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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-Ga2O3 

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 3㎜, 

which is the objective pole piece gap. Until now, commercialized lenses are 

made of BK7 and have a cut-off range of 350㎚, 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 200㎚.  Then we optimize the 

system to detect the cathodoluminescence light with the minimum loss and 

maximum efficiency by using the following methods: 

 (i)  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.  

 (ii) 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, 
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a cooling system with liquid nitrogen is settled in the TEM specimen stage.  

Second, we confirmed extra diffraction spots of high crystalline 

Ga2O3 originate in APD, through various analytical TEM techniques. In high 

crystallinity alpha-Ga2O3 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.  



iii 

 

Third, we confirmed the origin of anti-phase domain of high 

crystalline Ga2O3 through various analytical techniques for TEM. The Al2O3 

surface provides the template for further hetero-epitaxial growth, and the 

orientation of the nuclei of α-Ga2O3 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 320㎚, the domain boundary at a wavelength of 380-480㎚, and a specific 

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

which is 3.54eV, the DFT calculation result supports the association of 350㎚ 

peak and the defect state.  

 Therefore, the 350㎚ 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. 

 

Keywords: Cathodoluminescence, Deep UV range, Transmission electron 

microscopy, Luminescence characteristics, alpha-Ga2O3, anti-phase 
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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). 1-3 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 
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photons corresponds to the difference between the initial state Ei and the 

final state Ef of the excited electrons: 

ℎ𝜐 =
ℎ𝑐

𝜆
= 𝐸𝑓 − 𝐸𝑖 

 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). 4-8 

 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 
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material.9-12 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 ㎚). 

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

offers very high resolution due to its small interaction volume. 13,14 

 Therefore, the STEM-CL technique enables the analysis of the 

relationship between the optical properties and internal structural 

properties of nanosized materials. 14-17 
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Figure. 1 Various useful signals are emitted by the interaction between the 

electron beam and a sample. 
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Figure. 2 (a) Schematic diagram of radiative transitions between the conduction 

band (EC), the valence band (EV), excitons (EE), donor (ED), and acceptor 

(EA) levels in a semiconductor. (b) Schematic diagram of luminescence spectra. 
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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 350㎚ to 200㎚ 

by using a custom-made fused silica lens. And DUV range(<350㎚) efficiency 

can be maximized by optimized optical fiber and detector. Performance and 

applicability of the DUV CL stage was successfully demonstrated by Ga2O3 

 Chapter 3 presents the origin of extra diffraction spots related Anti-

phase domain for high-crystalline alpha Ga2O3. 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-Ga2O3. Luminescence characteristics were 

acquired by DUV CL stage for TEM. The relationship between luminescence 

characteristics and internal structure was verified by CBED pattern, atomic 
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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. 1-3 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. 4-6 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. 7,8 To be compatible 
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with both SEM and TEM, all parts used in the CL stage must have a size of 3㎜ 

or less, as the size of the pole piece gap in TEM is smaller than 3㎜. 

 Unlike SEM-CL, TEM-CL techniques have a very small interaction 

volume due to their high acceleration voltage and thin specimen thickness of 

100㎚ or less. 4,9-12 Consequently, TEM-CL techniques have a weaker intensity 

than SEM-CL techniques. Furthermore, in high-energy UV regions below 300 

㎚, 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 300㎚, 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 
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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 300㎚, 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 700㎚ or more. Ag can 

reflect up to a wavelength of 400㎚ 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 

300㎚ or less. In contrast, aluminum is a material optimized for DUV 

wavelengths because it has a reflectivity of more than 90 percent up to 200㎚. 

 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 



１５ 

 

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 3㎜. Among the materials in Figure 7a, 

BK7 is the only lens commercially available in a size smaller than 3㎜. 

Therefore, the previously produced TEM-CL stage has a detection limit of 

350㎚, and the deep UV range of 350㎚ 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 

200㎚. Since the fused silica lens was not manufactured in a size smaller than 

3㎜, a DUV TEM-CL stage was fabricated using a customized 3㎜ fused silica 

lens. The custom-made lens is shown in Figure 4b.  

