insets. (f) is the ADF images of the extra diffraction area (the
inset is the FFT results). (g) is an enlarged ADF image of (f) with an
atomic model overlayed.

Figure. 18 Formation mechanism of the anti-phase domains. (a) An atomic
model of Al,Os viewed from [001]. Perfect Al,Os crystals have 3-fold
bonding of Al-O with equilateral oxygen triangles with aluminum in
the recessed position at the center of the oxygen triangle. The
crystallographic orientation of the triangles may have 120-degree or
180-degree symmetry as indicated using semitransparent yellow and
green, respectively. (b) The surface of the (001) Al,Os has either an
aluminum-terminated surface or the oxygen-terminated one. Pink
oxygen represents the oxygen-terminated configuration and
aluminum-terminated in brown, where aluminum is sky blue. When
the aluminum-terminated layer of Al-O triangular bonding is
removed, the next AI-O bonding reveals oxygen-terminated and
inverted triangle geometry. Two possible configurations of inverted
triangles, marked with dotted lines, are shown. The probability of
forming the in-phase and anti-phase domains may be the same
because both terminations have the same lateral distance between Al-
0. Depending on the bonding direction (either “P” or “Q”) anti-phase

domain may be formed. The bonding direction can be affected by



factors, such as the formation energy of Al-O, surface steps, and
oxygen vacancies, which determine the orientation of the nuclei.

Figure. 19 Observation of atom configuration of anti-phase domain
boundary and in-phase domain boundary. (a) ADF image of the
in-phase domain Al,O3/Ga,Os interface and the corresponding atomic
model at [110] zone. (b) An atomic model, viewed along [001], of the
interface marked by the red arrow in (a). A, B, and C are hollow sites
centered on equilateral oxygen triangles, which are the same staking
sites as Al,O;. X are hollow sites centered on isosceles oxygen
triangles different from the stacking site as Al,Os. (c¢) and (d) Atomic-
resolution ADF Images and the corresponding atomic positions
viewed at [001] zone of anti-phase domain and in-phase domain
boundary, respectively. The yellow arrows in (¢) and (d) indicate the
location of the high-contrast {110} boundaries. When comparing the
relative number density of gallium atoms from the arrow-marked
plane and others, it does not give any fluctuations in the number of
gallium atoms, regardless of the boundary type, anti-phase domain,
or in-phase domain boundaries.

Figure. 20 Atom configurations of possible configurations of Al-O stacking.
Atomic models of Ga,O3 on Al,O3 viewed from [110] ((a), (c), (e),
and (g)) and viewed from [001] ((b), (d), (f), and (h)). (a), (b) Atomic

models of Ga,O; stacking sequence same as Al,O3 (named as DS1



with A'B"(ALxO3)/(Ga;03)CA-BC-AB stacking). (c),(d) DS2 atomic
stacking of A'B’(Al,03)/(Ga,03)BA-CB-AC, (e),(f) DS3 atomic
stacking of A'B'(Alx03)/(Ga;03)AC-BA-CB, and (g),(h) DS4
stacking of A'B’(Al,03)/(Ga,03)CB-AC-BA.

Figure. 21 Origin of anti-phase domain. (a) High-resolution ADF image of
the typical Al,O3/Ga;O; interface with the corresponding atomic
model overlaid on [110] zone. (b) atomic model of the interface
viewed along [001] in the regions marked with dotted-rectangular
with orange in (a). (¢) Calculated boundary formation energies based
on the atomic model shown in Figure. 20. (d), (¢) ADF image of
domain stacking3(DS3) of Al,O3/Ga,O; interface and the
corresponding atomic model at [110] zone, and an atomic model with
DS1 and DS3 overlapped, respectively. (f), (g) ADF image of the DS4
of Al,03/Ga,Os interface and the corresponding atomic model at [110]
zone with DS1 and DS4 overlapped.

Figure. 22 (a) Schematic diagram of prepared TEM samples. (b) ADF image of
prepared TEM samples in [001].

Figure. 23 Microstructure observed from [001] zone plan-view TEM. (a)
Schematic diagram of plan-view TEM (PTEM) sampling area. (b)
Low magnification brightfield TEM image of the area analyzed.
Electron diffraction from the dotted circle is shown in the inset. (¢)

Annular darkfield (ADF) image showing boundaries, with (d) CBED
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patterns with corresponding numbered regions marked in (c).

Figure. 24 (a) Low magnification HAADF image near the merged valley. (b) is
an enlarged HAADF image to show the geometry of domain
boundaries. Domains are developed along the growth direction as
indicated in Figure. 23a and depending on the sampling region, two
distinct regions, equiaxed and elongated boundaries, are visible.

Figure. 25 Luminescence characteristics in Plan-view TEM. (a), (b)
Luminescence spectra obtained from the red circle area in Fig. 1(b)
exposed electron beam for 2s and 10s, respectively. (c) ADF image
used for CL analysis. (d)-(j) show a 2-dimensional mapping of a
specific wavelength range, which is shown at the bottom of the
figures.

Figure. 26 Origin of boundary contrast. (a) ADF image showing bright
boundary contrast. (b),(c) are the gallium and oxygen electron energy
loss spectroscopy (EELS) elemental mappings of the area shown in
(a), respectively. (d) electron diffraction pattern at [001] zone, where
the rotation of the domains is confirmed from the mosaic pattern of
the diffraction spots as shown in the inset. (¢)-(h) are ADF images
with different ranges of collection angles. Collection angles are listed
at the bottom of the figure.

Figure. 27 (a),(b) Low magnification two beam brightfield and dark field image

of cross-section TEM with diffraction vectors of gi119, Where
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threading dislocations, marked with arrows, are visible. (c¢) High-
resolution image of the interface to visualize the existence of the
threading dislocations, and (d) the reconstructed image using (330)
after the filtering Fast Fourier-Transformed (FFT) image. (e)
colorized image of FFT-reconstructed and ADF using red and green.
Theoretical calculation gives one threading dislocation per 21.6
planes of (330) but actual measurement reveals threading
dislocations in every ~38 and ~44 (330) planes, which means that
the relief from the lattice mismatch was additionally relieved by the
thin membrane substrate and mosaic domain structure formation.

Figure. 28 Formation of in-plane rotation and the development of strain at
the merging boundary. (a) In the nucleation stage, a mosaic
structure is developed to accommodate the lattice mismatch partially
between the substrate and the film. (b) As the crystal grows in vertical
and lateral directions, the crystal maintains the rotation and the lattice
mismatch builds strain at the merging front.

Figure. 29 Variations of Luminescence characteristics. (a) Areal spectrum
from inside domain, domain boundary, and APD boundary. (b)
Gaussian deconvolution of each area spectrum of (a). It is fitted by
seven Gaussian peaks corresponding to asymmetric shoulder and the
relative peak heights reveal the difference in the energy states in 3

major areas of (a). (¢) and (d) show the atomic model of [001] and



[110] view, and the calculation results of the total density of states in
the pristine bulk, respectively. (e) and (f) are for the anti-phase

domain boundary of a-Ga,Os.



Chapter 1. Introduction

1. 1. Background

Accelerated electron beams interacting with materials emit
various useful signals containing structural, chemical, and electrical
information about the materials (Figure. 1). !> When a solid is supplied
with a certain type of energy it may emit photons or undergo a process
called luminescence.

The luminescence process can be categorized according to the
excitation source. Photoluminescence is due to photon excitation,
chemiluminescence results from energy supplied by a chemical reaction,
thermoluminescence arises from energy supplied by heating,
electroluminescence is caused by excitation through the application of
an electric field, and cathodoluminescence(CL) occurs due to excitation
by an electron source. Thus, CL is the phenomenon of light emission
resulting from electron bombardment on materials.

When the primary electrons excite the electrons in the material,
the excited electrons release their excess energy as photons in accordance

with their internal transitions. Therefore, the energy of the emitted



photons corresponds to the difference between the initial state E; and the

final state Er of the excited electrons:

There are several radiative transition modes between the
conduction band, the valence band, and other extrinsic energy states in
the bandgap (Figure. 2a). These radiative transition modes include
conduction band to valence band transition, impurity-related transitions
(conduction band to impurity, impurity to valence band, impurity to
impurity, etc.), resulting in CL spectra composed of various peaks (figure.
2b). 8

When CL spectroscopy is combined with electron microscopy,
the optical properties of materials can be analyzed alongside microscope
images. As a result, electron microscopy-CL is a research field that
utilizes luminescence spectra to understand and characterize material
properties on a microscopic level.