 In a high-energy UV region below 300㎚, 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 300㎚ 
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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 Ga2O3, 

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.  
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2. 3. Results and discussions 

 

 Figure 9a displays the SE image of alpha gallium oxide, and Figure 9b 

shows the XRD result. α-Ga2O3 thin films were grown on the tops of the Al2O3 

bridges, which were used as templates for the growth. The XRD results confirm 

the existence of single-crystal alpha-Ga2O3 with high crystallinity. A TEM 

sample was prepared as a plan view TEM to measure only the luminescence 

characteristics of gallium oxide without Al2O3. 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 300㎚, 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 ~223㎚ (5.56 eV) - 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 eV (263㎚-217㎚) for alpha 

Ga2O3, the 223㎚ peak is considered to be a near band edge transition. 13-16  

 It was verified that the system produced through the band edge 

transition peak of 223㎚ can be detected up to 200㎚, 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 320㎚, 350㎚, and 380-480㎚ wavelengths along with the ADF 

image using red, blue, and green, respectively. 

 A strong 320㎚ peak is observed inside the domain, while 380-480㎚ 

peaks are more strongly detected at the domain boundary. One of the boundaries 

reveals singular luminescence characteristics of 350㎚, 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 350㎚. 
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Figure. 9 (a) Cross-sectional secondary electron(SE) image of as-grown alpha-

Ga2O3. (b) XRD result of as-grown alpha-Ga2O3. 
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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), (c) Luminescence spectra acquired from the red circle area in a 

during 2s and 10s, respectively.  
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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 ㎚, 350 ㎚ , and 380-480 ㎚ 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 ㎚, 350 ㎚ and 380-480 ㎚. 
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2. 4. Summary 

 

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

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-Ga2O3 

 

3. 1. Introduction 

 

 Ga2O3 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. 1-5 Ga2O3 has been reported to have six crystal structures of α, β, 

γ, ε, δ, and κ, where the β-phase is known to be the most stable phase. 6,7 

 The research on β-Ga2O3 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. 8-14 Growing a 

homoepitaxial Ga2O3 thin film is an expansive process, and growing it 

on an inexpensive sapphire substrate would be a better choice for the 

practical production of Ga2O3 devices. 3,15-18 

 In this thesis, a high-quality α-Ga2O3 thin film was grown using 

a thin membrane substrate while taking advantage of the similar crystal 



３２ 

 

structures of α-Ga2O3 and Al2O3. The physical properties and defect 

structures of high-quality α-Ga2O3 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 α-Ga2O3 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 

 

Al2O3 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 2㎛ were prepared using photolithography on the c-plane sapphire 

substrate. An amorphous alumina layer of 60㎚ was deposited on PR-

patterned sapphire substrates using atomic layer deposition and then 

crystallized by solid phase epitaxy. 19-21 

Finally, α-Ga2O3 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 Ga2O3. The XRD 

results confirm the existence of single-crystal alpha-Ga2O3 with high 

crystallinity. 15,16 

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 200kV. Atomic-

resolution ADF and images were obtained using a Themis-Z Cs-

corrected TEM (Thermo-Fischer) operated at 200kV. 

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 Ga2O3/Al2O3 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/Å (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/Å (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. 22 

   E
f
(q,E

F
)= E

tot
(q)-∑ n
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μ
i 𝒊 +qE

V
+qE
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Where E
f

 is the formation energy, E
tot

 is the total energy of the 

defect cell, n
i
 is the number of i atoms in the supercell, μ

 i
 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
F
 is the Fermi 

level defined to be zero at the bulk valence-band maximum. 
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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. 15a is 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 α-Ga2O3.  

 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 ㎚ along the direction [3̅30] and 0.678 ㎚ in the [006] direction. 

 Fig. 15c shows DF images of 𝑔1̅10, which is the first extra diffraction 

spot along [3̅30]. The plate-shaped crystal, having widths of 10-20 ㎚ 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, c, 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 ㎚ and 0.437 ㎚ along [03̅6]  and 

[3̅30] , respectively. The periodicity in the [221] zone coincides with the  

[3̅30] periodicity in the [110] zone, zone, which implies that the inter-planar 

spacing is from the same origin. 

 Figure. 15c is the 𝑔1̅10  DF image, obtained using the first extra 

diffraction spot along the [3̅30] 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 Ga2O3 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. 23-25 Figure. 16c 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. 26,27 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. 28-30  
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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 Ga2O3 atomic 

model. Figure. 17a and b are atomic models of Alpha-Ga2O3 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 ㎚ and 

0.678 ㎚—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 Al2O3 surface provides a template for further hetero-epitaxial 

growth, and the initial nucleation conditions determine the orientation of the 

nuclei of α-Ga2O3. The Ga atoms of Ga2O3 and Al atoms of Al2O3 are placed in 

hollow sites centered on equilateral oxygen triangles. The hexagonal 

arrangement of (001) Al2O3 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. 16c 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 IPD, APD, and domain boundaries.  