Currently, there are two basic types of CL analysis systems: one
based on electron microscopes and the other on scanning electron
microscopes (SEMs) or scanning transmission electron microscopes
(STEMs). The SEM-CL technique can obtain abundant signals and

analyze physical properties related to defects near the surface of a



material.”'2 However, it has poor resolution due to the pear cascade. The
STEM-CL technique, on the other hand, has a small interaction volume
due to high acceleration voltage and thin specimen thickness (<100 nm).

While the generated signal is weaker compared to SEM-CL, STEM-CL

offers very high resolution due to its small interaction volume. >4

Therefore, the STEM-CL technique enables the analysis of the
relationship between the optical properties and internal structural

properties of nanosized materials. 417
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1. 2. Scopes and organizations

This thesis consists of 5 chapters. Chapter 1 presented the introduction
as stated above.

Chapter 2 covers the fabrication of a Deep UV(DUV) TEM CL Stage.
This chapter presents the key feature of the DUV CL stage. The mirror surface
of aluminum was formed through electro-polishing without deformation of

calculated curvature. And detection limit was expanded from 350nm to 200nm
by using a custom-made fused silica lens. And DUV range(<350nm) efficiency

can be maximized by optimized optical fiber and detector. Performance and
applicability of the DUV CL stage was successfully demonstrated by Ga,Os

Chapter 3 presents the origin of extra diffraction spots related Anti-
phase domain for high-crystalline alpha Ga>Os. Origin of extra diffraction spots
were verified by various techniques (BF and DF image, CBED pattern, atomic
resolution ADF image, and atomic model). Origin of anti-phase domain was
verified by DFT calculation, atomic resolution ADF image, and an atomic
model.

Chapter 4 presents Luminescence properties related anti-phase
domain for high crystalline alpha-Ga>O;. Luminescence characteristics were
acquired by DUV CL stage for TEM. The relationship between luminescence

characteristics and internal structure was verified by CBED pattern, atomic



resolution ADF image, atomic model, and DFT calculation. The atomic model
of anti-phase domain boundary for DFT calculation was confirmed through
atomic configuration analysis.

At the conclusion, chapter 5 summarized this thesis.
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Chapter 2. Development of a Deep UV CL Stage for

transmission electron microscopy

2. 1. Introduction

Cathodoluminescence (CL) is an optical and electrical phenomenon
that arises from interactions between accelerated electrons and materials. ' CL
analysis is typically performed using an accelerated electron beam as the
excitation source. Electromagnetic lenses can focus electrons into a sub-
nanometer-sized spot. By scanning the focused electron beam, CL spectra can
be collected at each point of the scanned region, and the microstructure of that
region can be observed. *® To collect the emitted light from the sample,
equipment is needed to set up light-collecting optical components such as
mirrors, lenses, and light guides, as well as a spectrometer to analyze the
collected light.

Figure 3 shows a schematic diagram of the emitted light flow and an
image of the TEM-CL stage set up in 2100F(JEOL). The electron beam scan
position is adjusted through the electron beam control unit, and the spectra of
the position where the electron beam is irradiated are obtained. A 2D
luminescence map is formed using the obtained spectra. The internal structure
and luminescence characteristics can be analyzed through the annular dark field

image at the same position as the 2D luminescence map. "* To be compatible

10



with both SEM and TEM, all parts used in the CL stage must have a size of 3mm
or less, as the size of the pole piece gap in TEM is smaller than 3mm.

Unlike SEM-CL, TEM-CL techniques have a very small interaction
volume due to their high acceleration voltage and thin specimen thickness of
100nm or less. +°12 Consequently, TEM-CL techniques have a weaker intensity
than SEM-CL techniques. Furthermore, in high-energy UV regions below 300
nm, the spectral intensity rapidly attenuates due to absorption from the lens
located at the CL system, optical fiber, and light collection stages of the CCD
camera. Therefore, to acquire high-energy UV regions below 300nm, the TEM-
CL stage requires radiative recombination to be maximized and optimization to
reduce attenuation.

When developing a TEM-CL stage, it first needs to be designed to
create a cryogenic environment. CL intensity increases as the temperature is
lowered because radiative recombination becomes more favored compared to
competing non-radiative recombination. CL measurements can be performed at
cryogenic temperatures using liquid nitrogen as a cryogen. CL spectra can be
sharpened into lines and series of lines corresponding to transitions between
well-defined energy levels due to a reduction in thermal excitation of carriers.
Secondly, optical components and detectors should be selected to minimize the
decrease in intensity. Lastly, the lens should be designed with a material suitable

for the wavelength region to be detected, as the cut-off range varies depending

11



on the lens material.

In this study, we developed a DUV CL detection system compatible
with an ordinary TEM, which is a light-collectible TEM specimen stage. We
carefully arranged the optical components such as mirrors, lenses, and optical
fibers within the TEM specimen stage. To expand the detection limit, we chose
UV-grade fused silica lenses. Electrolytic polishing was used to form a perfect
mirror without burrs. Furthermore, we combined a specimen cooling system

with the light-collectible TEM specimen stage.
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Figure. 3 Schematic diagram of acquisition process for cathodoluminescence

in transmission electron microscope(TEM).
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2. 2. Experimental detail

The design of the DUV CL stage is shown in Figure 4a, while the
produced stage is depicted in Figure 4b. To detect a high-energy UV region
below 300nm, a mirror capable of reflecting light in the high-energy UV region
and a lens capable of focusing the reflected light into the fiber should be
selected. The reflectance of each material is shown in Figure 5.

Au is a material optimized for the infrared region because it has a

reflectivity of 99% or more in a wavelength region of 700nm or more. Ag can
reflect up to a wavelength of 400nm compared to Au, but it is not suitable for

the deep UV region because it has a reflectivity of 30% or less in an area of

300nm or less. In contrast, aluminum is a material optimized for DUV
wavelengths because it has a reflectivity of more than 90 percent up to 200nm.

Aluminum is a very soft material and has excellent processability, but
it is soft, so burrs are easily formed by processing tools. Figure 6a shows that
mechanical polishing of aluminum does not form a perfect mirror surface, and
burrs remain. If further polishing is performed to eliminate these burrs, the
calculated curvature is deformed, preventing the production of a mirror with
maximum efficiency. An electrolytic polishing method was adopted to produce
a mirror with maximum efficiency without deformation of curvature. Figure 6b

shows a mirror fabricated through electrolytic polishing, confirming that a
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perfect mirror is formed without deformation of the calculated curvature.

Figure 7a presents a table that shows the transmission characteristics
of candidate mirror materials, revealing that the transmittance curve for each
material is different. The most critical point for use in the TEM-CL stage is that
the size of the lens should be less than 3mm. Among the materials in Figure 7a,
BK?7 is the only lens commercially available in a size smaller than 3mm.
Therefore, the previously produced TEM-CL stage has a detection limit of
350nm, and the deep UV range of 350nm or less could not be measured. As
shown in Figure 7b, fused silica material should be used to measure the DUV
wavelength region. With fused silica, the detection range can be extended up to
200nm. Since the fused silica lens was not manufactured in a size smaller than
3mm, a DUV TEM-CL stage was fabricated using a customized 3mm fused silica
lens. The custom-made lens is shown in Figure 4b.

In a high-energy UV region below 300nm, the spectral intensity
attenuates rapidly due to absorption from the lens located at the CL system,
optical fiber, and light collection stages of the CCD camera. Optimization of
the grating and CCD is required to minimize light loss.

Figure 8a is a schematic diagram illustrating a process in which light
incident through optical fibers goes to a detector. Light incident through the
optical fiber decomposes through the grating and then enters each CCD. To

minimize loss, an optimized system was constructed by selecting a 300nm
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grating and a UVB-type CCD. The efficiency of the grating and CCD is shown
in Figures 9b and 9c.
The fabricated DUV TEM-CL stage was verified using Alpha Ga,0s,

which is reported to have an energy bandgap of 4.7 to 5.6 eV.
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Figure. 4 (a) Design of the light-collecting module of deep UV TEM CL stage

and (b) Photo of the light-collecting module of deep UV TEM CL stage.
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Figure. 5 Reflectance of the candidate materials for parabolic mirror.
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Figure. 6 (a) Photo of aluminum mirror fabricated through mechanical
polishing. (b) photo of aluminum mirror fabricated through electrolytic

polishing.
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Figure. 7 (a) Transmittance of the candidate materials for focusing lens. (b)

Transmittance of fused silica materials for focusing lens about deep UV CL

stage.
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Figure. 8 Schematic diagram of transmittance process of incident light in
spectrometer. (b) Quantum efficiency of candidate grating for spectrometer.
(c) Quantum efficiency of candidate charge-coupled device(CCD) for

spectrometer.

21

s M EEw



2. 3. Results and discussions

Figure 9a displays the SE image of alpha gallium oxide, and Figure 9b
shows the XRD result. a-Ga,Os thin films were grown on the tops of the Al,O3
bridges, which were used as templates for the growth. The XRD results confirm
the existence of single-crystal alpha-Ga,Os; with high crystallinity. A TEM
sample was prepared as a plan view TEM to measure only the luminescence
characteristics of gallium oxide without Al,Os. Figure 10a is a schematic
diagram of the specimen produced, and Figure 10b is the [001] zone TEM
image of the specimen.

In a high-energy UV region under 300nm, the spectral intensity
attenuates rapidly due to absorption from the optical parts. In this test, it was
possible to obtain a UV range peak of ~223nm (5.56 e¢V) - as shown in Figure
11c - when the spectral collection time was increased to 10 seconds. Since the

band edge is reported to have an energy of 4.9-5.6 ¢V (263nm-217nm) for alpha

Gay03, the 223nm peak is considered to be a near band edge transition. '

It was verified that the system produced through the band edge
transition peak of 223nm can be detected up to 200nm, although the electron

beam was exposed for 10 seconds. It was tested whether a two-dimensional
luminescence map could be acquired using the fabricated deep UV CL system,

and the results are shown in Figure 12.
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Figure 12a shows an ADF image of an area acquired to investigate the
area-specific luminescence characteristics. Figure 12c-e displays spectrum
images (SI) that have been extracted with specific wavelengths, showing local
luminescence characteristic differences. Figure 12b presents the overlapped
images of the 320nm, 350nm, and 380-480nm wavelengths along with the ADF
image using red, blue, and green, respectively.

A strong 320nm peak is observed inside the domain, while 380-480nm
peaks are more strongly detected at the domain boundary. One of the boundaries
reveals singular luminescence characteristics of 350nm, and it appears purple in
Figure 12b. Figure 12f shows the corresponding spectra. Through Figure 12, it
is confirmed that the deep UV TEM CL system can acquire a two-dimensional

luminescence map even below 350nm.
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Figure. 9 (a) Cross-sectional secondary electron(SE) image of as-grown alpha-

Gay0s. (b) XRD result of as-grown alpha-Ga;Os.

24



(a) Schematic diagram (b) Sample Image
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Figure. 10 (a) Schematic diagram of prepared TEM sample. (b) TEM image

acquired in [001] zone axis.
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Figure. 11 (a) TEM image of the area in which the CL characteristics were

acquired. (b), (¢) Luminescence spectra acquired from the red circle area in a

during 2s and 10s, respectively.
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(b)SI RGB Results
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Figure. 12 (a) Annular dark field(ADF) image of the area in which two-
dimension luminescence maps were acquired. (b) Overlapped images of the
320 nm, 350 nm , and 380-480 nm wavelengths along with the ADF image using
red, blue and green, respectively. The corresponding CL maps are shown in (c)-
(e) (the latter shows the wavelength range of the image). (f) Binning spectrum

of 320 nm, 350 nm and 380-480 nm.
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2. 4. Summary

In order to collect and detect high-energy UV region below 300 nm

from the TEM sample, a DUV TEM-CL stage was developed. By optimized
design and arrangement of optical components on the TEM stage, detect high-
energy UV region CL lights are successfully detected by a spectrometer. And
to increase the CL intensity and get more detailed spectral information from the
CL signals, we combined the liquid nitrogen cooling system with the light

collectible TEM stage specimen.
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Chapter 3. Investigation of internal structure characteristic of

high crystalline alpha-Ga;O3

3. 1. Introduction

Gax0; has unique characteristics of wide bandgap and high
breakdown voltage, making it suitable for many applications in
transparent conductive layers, power devices, and deep UV optical
sensors. 1> Ga>Oj3 has been reported to have six crystal structures of a, P,
v, €, 8, and «, where the B-phase is known to be the most stable phase. 7

The research on B-Ga20Os3 represented the mainstream direction
in the early stage of Ga-O research, as it was possible to make bulk
substrates using the conventional fabrication methods of the floating
zone and the Czochralski method, therefore making it possible to grow
homo-epitaxy thin films with high crystallinity. 3'* Growing a
homoepitaxial Ga;Os thin film is an expansive process, and growing it
on an inexpensive sapphire substrate would be a better choice for the
practical production of Ga,O; devices. 118

In this thesis, a high-quality a-Ga>Os3 thin film was grown using

a thin membrane substrate while taking advantage of the similar crystal
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structures of 0-Ga;03; and AlOs. The physical properties and defect
structures of high-quality a-Ga,Os films need to be identified, as these
can be essential for developing high-performance devices.

In this chapter, we report on the formation of an anti-phase
domain (APD) when a-GayO3 is grown on the thin membrane alumina
oxide substrate, which originated from the symmetry of the substrate and

origin of extra diffraction spots.
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3. 2. Experimental detail

AlO3 nanomembranes were prepared on a 2-inch sapphire
wafer in tent-shaped channels [110]. Stripe patterns with a rectangle thin-
membrane of photoresist (PR) in cross-sections with a height and width
of 2um were prepared using photolithography on the c-plane sapphire
substrate. An amorphous alumina layer of 60nm was deposited on PR-
patterned sapphire substrates using atomic layer deposition and then
crystallized by solid phase epitaxy. 12!

Finally, a-Ga>Os3 thin films were grown on a stripe-patterned
sapphire nanomembrane substrate using mist CVD. Figure. 9a is cross-
sectional secondary electron microscopy(SEM) image and Figure. 9b is
an X-ray diffraction(XRD) result of as-grown alpha Ga>Os3. The XRD
results confirm the existence of single-crystal alpha-Ga;Os; with high
crystallinity, !>

TEM  specimens  were prepared by  mechanical
grinding/polishing, after which they were ion-polished using a 3keV
beam using a commercially available ion polishing system (Gatan 691).

Two different plane standard samples—[110] and [221]—were prepared

to investigate the 3-dimensional microstructure in transmission electron
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microscopy (TEM). The samples as well as the viewing planes are
schematically presented in Figure. 14, along with the corresponding
annular dark field (ADF) zone images.

Conventional TEM Images, electron diffraction (ED), and
convergent beam electron diffraction (CBED) were taken using a JEM-
2100F TEM (Japan Electron Optics Limited) operated at 200k V. Atomic-
resolution ADF and images were obtained using a Themis-Z Cs-
corrected TEM (Thermo-Fischer) operated at 200k V.

The density functional theory (DFT) calculations perform the
Vienna ab initio simulation package (VASP). A projector-augmented
wave (PAW) method is used for interactions between the valence
electrons and the ionic cores. The generalized gradient approximation
(GGA) in the Perdew-Burke-Emzerhof (PBE) formulation was used for
exchange-correlation function The electron wave function expands a
base set of plane waves with a kinetic energy cut off 500 eV.

The redefined Ga>O3/Al,0O3; boundary models with 60 atoms,
with an 8x8x2 gamma-centered k-point set, were fully relaxed until all
energies were smaller than 0.01 eV/A (by fully relaxing the atomic
positions and lattice parameter). With a 4x6x2 gamma-centered k-point

set, the redefined anti-phase domain boundary models were fully relaxed
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with 240 atoms until they were smaller than 0.01 eV/A (by fully relaxing
only the atomic positions with fixed experimental lattice parameters).
The convergence threshold for the self-consistent field (SCF) iteration
was set at 10”7 eV. Spin-constrained calculations were conducted for all
models.