It was found that there can be 3 possible stackings while maintaining Ga 

atom positions during the growth of Ga2O3. Al-O bonding triangles in (001) 

Al2O3 layer reveal 3 distinct configurations in the sequence of C`A`-B`C`-A`B` 

stacking of Al2O3 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 Ga2O3 growth. The first nucleation of layers of α-Ga2O3 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`(Al2O3)/(Ga2O3)CA-BC-AB stacking - maintain the stacking 

sequence of Al2O3 (Figure. 20a-b), DS2 - A`B`(Al2O3)/(Ga2O3)BA-CB-AC 

stacking – (Figure. 20c-d), DS3 - (A`B`(Al2O3)/(Ga2O3)AC-BA-CB stacking – 

(Figure. 20e-f), and DS4 - (A`B`(Al2O3)/(Ga2O3)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. 22 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. 21c 
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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 Ga2O3 follows the 

stacking sequence of Al2O3, 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/f.u. for DS2. According to classical nucleation theory, the 

probability of metastable nucleation (Imeta) is determined by the Arrhenius 

equation Imeta ~exp⁡(−∆𝐸/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 Al2O3 with DS1 configuration because 

ΔE for the stacking sequence of DS3, DS4, and DS2 is much higher than kT. 

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 Al2O3 (001) with aluminum atom positions coincides with the 

triangle corners (Figure. 18). When one of the corners has a situation of higher 
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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 Ga2O3. (a)-(d) are obtained in [110] 

zone axis. (a) Bright-field image. (b) Electron diffraction image of (a). (c) 

Dark field image of 𝑔1̅10. (d) Dark field image of 𝑔002. (e)-(g) are obtained 

in [010] zone axis. (e) Bright-field image. (f) Electron diffraction image of 

(e). (g) Dark field image of 𝑔002. (h) [001] zone atomic model of alpha-

Ga2O3. 
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Figure. 15 TEM images and electron diffraction from two observation 

directions from single-crystal alpha Ga2O3. (a)-(c) are obtained in [221] 

zone axis. (a) Bright-field image. (b) Electron diffraction image of (a). (c) 

Dark field image of 𝑔11̅0. (d), (e) 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). (c) 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-Ga2O3.  
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Figure. 17 Origin of extra diffraction spots. (a), (b) show atomic models of 

alpha-Ga2O3 viewed along [110] and [010], respectively. (c) 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. 
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Figure. 18 Formation mechanism of the anti-phase domains. (a) An atomic 

model of Al2O3 viewed from [001]. Perfect Al2O3 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) 

Al2O3 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 Observation of atom configuration of anti-phase domain 

boundary and in-phase domain boundary. (a) ADF image of the in-phase 

domain Al2O3/Ga2O3 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 Al2O3. X are hollow sites centered 

on isosceles oxygen triangles different from the stacking site as Al2O3. (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 configurations of possible configurations of Al-O stacking. 

Atomic models of Ga2O3 on Al2O3 viewed from [110] ((a), (c), (e), and (g)) and 

viewed from [001] ((b), (d), (f), and (h)). (a), (b) Atomic models of Ga2O3 

stacking sequence same as Al2O3 (named as DS1 with 

A`B`(Al2O3)/(Ga2O3)CA-BC-AB stacking). (c),(d) DS2 atomic stacking of 

A`B`(Al2O3)/(Ga2O3)BA-CB-AC, (e),(f) DS3 atomic stacking of 

A`B`(Al2O3)/(Ga2O3)AC-BA-CB, and (g),(h) DS4 stacking of 

A`B`(Al2O3)/(Ga2O3)CB-AC-BA.  
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Figure. 21 Origin of anti-phase domain. (a) High-resolution ADF image of 

the typical Al2O3/Ga2O3 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 Al2O3/Ga2O3 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 Al2O3/Ga2O3 

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-Ga2O3 thin film was grown on 

the membrane of the Al2O3 single-crystal substrate. Hetero-epitaxial 

alpha Ga2O3 crystals are nucleated and grown with 3-fold symmetry 

based on the template provided by Al2O3. APDs were found, and these 

may be formed at an early stage of growth based on the oxygen templates 

provided from the Al2O3 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. 
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Chapter 4. Luminescence properties related anti-phase domain 

of high crystalline alpha-Ga2O3 

 

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.1-5 Gallium oxide is known to exhibit six 

crystal structures, including monoclinic(β), corundum(α), spinel(γ), two 

orthorhombic(ε, δ), and a transient polymorph κ phases, which is an analog of 

orthorhombic-Al2O3. 6, 7 

 Early research dominated β-Ga2O3 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. 8-14 In a 

recent study, although α-Ga2O3 is known as a thermodynamically metastable 

phase, α-Ga2O3 has been spotlighted as practical material because high-quality 

thin film can be grown using the widely used sapphire substrate. 3, 15-18 

Therefore, growing α-Ga2O3 thin film on an inexpensive sapphire substrate is 

the best choice for practical Ga2O3 device fabrication. 15, 16, 18  

 Generally, device defects deteriorate performance, such as current 
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leakage or breakdown paths, leading to lower efficiency and poor reliability. 19, 

20 Therefore, the correlation between physical properties and the defects in α-

Ga2O3 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 α-Ga2O3 using cathodoluminescence (CL) in transmission 

electron microscopy (TEM) and density functional theory (DFT) calculation. 
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4. 2. Experimental and analysis detail 

 

 Al2O3 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 2㎛ in cross-section were 

fabricated using photolithography on a c-plane sapphire substrate. An 

amorphous alumina layer of 60㎚ 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 α-Al2O3 by solid phase epitaxy (SPE). 21-23 

 α-Ga2O3 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 Ga2O3. The Ga precursor is gallium acetylacetonate (Ga(acac)3, 

Ga(C5H7O2)3), mixed with DI water and atomized, and transferred to the 

reactor. The Oxygen source was provided from O2 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. 15, 16 

 The XRD results of as-grown alpha Ga2O3 confirm the existence of 

single-crystal alpha-Ga2O3 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 200kV. 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 2.5㎜ 

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 Ga2O3/Al2O3 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/Å (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/Å (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. 
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The formation energy was calculated based on the following formula. 24  

where E
f

 is the formation energy, E
tot

 is the total energy of the defect 

cell, n
i
 is the number of i atoms in the supercell, μ

i
 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
F
 is the Fermi level defined to be zero at 

the bulk valence-band maximum. 
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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. 23c (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. 25 Figure. 16c shows an atomic-resolution ADF image of the area of 

the green box in Figure. 16a, obtained from Cs-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. 16c. 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. 26,27 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 350㎚, 380㎚, 410㎚, 440

㎚, 470㎚, and a long tail of wavelength. 

In a high-energy UV region below 300㎚, 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 ~ 223㎚ (5.56eV), as indicated by the arrow in Figure. 25b. As the 

band–edge energy of alpha Ga2O3 is reported as 4.9-5.6eV (263㎚-217㎚), the 

223㎚ peak is considered a near band–edge transition. 28-31 Figure. 25c 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 320㎚, 

350㎚, and 380-480㎚ wavelengths over the ADF image using red, blue, and 

green, respectively. A strong 320㎚ peak is observed within the domain, while 

380-480㎚ peaks are more strongly detected at the domain boundary. The APD 

boundary exhibits a singular luminescence of a characteristic wavelength of 

350㎚, which appeared purple in Figure. 25j. 

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). 32, 33 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. 34-36 Mosaic structure is commonly 

observed in the lattice-mismatched heteroepitaxy, which is also observed in this 

Ga2O3/Al2O3 system as well. The level of the mosaic rotation, however, is much 
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less than the thick substrate of Al2O3 because the strain is partially observed by 

the thin membrane substrate of Al2O3. 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 Al2O3 (JCPDS card no. 10-173) and 

Ga2O3 (JCPDS card no. 043-1013) on (3̅30) 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 Al2O3. As the nucleated islands of Ga2O3 

grow and cover the Al2O3 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, 320㎚, 380㎚, 410㎚, 440㎚, 470㎚, and a long wavelength 

tail are commonly observed in the three areas. Except for the 350㎚ peak, all 

other peaks are similar to those previously reported. 1,19,37-39 The State-transition 

from these six commonly observed peaks may come from native point defects 

such as oxygen and gallium vacancy. 37-39 The origin of the 350㎚ peak from 

CL data was previously reported on Hydride vapor phase epitaxy (HVPE) 

grown Sn-doped α-Ga2O3. 38 In our study, no intermediate states were expected 

from doping because no doping was implemented, the 350㎚ peak in this study 

originates from a different defect state. The Total density of states calculated 

using ab-initio methods is shown in Figure. 29c-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 350㎚, which is equivalent to 3.54eV, Gaussian decomposition 

results (Figure. 29b) support the 350㎚ peak and the defect state. 