The formation energy was calculated based on the following

formula. 2

f
E(gE)=E_(q)-Xinpu +9E AqE,

Where E/ is the formation energy, E is the total energy of the
defect cell, n, i1s the number of i1 atoms in the supercell, M, is the
corresponding chemical potential, q is the charge state of the defect, E v
is the energy of the valence-band maximum in bulk, and E, is the Fermi

level defined to be zero at the bulk valence-band maximum.
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(a) Schematic diagram

4 e

Figure. 13 Information on prepared TEM specimen. (a) Schematic diagram
of prepared TEM samples. (b), (c) ADF image of prepared TEM samples, [110],

[001], respectively.
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3. 3. Origin of extra diffraction spots

Figure. 15ais a brightfield (BF) image taken along the [110] zone axis,
with the corresponding electron diffraction (ED) in Figure. 15b. Additional
extra diffraction points are observed in Figure. 15b and marked with yellow
circles which are not supposed to appear in [110] zone single-crystal diffraction
from perfect a-Ga,Os.

When observing the darkfield (DF) image, using one of the diffraction
spots inside the yellow circles in Figure. 15b, the thin plates are confirmed as
sources of additional diffraction spots, the shape of the plates is shown in Figure.
15c. The inter-planar spacings of the extra diffraction spots were found to be
0.437 nm along the direction [330] and 0.678 nm in the [006] direction.

Fig. 15¢ shows DF images of g74, Which is the first extra diffraction

spot along [330]. The plate-shaped crystal, having widths of 10-20 nm from

[110] viewing direction and giving rise to extra diffraction spots, stems from
the initial growth stage and maintains its widths during further growth. This is
confirmed once again through Figure. 15e,f and g, the result of [010] zone.

A plan-view TEM (PTEM) sample was prepared to observe along [221]
to construct a 3-dimensional pattern of the plate-shaped crystal, and this
direction was chosen for two reasons: first, it allows for observation along the

parallel direction of the plate-like feature to the growth direction, and second,
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it is possible to tilt the foil to reach the [001] zone, which is the average
direction of [110], additional viewing direction to construct the 3-dimensional
shape of the plates observed along [110]. An electron beam is focused onto the
sample and produces holes to be used as reference points to ensure that the
images are obtained from the same area in the [001] zone. Red arrows indicate
holes used as references in Figure. 15a, ¢, and d.

Figure. 15af is a BF image taken in the [221] zone with the
corresponding ED in Figure. 15b. As in Figure. 15b, the extra diffraction spots
are marked with a yellow circle. The extra diffraction spots in the [221] zone

have an inter-planar spacing of 0.365 nm and 0.437 nm along [036] and

[330], respectively. The periodicity in the [221] zone coincides with the
[330] periodicity in the [110] zone, zone, which implies that the inter-planar
spacing is from the same origin.

Figure. 15c is the g1 DF image, obtained using the first extra
diffraction spot along the [330] direction. The DF reveals islands of a domain,
slightly elongated in the [110] direction, which concludes that the region-
delivering extra diffraction has a columnar shape.

Figure. 15d and e are the BF images and the [001] zone ED,
respectively, taken by tilting 36 degrees from the [221] zone, where the marking
holes were positioned to confirm all the observations were made from the same

area. Interestingly, as shown in Figure. 15b, no extra diffraction spots can be
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observed when viewed in the [001] zone, which means that the Ga,Os film
maintains a hexagonal structure along the [001] axis.

The existence and disappearance of the extra diffraction spots from
two different viewing directions [221] and [001] imply the existence of an
anisotropic orientation characteristic of [221] with different domains while
maintaining the hexagonal structure [001].

Convergent beam electron diffractions (CBED) were taken to
determine the crystallographic difference between the domains, and the results
are shown in Figure. 16b. Six different positions—marked with corresponding
numbers in Figure. 16a and b—were selected, and the 3-dimensional diffraction
from the Higher-Order Laue Zones (HOLZ) patterns is compared. All domains
reveal 3-fold symmetry, but #3 reveals a 180-degree inversion (as in a 60-
degree rotation) compared to the surrounding domains. ** Figure. 16¢ shows
an atomic-resolution ADF image of the area of the green box in Figure. 16a,
obtained from Cs-Corrected TEM, with APD boundaries showing high contrast
in ADF. 2?7 No distinct difference was observed except for more significant
variability in atomic-resolution ADF. The lower magnification image reveals
domain boundaries with facets on {110} planes, as shown in Figure. 16d, whose
planes are schematically represented in Figure. 16e. The contrast is believed to
come to the interface arising from rotated domain boundaries; this will be

detailed in a later section. 283°
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The #3 domain, which is anti-phase domain, provided the origin of
extra diffraction spots when viewed from the [010] or [110] directions, as
shown schematically in Figure. 17. The correlation between APD and IPD is
investigated using the atomic resolution ADF Image and the Ga,O; atomic
model. Figure. 17a and b are atomic models of Alpha-Ga,0Os3 viewed from the
[110] and [010] directions, respectively. The gallium planes are tilted by 60
degrees from the [001] direction in two different directions, which are seen in
the ADF images in the [110] and [010] zone, as shown in Figure. 17d and e,
respectively. Insets depict the ADF’s Fast Fourier transformations (FFT) to
show the relative positions of the diffraction spots. The FFT also has no extra
spot observed.

Figure. 17c shows an atomic model of overlapped domains of [110] -
and [010]-orientated crystals, while Figure. 17f shows an ADF image taken
from a region of extra diffraction spots on [110] TEM sample. The projection
view of the atomic model of the overlapping crystal and the enlarged ADF in

Figure. 17g, including the inter-planar spacing of the planes—0.437 nm and
0.678 nm—exactly match the gallium positions.

When the domains of [110] and [010] zones are overlapped along the
electron beam direction, the perfectly aligned Ga atoms form a new periodic
gap and form extra diffraction spots, as can be seen in the inset of Figure. 17f.

Based on the atomic models, CBED, and observed ADF image, it can be
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concluded that the extra diffraction spots in Figure. 14b, g and figure. 15b

originated from APD.
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3. 4. Origin of anti-phase domain

Anti-phase domain (APD)s are believed to form in the nucleation stage
of thin films. The Al,Oj; surface provides a template for further hetero-epitaxial
growth, and the initial nucleation conditions determine the orientation of the
nuclei of a-Ga>Os. The Ga atoms of Ga,0O3 and Al atoms of Al,Os are placed in
hollow sites centered on equilateral oxygen triangles. The hexagonal
arrangement of (001) ALLO; leaves an equal probability of 120-degree rotation
and 180-degree rotated nucleation templates. (Figure. 18) The distance between
Ga atoms, located on the hollow sites on equilateral oxygen triangles, is similar
to the one in the in-phase domain (IPD). The distance between Ga atoms is
verified in high-resolution ADF in Figure. 16¢ from APD boundary, APD, and
IPD (Figure. 19, explains the result of the Ga-Ga atomic distance measurement,
where Figure. 20c-h shows the three possible atomic arrangements of inverted
nuclei.). In addition to the observation that the distance between Ga atoms
sustained throughout the crystal, no abnormal contrast was observed in between
Ga column positions, which indicates that the atomic positions of Ga did not
change regardless of the areas of [PD, APD, and domain boundaries.

It was found that there can be 3 possible stackings while maintaining Ga
atom positions during the growth of Ga,0s. Al-O bonding triangles in (001)
Al>Os layer reveal 3 distinct configurations in the sequence of C'A*-B'C*-A'B’

stacking of Al,O3 when the crystal is viewed along [110], as shown in Figure.
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21a, where the atomic model is overlaid on the ADF image at the interface, with
the enlarged atomic model in the inset. We investigate the initial occupation
sites of Ga for the Ga,Os growth. The first nucleation of layers of a-Ga,O3 will
be one of A, B, and C, which depends on the exposed layer of A", B, and C".
Assuming that the nucleation set the atomic positions and there is no
change in the Ga Position in the further growth, we used density functional
theory (DFT) calculations to investigate the interfacial stability of the nucleus
models. 4 different configurations of stacking at the interface, domain stacking
(DS)1- A'B'(Al>03)/(Ga,03)CA-BC-AB stacking - maintain the stacking
sequence of Al,Os (Figure. 20a-b), DS2 - A'B'(AL03)/(Gax03;)BA-CB-AC
stacking — (Figure. 20c-d), DS3 - (A'B'(Al,03)/(Ga,03)AC-BA-CB stacking —
(Figure. 20e-f), and DS4 - (A'B’(A,03)/(Ga,03)CB-AC-BA stacking — (Figure.
20g-h), are assumed because all three configurations have configurations of
hollow metallic sites centered on equilateral oxygen triangles. Figure. 21c¢
shows the calculation results of the interfacial formation energy of the four
stacking models as a function of the Fermi level; Depending on the Fermi level,
different charge states at the interface can transit to the ground states. >* In order
to compare the energy states with different oxygen bonding configurations, two
variations are adopted. An atomic model of fully bonded metal ions with full 3
oxygen atoms and the atomic model of missing oxygen to simulate the oxygen
vacancy, where a relaxation model was applied to set the relative positions of

oxygens with the lowest energy states. Legends of atomic models in Figure. 21¢
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represents 3 full oxygen atoms bonded to the metal ion (dotted lines) and the
vacancy-incorporated atomic structure (solid lines) as the “fully bonded” and
the “oxygen-vacancy relaxed”, respectively.