Therefore, the 350㎚ 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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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. (c) Annular darkfield (ADF) image 

showing boundaries, with (d) CBED patterns with corresponding numbered 

regions marked in (c). 

 

 

 

 

 



７２ 

 

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 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.  
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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. 

 

 

 

 

 

 

 



７５ 

 

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

of cross-section TEM with diffraction vectors of 𝒈�̅�𝟏𝟏𝟎 , 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 (3̅30) 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 (3̅30), but actual measurement reveals threading dislocations in every ~38 

and ~44 (3̅30) 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). (c) 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 α-Ga2O3.  
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4. 4. Summary 

 

A high-quality alpha-Ga2O3 thin film was grown on an Al2O3 single-

crystal thin-wall channel structure. Hetero-epitaxial alpha Ga2O3 crystals are 

nucleating and grown with 3-fold symmetry based on the template provided by 

Al2O3, 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 Al2O3 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-Ga2O3 is inferred to 

be 5.56 eV with a near band edge transition of ~ 223㎚. Although the heights 

and positions of peaks vary slightly from area to area, the luminescence peaks 

at 320㎚, 380㎚, 410㎚, 440㎚, 470㎚, and a long tail of wavelength are 

commonly observed throughout the crystal - inside the domain, domain 

boundaries, and APD boundary, where the distinct 350㎚ 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 

300㎚ was conducted in a transmission electron microscope by using a home-

built deep UV CL stage. We would expand detection limit from 350㎚ to 200㎚ 

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 Ga2O3.  

 A high-quality alpha-Ga2O3 thin film was grown on the membrane of 

the Al2O3 single-crystal substrate. Hetero-epitaxial alpha Ga2O3 crystals are 

nucleated and grown with 3-fold symmetry based on the template provided by 

Al2O3. 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 Al2O3 surface. 

 The Most stable stacking sequence are A`B`(Al2O3)/ (Ga2O3)AC-BA-



８６ 

 

CB and A`B`(Al2O3)/(Ga2O3)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-Ga2O3 is inferred to be 5.56 eV with a near band edge transition of ~ 

223㎚. Although the height and position of peaks vary slightly changes from 

area to area, the luminescence peaks at 320㎚, 380㎚, 410㎚, 440㎚, and 470㎚ 

are commonly observed throughout the crystal - inside domain, domain 

boundary, and APD boundary - but the APD boundary exhibits the 350㎚ peak. 

The transition results from intermediate states generated by strain induced by 

the coalescing domain boundaries.  
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Abstract (in Korean)                           

본 논문에서는 투과전자현미경에서 이용 가능한 고에너지 

자외선 영역용 음극형광 system을 제작 및 활용하여 고 결정성 

alpha-Ga2O3에 존재하는 anti-phase domain이 발광 특성에 

미치는 영향에 대해 연구하였다. 분석하여 물질의 밴드갭 에너지 

구조에 관한 정보를 제공한다.  

첫째, 투과전자현미경 내에서 고에너지 

자외선영역(DUV)을 측정할 수 있는 음극형광(CL) 분석법을 

개발하였다. 투과전자현미경 내에서 음극형광 분석이 가능한 

stage를 제작하려면 사용되는 모든 부품(미러, 렌즈, 광섬유 등)은 

objective pole piece gap인 3㎜보다 작아야 한다. 현재 3㎜ 이내 

크기로 상용화된 렌즈는 BK7 소재이고, 350㎚의 cut-off range를 

갖고 있어서 고 에너지 영역을 탐지할 수 없다. 고 에너지 자외선 

영역을 탐지하기 위해 Fused silica 소재로 lens를 맞춤 

제작하였고, detection limit을 200㎚까지 확장하였다. 또한 

음극형광에 의해 발생된 빛을 최소의 손실로 분광기로 전달하기 

위해 다음과 같은 방법을 사용하여 시스템을 최적화하였다.  