Graphs of DS3 and DS4 values are very similar and look like a single
line, except for the difference visible in the small Fermi level range. As
expected, the fully bonded DS1, where the growth of Ga;O; follows the
stacking sequence of Al,Os, is more stable than any other 3 interface stackings,
with the formation energy values of 4.1 eV/f.u.(formula unit) for DS3 and DS4,
and 9.64 eV/fau. for DS2. According to classical nucleation theory, the
probability of metastable nucleation (/) is determined by the Arrhenius
equation /e ~eXp(—AE /kT), which indicates that DS2 configuration can be
formed in the substrate in rare probability. This is supported by experimental
results shown in Figure. 21d-g. Based on this examination, most domains
should follow the stacking sequence of Al,O3 with DS1 configuration because
AE for the stacking sequence of DS3, DS4, and DS2 is much higher than AT.
When the oxygen vacancies are considered, which is shown in solid lines in
Figure. 21c, DS1 configuration is still more stable, 0.4 and 9.19 meV/f.u., lower
than any other.

Formation of the anti-phase domain may be related to the relative
formation energy between domain stacking configurations. Consider triangular
nucleation on Al,O3; (001) with aluminum atom positions coincides with the

triangle corners (Figure. 18). When one of the corners has a situation of higher

44



bonding energy of Al-O, such as DS3 and DS4 configurations as investigated
above, vacancy formation, and surface steps, the corner with higher formation
energy may transit to preferential bonding to the other side of the triangle,
which ends up as an inverted triangle. (For example, as shown in Figure. 18,
when 2 corners of the yellow triangle have the same formation energy except
for the corner “P”, triangular bonding will be maintained along one direction.
However, if the “P” corner has higher formation energy or different surface
termination atoms from a surface step, bonding to the “P” corner of the triangle
may be less probable than for the “Q” corner, and then, it may be a seed for the
inverted domains.) Any instability of one corner of the metal ion triangle may
create inverted nuclei.

However, the energy difference between IPD and APD is minimized
in the non-stoichiometric case. That is, if oxygen vacancies are involved in the

nucleation process, the nucleation probability of APD can be enhanced.
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Figure. 14 TEM images and electron diffraction from two observation

directions from single-crystal alpha Ga,0Os. (2)-(d) are obtained in [110]
zone axis. (a) Bright-field image. (b) Electron diffraction image of (a). (¢)
Dark field image of g1q¢. (d) Dark field image of gg¢2-. (€)-(g) are obtained
in [010] zone axis. (e) Bright-field image. (f) Electron diffraction image of

(e). (g) Dark field image of ggg,. (h) [001] zone atomic model of alpha-

Ga203.
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Figure. 15 TEM images and electron diffraction from two observation
directions from single-crystal alpha Ga,0Os. (a)-(c) are obtained in [221]
zone axis. (a) Bright-field image. (b) Electron diffraction image of (a). (c)
Dark field image of g47¢. (d), (¢) are obtained in [001] zone axis. (d) Bright-
field image. (e) Electron diffraction image of (d). (f) Schematic diagram of

three zones observed, [110], [221] and [001].
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Figure. 16 Confirmation of relative orientation relations using conversed
beam electron diffraction(CBED). (a) ADF image was taken near the area
where the extra diffraction spots were observed. (b) The CBED image indicated
by numbers are shown in (b). (¢) Atomic-resolution ADF image indicated by a
green box in (a). (d) Atomic-resolution ADF image in lower magnification. (e)

[001] zone atomic model of alpha-Ga,Os.
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alpha-Ga,0s viewed along [110] and [010], respectively. (c) is an atomic model
of [110] and [010] crystal overlapped. (d), (¢) are ADF images observed from
[110] and [010] zone, respectively, with FFT in the insets. (f) is the ADF images
of the extra diffraction area (the inset is the FFT results). (g) is an enlarged ADF

image of (f) with an atomic model overlayed.
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Figure. 18 Formation mechanism of the anti-phase domains. (a) An atomic
model of Al,Os3 viewed from [001]. Perfect Al,Os crystals have 3-fold bonding
of Al-O with equilateral oxygen triangles with aluminum in the recessed
position at the center of the oxygen triangle. The crystallographic orientation of
the triangles may have 120-degree or 180-degree symmetry as indicated using
semitransparent yellow and green, respectively. (b) The surface of the (001)
Al>Os has either an aluminum-terminated surface or the oxygen-terminated one.
Pink oxygen represents the oxygen-terminated configuration and aluminum-
terminated in brown, where aluminum is sky blue. When the aluminum-
terminated layer of Al-O triangular bonding is removed, the next Al-O bonding
reveals oxygen-terminated and inverted triangle geometry. Two possible
configurations of inverted triangles, marked with dotted lines, are shown. The
probability of forming the in-phase and anti-phase domains may be the same

because both terminations have the same lateral distance between Al-O.
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Depending on the bonding direction (either “P” or “Q”) anti-phase domain may
be formed. The bonding direction can be affected by factors, such as the
formation energy of Al-O, surface steps, and oxygen vacancies, which

determine the orientation of the nuclei.
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Figure. 19 Obser\;ation of atom c.onfiguration of anti-phase domain
boundary and in-phase domain boundary. (a) ADF image of the in-phase
domain Al,O3/Ga,0s interface and the corresponding atomic model at [110]
zone. (b) An atomic model, viewed along [001], of the interface marked by the
red arrow in (a). A, B, and C are hollow sites centered on equilateral oxygen
triangles, which are the same staking sites as Al,Os. X are hollow sites centered
on isosceles oxygen triangles different from the stacking site as Al>Os. (c) and
(d) Atomic-resolution ADF Images and the corresponding atomic positions
viewed at [001] zone of anti-phase domain and in-phase domain boundary,
respectively. The yellow arrows in (c) and (d) indicate the location of the high-
contrast {110} boundaries. When comparing the relative number density of
gallium atoms from the arrow-marked plane and others, it does not give any
fluctuations in the number of gallium atoms, regardless of the boundary type,

anti-phase domain or in-phase domain boundaries.
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Figure. 20 Atom conﬁguratlons of possnble conﬁguratlons of Al-O stacklng.
Atomic models of Ga»O3 on Al,O3 viewed from [110] ((a), (c), (e), and (g)) and

viewed from [001] ((b), (d), (f), and (h)). (a), (b) Atomic models of Ga,Os;

stacking  sequence same as AlLOs; (named as DS1  with

A'B'(ALLO3)/(Ga,03)CA-BC-AB stacking). (c),(d) DS2 atomic stacking of

A'B'(AL,03)/(Ga,03)BA-CB-AC,

A’'B'(ALOs)/(Ga,035)AC-BA-CB,

A'B'(A,03)/(Ga,03)CB-AC-BA.

(e),(f) DS3 atomic stacking of
and (g),(h) DS4 stacking of
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the typical Al,O3/Ga,O; interface with the corresponding atomic model

overlaid on [110] zone. (b) atomic model of the interface viewed along [001] in
the regions marked with dotted-rectangular with orange in (a). (c) Calculated
boundary formation energies based on the atomic model shown in Figure. 20.
(d), (e) ADF image of domain stacking3(DS3) of Al,03/Ga,0s interface and the
corresponding atomic model at [110] zone, and an atomic model with DS1 and
DS3 overlapped, respectively. (f), (g) ADF image of the DS4 of Al,03/GaO;
interface and the corresponding atomic model at [110] zone with DS1 and DS4

overlapped.
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3. 5. Summary

In summary, a high-quality alpha-Ga>O3 thin film was grown on
the membrane of the Al,O3 single-crystal substrate. Hetero-epitaxial
alpha GaxOs crystals are nucleated and grown with 3-fold symmetry
based on the template provided by Al,Os. APDs were found, and these
may be formed at an early stage of growth based on the oxygen templates
provided from the Al,Os surface; they were found to have 180-degree
inverted configurations from the surroundings. These APDs lead to extra
diffraction spots when observed along [110] and [010], and can identify

using higher-order Laue zone reflections in CBED.

55



10

11

3. 6. Bibliography

D. H. Yan, G. F. Yin, Z. B. Huang, X. M. Liao, Y. Q. Kang, Y.
D. Yao, B. Q. Hao, J. W. Gu, and D. Han, Inorg Chem 48
(14), 6471 (2009).

K. Shimamura, E. G. Villora, K. Domen, K. Yui, K. Aoki, and
N. Ichinose, Jpn J Appl Phys 2 44 (1-7), L7 (2005).

T. Oshima, T. Okuno, and S. Fujita, Jpn J Appl Phys 1 46
(11), 7217 (2007).

M. Orita, H. Ohta, M. Hirano, and H. Hosono, Appl Phys
Lett 77 (25), 4166 (2000).

M. Higashiwaki, K. Sasaki, A. Kuramata, T. Masui, and S.
Yamakoshi, Appl Phys Lett 100 (1) (2012).

S. I. Stepanov, V. L. Nikolaev, V. E. Bougrov, and A. E.
Romanov, Rev Adv Mater Sci 44 (1), 63 (2016).

R. Roy, V. G. Hill, and E. F. Osborn, J Am Chem Soc 74
(3), 719 (1952).

J. G. Zhang, B. Li, C. T. Xia, G. Q. Pei, Q. Deng, Z. H. Yang,
W. S. Xu, H. S. Shi, F. Wu, Y. Q. Wu, and J. Xu, J Phys
Chem Solids 67 (12), 2448 (2006).

E. G. Villora, K. Shimamura, Y. Yoshikawa, K. Aoki, and N.
Ichinose, J Cryst Growth 270 (3-4), 420 (2004).

V. L. Vasyltsiv, Y. I. Rym, and Y. M. Zakharko, Phys Status
Solidi B 195 (2), 653 (1996).

N. Ueda, H. Hosono, R. Waseda, and H. Kawazoe, Appl

56



12

13

14

16

17

18

19

20

21

22

Phys Lett 70 (26), 3561 (1997).
Y. Tomm, P. Reiche, D. Klimm, and
Growth 220 (4), 510 (2000).

T. Fukuda,

J Cryst

N. Suzuki, S. Ohira, M. Tanaka, T. Sugawara, K. Nakajima,

and T. Shishido, Physica Status Solidi C — Current Topics
in Solid State Physics, Vol 4 No 7 2007 4 (7), 2310 (2007).
K. Irmscher, Z. Galazka, M. Pietsch, R. Uecker, and R.

Fornari, J Appl Phys 110 (6) (2011).

D. Yang, B. Kim, T. H. Lee, J. Oh, S. Lee, W. Sohn, E. Yoon,
Y. Park, and H. W. Jang, Acs Appl Electron Ma 3 (10),

4328 (2021).

D. Yang, B. Kim, T. H. Eom, Y. Park, and H. W. Jang,
Electron Mater Lett 18 (2), 113 (2022).
D. Shinohara and S. Fujita, Jpn J Appl Phys 47 (9), 7311

(2008).
S. D. Lee, K. Akaiwa, and S. Fujita,
10 (11), 1592 (2013).

Phys Status Solidi C

J. Kim, D. Moon, S. Lee, D. Lee, D. Yang, J. Jang, Y. Park,
and E. Yoon, Appl Phys Lett 112 (21) (2018).
J. Jang, D. Yang, D. Moon, D. Choi, H. J. Lim, S. G. Kang, D.
J Cryst Growth 498,

Bae, H. N. Han, Y. Park, and E. Yoon,
130 (2018).

J. Jang, D. Moon, H. J. Lee, D. Lee, D. Choi, D. Bae, H. Yuh,
Y. Moon, Y. Park, and E. Yoon, J Cryst Growth 430, 41

(2015).
C. G. Van de Walle and J. Neugebauer,

57

J Appl Phys 95 (8),



23

24

25

26

27

28

29

30

3851 (2004).

K. Morizane, J Cryst Growth 38 (2), 249 (1977).

H. Wondratschek and W. Jeitschko, Acta Crystallogr A 32
(Jull), 664 (1976).

Y. W. Kim, D. H. Mei, D. Lubben, I. Robertson, and J. E.
Greene, J Appl Phys 76 (3), 1644 (1994).

S. J. Pennycook, Annu Rev Mater Sci 22, 171 (1992).

N. D. Browning, M. F. Chisholm, and S. J. Pennycook,
Nature 366 (6451), 143 (1993).

J. M. Zuo, A. B. Shah, H. Kim, Y. F. Meng, W. P. Gao, and J.
L. Rouviere, Ultramicroscopy 136, 50 (2014).

P.J. Phillips, M. De Graef, L. Kovarik, A. Agrawal, W. Windl,
and M. J. Mills, Ultramicroscopy 116, 47 (2012).

D. D. Perovic, C. J. Rossouw, and A. Howie,

Ultramicroscopy 52 (3-4), 353 (1993).

538



Chapter 4. Luminescence properties related anti-phase domain

of high crystalline alpha-Ga;0Os

4. 1. Introduction

Gallium oxide is an ultra-wide band gap semiconductor with a high
breakdown electric field. It has attracted attention for its capability for high
current-high speed switching with low loss, UV transparent electrodes, and
solar-blind ultraviolet photodetectors.!”> Gallium oxide is known to exhibit six
crystal structures, including monoclinic(), corundum(a), spinel(y), two
orthorhombic(e, §), and a transient polymorph k phases, which is an analog of
orthorhombic-AlL,O;. &7

Early research dominated -Ga,O3 because it was possible to grow
high crystalline thin films in thermodynamic stability, but the substrate required
expensive processes and was challenging to use large-area fabrication. %% In a
recent study, although a-Ga,Os is known as a thermodynamically metastable
phase, a-Ga,Os has been spotlighted as practical material because high-quality
thin film can be grown using the widely used sapphire substrate. * !518
Therefore, growing a-GaO; thin film on an inexpensive sapphire substrate is
15, 16, 18

the best choice for practical Ga>O; device fabrication.

Generally, device defects deteriorate performance, such as current
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leakage or breakdown paths, leading to lower efficiency and poor reliability. '
20 Therefore, the correlation between physical properties and the defects in a-
Ga,0Os3 films is needed to identify, which is the first step to designing and
fabricating reliable and high-performance devices.

In this chapter, we report the luminescence characteristics of domain
boundaries of 0-Ga>Os; using cathodoluminescence (CL) in transmission

electron microscopy (TEM) and density functional theory (DFT) calculation.

60



4. 2. Experimental and analysis detail

Al,O3; nanomembranes were prepared in tent-shaped channels along
[110] on a 2-inch sapphire wafer. Rectangular thin-film line patterns of
photoresist (PR) with a height and width of 2um in cross-section were
fabricated using photolithography on a c-plane sapphire substrate. An
amorphous alumina layer of 60nm deposited on PR-patterned sapphire

substrates using atomic layer deposition (ALD) at 110°C with
trimethylaluminum (TMA) and deionized (DI) water as sources of Al and O,
respectively. The ALD-deposited substrate was dipped in acetone and rinsed
with DI water to remove PR. The perimeter of the substrate was scribed with a
diamond pencil to open a channel inside chemicals and air. Finally, the sample
was annealed in a tube furnace at 1150 °C for 12 hours to crystallize amorphous
alumina to a-Al>Oj; by solid phase epitaxy (SPE). 2!

a-Ga;O; thin films were grown on a stripe-shaped sapphire

nanomembrane substrate using mist CVD. The CVD was equipped with
homemade, horizontal thermal-wall-type precursor vaporizers, which consisted
of two ultrasonic transducers to atomize the water-based source for the growth
of Gay0;. The Ga precursor is gallium acetylacetonate (Ga(acac)3,
Ga(C5H702)3), mixed with DI water and atomized, and transferred to the

reactor. The Oxygen source was provided from O, gas, diluted to a
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concentration of 0.05 mole/L, and mixed with 1 vol% of hydrochloric acid
(HCl). N2 is a carrier diluent gas with three standard liters per minute (SLM)
flow rates and 0.5 slm, respectively. The growth performs at 450 °C. !> 16

The XRD results of as-grown alpha Ga>O; confirm the existence of
single-crystal alpha-Ga,Os is highly crystallinity (Figure. 9).

TEM specimens were prepared by mechanical grinding/polishing,
after which they were ion-polished using a 3keV beam and a commercially
available ion-polishing system (Gatan 691). The samples as well as the viewing
planes are schematically presented in Figure. 22, along with the corresponding
annular dark field (ADF) zone images.

Conventional TEM Images, electron diffraction (ED), and convergent
beam electron diffraction (CBED) were taken using a JEM-2100F TEM (Japan
Electron Optics Limited) operated at 200kV. Atomic-resolution ADF and
images were obtained using a Themis-Z Cs-corrected TEM (Thermo-Fischer)
operated at 200k V. Cathodoluminescence (CL) spectrum imaging was
obtained using a home-built CCL system combined with a JEM-2100F
scanning transmission electron microscopy (STEM) operated at 120kV. A CL
spectrum of 128x128 pixels was acquired at room temperature with a 6ms dwell
time on each pixel.

The CL system comprises a mirror and an optical fiber connected to
an external optical fiber. The mirror—, which encapsulates the sample and

guides the generated signal to the optical fiber—can be moved over the sample
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to locate the CL collection area. The total thickness of the CL system is 2.5mm

at the sample position to avoid any interference within the objective pole. The
collected signal was processed using a Shamrock 163 spectrometer and a
Newton 971electron-multipler charge- coupled device (Andor, Oxford).

The density functional theory (DFT) calculations perform the Vienna ab
initio simulation package (VASP). A projector-augmented wave (PAW) method
is used for interactions between the valence electrons and the ionic cores. The
generalized gradient approximation (GGA) in the Perdew-Burke-Emzerhof
(PBE) formulation was used for exchange-correlation function The electron
wave function expands a base set of plane waves with a kinetic energy cut off
500 eV. The redefined Ga,03/Al,O3 boundary models with 60 atoms, with an
8x8x2 gamma-centered k-point set, were fully relaxed until all energies were
smaller than 0.01 eV/A (by fully relaxing the atomic positions and lattice
parameter).

With a 4x6x2 gamma-centered k-point set, the redefined anti-phase
domain boundary models were fully relaxed with 240 atoms until they were
smaller than 0.01 eV/A (by fully relaxing only the atomic positions with fixed
experimental lattice parameters). The convergence threshold for the self-
consistent field (SCF) iteration was set at 10” V. Spin-constrained calculations

were conducted for all models.
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The formation energy was calculated based on the following formula. 2*

f
E(gE)=E _(q)-Xinp +qE +qE

where Ef is the formation energy, Etot is the total energy of the defect
cell, n is the number of i atoms in the supercell, n, is the corresponding
chemical potential, g is the charge state of the defect, EV is the energy of the
valence-band maximum in bulk, and EF is the Fermi level defined to be zero at

the bulk valence-band maximum.
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(a)Schematic diagram

(b)HAADF Image

Figure. 22 (a) Schematic diagram of prepared TEM samples. (b) ADF image of

prepared TEM samples in [001].
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4. 3. Results and discussions

Figure. 23a shows a schematic view of the sampling area with a
brightfield image obtained from [001] zone plan-view TEM in Figure. 23b,
where the merged valleys are visible, and the electron diffraction pattern
exhibits a high crystalline single-crystal pattern in the inset. When the dotted
yellow circle area in Figure. 23b is magnified, and white contrast was visible
as can be seen in Figure. 23¢ (intermediate magnification between Figure. 23b
and c can be seen in Figure. 24). The nature of the boundaries is investigated
using convergent beam electron diffractions (CBED) to identify the relative
crystallographic orientational relationship between boundaries, and the results
are shown in Figure. 23d. CBED patterns, from six different positions marked
with corresponding numbers in Figure. 23c, reveal anti-phase domains (APD)
determined from Higher-Order Laue Zones (HOLZ) patterns. All domains
exhibit 3-fold symmetry, but #1 exhibits a 180-degree inversion (as if rotated
by 60 degrees because of the hexagonal symmetry) relative to the surrounding
domains. * Figure. 16¢ shows an atomic-resolution ADF image of the area of
the green box in Figure. 16a, obtained from C,-Corrected TEM, where high
contrast can be seen in domain boundaries in ADF. If the boundary contrast of
domains is due to the elemental fluctuation, it is expected to see higher contrast
in atomic resolution ADF image, but no distinct ADF contrast was observed as

seen in Figure. 16¢. The lower magnification image reveals domain boundaries
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with facets on {110} planes, as shown in Figure. 16d, whose planes are
schematically represented in Figure. 16e. The boundaries do not show equiaxed
shapes, and instead, they appear elongated, because they are close to the region
around the Merged Valley marked in Figure. 23a (See also Figure. 24), in which
the two growth directions of [001] and [110] meet. 24>’ The contrast is believed
to come from the merging boundaries of rotated domains; this will be detailed
in a later section.

The luminescence characteristics in the anti-phase domains are
investigated using CL in TEM. Luminescence characteristics from a large area,
with two different exposure times of 2 and 10 seconds, are shown in Figure.
25a and b, respectively, obtained from the region of the area circled in red in
Figure. 23b. Asymmetric shoulders are observed at 350nm, 380nm, 410nm, 440
nm, 470nm, and a long tail of wavelength.

In a high-energy UV region below 300nm, the spectra intensity
attenuates rapidly due to absorption from the series of optical components - the
lens mounted to collimated lights in the main CL system, optical fiber, and light
collection stages of the CCD camera. When the spectra collection time was
extended to 10 s, it was possible to obtain and confirm the existence of the UV
peak of ~ 223nm (5.56eV), as indicated by the arrow in Figure. 25b. As the

band—edge energy of alpha Ga,Os is reported as 4.9-5.6eV (263nm-217nm), the

28-31

223nm peak is considered a near band—edge transition. Figure. 25¢ is the
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same image as Figure. 23b, where a red dot marks the location of the APD.
Figure. 25d is the characteristic wavelength mapping of the inside

domain, and Figure. 25e-i show spectrum images (SI) that have been extracted

with specific wavelengths based on the asymmetric wavelength shoulder

observed in Figure. 25a. Figure. 25j shows the overlapped images of 320nm,
350nm, and 380-480nm wavelengths over the ADF image using red, blue, and
green, respectively. A strong 320nm peak is observed within the domain, while
380-480nm peaks are more strongly detected at the domain boundary. The APD
boundary exhibits a singular luminescence of a characteristic wavelength of
350nm, which appeared purple in Figure. 25;.

Bright contrast at the domain boundary may lead to higher
concentrations of gallium at the boundaries, but EELS mapping shows no
difference in gallium concentration (Figure. 26a-c). **** In addition, the atom
configuration of the APD boundary and domain boundary shown in Fig. 19,
shows no change in the gallium contents at the boundary when looking at [001].
As shown in Figure 26e-h, we observed a change in the contrast of domain
boundaries while changing the ranges of the ADF’s collection angles, from 40-
200 mrad to 81-200 mrad. The results confirm that the bright contrast of domain
boundaries originated from local strains. ¢ Mosaic structure is commonly
observed in the lattice-mismatched heteroepitaxy, which is also observed in this

Ga;03/Al,0s system as well. The level of the mosaic rotation, however, is much
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less than the thick substrate of Al,O3 because the strain is partially observed by
the thin membrane substrate of Al,Os. In a thick substrate, most of the mismatch
is accommodated by the thin film, while the strain is shared in the film and the
substrate by the fraction of the relative thickness.

The lattice mismatch between Al,O3; (JCPDS card no. 10-173) and
Ga,0; (JCPDS card no. 043-1013) on (330) is known as 4.61% and the number
density of threading dislocations is far less than expected as observed in a high-
resolution cross-sectional image (Figure. 27). It is believed that the lattice
mismatch is relieved from multiple sources, in combinations of threading
dislocation formation, strain accommodation from thin membrane substrate,
and mosaic structure of domains, which is typically observed in hetero-epitaxial
growth. The evidence of the rotation can be seen in the enlarged diffraction spot
shown in the inset of Figure. 25d, where the crystallographic rotation of ~ 2.5
degrees is visible along [001]. The rotation of each domain means that the
crystallographic orientation is set at the nucleation stage, with triangular
templates provided by the membrane Al,Os. As the nucleated islands of Ga;O;
grow and cover the Al,Oj3 substrate, domain boundaries are formed when they
merge. Boundaries inevitably create in-plane lattice mismatch because the
atomic positions do not coincide with the crystallographic rotation. (Figure. 28)

Figure. 29a and b show the corresponding spectra with Gaussian
decomposition, based on the three regions with distinct luminescence

characteristics — inside the domain, domain boundary, and APD boundary as
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shown in Figure. 25j. Although the height and position of peaks vary slightly
from area to area, 320nm, 380nm, 410nm, 440nm, 470nm, and a long wavelength
tail are commonly observed in the three areas. Except for the 350nm peak, all
other peaks are similar to those previously reported. 11373 The State-transition
from these six commonly observed peaks may come from native point defects
such as oxygen and gallium vacancy. *’° The origin of the 350nm peak from
CL data was previously reported on Hydride vapor phase epitaxy (HVPE)
grown Sn-doped 0-Ga>0s. *® In our study, no intermediate states were expected
from doping because no doping was implemented, the 350nm peak in this study
originates from a different defect state. The Total density of states calculated
using ab-initio methods is shown in Figure. 29¢-f, where a defect state of
0.52eV forms near the valance band at the APD boundary. Although the
intermediate defect state of 0.52eV does not exactly match to produce the single

transition giving 350nm, which is equivalent to 3.54eV, Gaussian decomposition
results (Figure. 29b) support the 350nm peak and the defect state.
Therefore, the 350nm peak is believed to come from trap-to-trap

transition related to the states formed by local strain, which is originated by the

instability of Al-O bonding to rotate nuclei 180 degrees.
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(a)

Merged Valley Merged Valley

Figure. 23 Microstructure observed from [001] zone plan-view TEM. (a)
Schematic diagram of plan-view TEM (PTEM) sampling area. (b) Low
magnification brightfield TEM image of the area analyzed. Electron diffraction
from the dotted circle is shown in the inset. (¢) Annular darkfield (ADF) image
showing boundaries, with (d) CBED patterns with corresponding numbered

regions marked in (c).
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Figure. 24 (a) Low magnification HAADF image near the merged valley. (b) is
an enlarged HAADF image to show the geometry of domain boundaries.
Domains are developed along the growth direction as indicated in Figure. 23a
and depending on the sampling region, two distinct regions, equiaxed and

elongated boundaries, are visible.
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Figure. 25 Luminescence characteristics
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Luminescence spectra obtained from the red circle area in Fig. 1(b) exposed

electron beam for 2s and 10s, respectively. (c) ADF image used for CL analysis.

(d)-(j) show a 2-dimensional mapping of a specific wavelength range, which is

shown at the bottom of the figures.
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Figure. 26 Origin of boundary contrast. (a) ADF image showing bright
boundary contrast. (b), (c) are the gallium and oxygen electron energy loss
spectroscopy (EELS) elemental mappings of the area shown in (a), respectively.
(d) electron diffraction pattern at [001] zone, where the rotation of the domains
is confirmed from the mosaic pattern of the diffraction spots as shown in the
inset. (e)-(h) are ADF images with different ranges of collection angles.

Collection angles are listed at the bottom of the figure.
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(a)

Ga,04

Al, Qg

. 200 nm

Figure. 27 (a),(b) Low magnification two beam brightfield and dark field image
of cross-section TEM with diffraction vectors of g7119, Where threading
dislocations, marked with arrows, are visible. (c) High-resolution image of the
interface to visualize the existence of the threading dislocations, and (d) the
reconstructed image using (330) after the filtering Fast Fourier-Transformed
(FFT) image. (e) colorized image of FFT-reconstructed and ADF using red and
green. Theoretical calculation gives one threading dislocation per 21.6 planes
of (330), but actual measurement reveals threading dislocations in every ~38
and ~44 (330) planes, which means that the relief from the lattice mismatch
was additionally relieved by the thin membrane substrate and mosaic domain

structure formation.
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Figure. 28 Formation of in-plane rotation and the development of strain at
the merging boundary. (a) In the nucleation stage, a mosaic structure is
developed to accommodate the lattice mismatch partially between the substrate
and the film. (b) As the crystal grows in vertical and lateral directions, the
crystal maintains the rotation and the lattice mismatch builds strain at the

merging front.
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Figure. 29 Variations of Luminescence characteristics. (a) Areal spectrum
from inside domain, domain boundary, and APD boundary. (b) Gaussian
deconvolution of each area spectrum of (a). It is fitted by seven Gaussian peaks
corresponding to asymmetric shoulder and the relative peak heights reveal the
difference in the energy states in 3 major areas of (a). (¢) and (d) show the
atomic model of [001] and [110] view, and the calculation results of the total
density of states in the pristine bulk, respectively. (e) and (f) are for the anti-

phase domain boundary of a-Ga,Os.
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4. 4. Summary

A high-quality alpha-Ga,0O3 thin film was grown on an Al,Os single-
crystal thin-wall channel structure. Hetero-epitaxial alpha Ga,Os crystals are
nucleating and grown with 3-fold symmetry based on the template provided by
AlxOs, and the domain boundaries are formed from the small rotation of the
mosaic structure. The APD confirmed by CBED is believed to be developed at
the stage of nucleation based on the unstable, or uneven Al-O templates
provided by the Al,O; surface. The domain and APD boundaries exhibit bright
contrast in ADF, which originates from a local strain of crystallographic
rotation and not from the local elemental fluctuations of gallium. As confirmed
by CL measurement in TEM, the bandgap energy of alpha-Ga,O; is inferred to
be 5.56 eV with a near band edge transition of ~ 223nm. Although the heights
and positions of peaks vary slightly from area to area, the luminescence peaks
at 320nm, 380nm, 410nm, 440nm, 470nm, and a long tail of wavelength are
commonly observed throughout the crystal - inside the domain, domain

boundaries, and APD boundary, where the distinct 350nm peak was observed

at the APD boundary. Misorientation between domains was found, which leads
to an in-plane mismatch in crystallographic lattices at the boundary when the
two misoriented domains grow and the growth front merges. The imperfect

lattice structure at the boundary is believed to create intermediate states.
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Chapter 5. Conclusion

Cathodoluminescence analysis of high-energy UV region below

300nm was conducted in a transmission electron microscope by using a home-
built deep UV CL stage. We would expand detection limit from 350nm to 200nm

using a Custom-made fused silica lens. To increase reflectance, we adopt an
electrolytic polishing method. The perfect mirror is formed without
deformation of the calculated curvature.

Also, the light collectible TEM stage was combined with a liquid
nitrogen cooling system. Combination with the cooling system make increased
light emitting efficiency and give us more detailed spectral information of the
sample.

The performance and applicability of deep UV CL stage was
successfully demonstrated by analyzing alpha Ga.Os,

A high-quality alpha-Ga,Os3 thin film was grown on the membrane of
the Al,O; single-crystal substrate. Hetero-epitaxial alpha Ga;O; crystals are
nucleated and grown with 3-fold symmetry based on the template provided by

AlOs. The APD confirmed by CBED is believed to be developed at the
stage of nucleation based on the unstable, or uneven Al-O templates
provided by the Al>,O3 surface.

The Most stable stacking sequence are A'B"(Al,O3)/ (Ga203)AC-BA-
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CB and A'B'(ALO3)/(Gax03)CB-AC-BA, which is supported by DFT
calculation and experiment results. The domain and APD boundaries exhibit
bright contrast in ADF, which originates from local strain and not from the local
elemental concentration of gallium.

They were found to have 180-degree inverted configurations from the
surroundings. These APDs lead to sub-diffraction spots when observed along
[110] and [010], and can identify using higher-order Laue zone reflections in
CBED.

As confirmed by CL measurement in TEM, the bandgap energy of
alpha-Ga,0s is inferred to be 5.56 eV with a near band edge transition of ~

223nm. Although the height and position of peaks vary slightly changes from
area to area, the luminescence peaks at 320nm, 380nm, 410nm, 440nm, and 470nm

are commonly observed throughout the crystal - inside domain, domain
boundary, and APD boundary - but the APD boundary exhibits the 350nm peak.

The transition results from intermediate states generated by strain induced by

the coalescing domain boundaries.
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