(i) 고 에너지 영역에서 높은 반사도를 갖는 알루미늄 

소재를 사용하였고, 전해 연마를 통해 계산된 곡률의 변형없이 
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완벽한 경면을 완성하였다. (ii) 감쇄 효율이 제일 낮은 광섬유를 

사용하여 손실을 최소화하였다. (iii) 고 에너지 자외선 영역의 양자 

효율이 최대가 될 수 있는 grating과 CCD를 사용하였다. (iv) 

음극형광에 의해 발생되는 빛의 양을 증가시키고 분광 분해능을 

향상시키기 위해 액화질소를 활용한 냉각 시스템을 장착하였다. 

둘째, 다양한 투과전자현미경 분석 기법을 활용하여 고 

결정성 alpha-Ga2O3 에서 관찰되는 추가 회절점의 원인이 anti-

phase domain(APD)라는 점을 밝혔다. 엑스레이 회절 분석을 

통해 확인된 고 결정성 alpha-Ga2O3 에서 [110], [010] 그리고 

[221] zone에서 추가 회절점이 관찰된다. 하지만 [001] zone에서 

촬영 시 추가 회절점이 관찰되지 않았다.  

[001] zone에서 관찰되지 않는 원인을 찾기 위해 [221] 

zone의 암시야상 이미지에서 추가 회절점이 관찰되는 영역에 

집속된 전자빔을 조사하여 기준점을 만들었다.  생성된 기준점 

주변을 [001] zone으로 기울여 촬영한 ADF Image에서 다양한 

크기의 domain들이 관찰되었다. domain들간의 결정 구조의 

연관성은 Conversed beam electron diffraction(CBED) 기법을 

통해 분석하였다. CBED 결과 분석을 통해 추가 회절점이 관찰되는 

영역에서 APD이 존재하는 것이 확인되었다.  

Ga2O3 은 3-fold symmetry를 갖는 물질로서 120도 마다 
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동일한 원자 구조를 갖는다. 하지만 60도 회전되면 회전하기 전의 

원자 구조와 다른 구조가 관찰되고, 이 구조는 180도 

반전된(APD)구조와 일치한다. APD와 추가 회절점의 연관성을 

확인하기 위해 원자 구조 분석과, atomic-resolution ADF image 

분석을 진행하였다. 추가 회절점이 관찰되는 영역의 atomic-

resolution ADF 이미지를 확인해보면 기판과 동일한 적층 구조로 

성장된(IPD)영역의 원자 이미지와 다른 것이 확인되고, 일정한 

주기를 갖는 밝은 Ga 원자가 관찰된다. IPD과 APD의 [110] zone 

원자 구조를 비교해보면 c축 방향으로 60도 기울어진 구조를 

갖는다. IPD 와 APD의 원자 구조를 겹쳐보면 추가 회절점이 

관찰되는 영역의 atomic-resolution image와 일치하는 것을 알 

수 있다. 두 원자구조를 겹칠 경우 두 원자의 구조가 다르기에 Ga 

원자는 동일한 위치, 또는 어긋난 위치에 있게 된다. 동일한 

위치에서 겹쳐지게 되면 어긋난 위치에 있는 것보다 한 곳에 Ga 

원자의 비중이 더 커진다. 이에 ADF image의 Z-contrast가 밝게 

관찰되고, 밝게 관찰되는 Ga의 주기성으로 인해 추가 회절점이 

발생된다. 추가 회절점이 [001] zone에서는 존재하지 않는다는 

것은 추가 회절점이 APD에 의해 발생된다는 또다른 근거이다.  

[001] 방향에서는 두 원자 구조가 겹쳐지지 않기 때문이다.  

셋째, 다양한 투과전자현미경 분석 기법을 활용하여 고 
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결정성 alpha-Ga2O3에 존재하는 APD의 생성 원인을 밝혔다.  

APD의 발생 원인을 찾기 위해 Al2O3와 Ga2O3계면의 atomic-

resolution ADF image 분석과 원자 구조 분석, Al2O3의 oxygen 

termination layer 원자 구조 분석 그리고 DFT 계산을 통한 

formation energy 분석을 진행하였다.  

기판인 Al2O3와 IPD Ga2O3의 Al과 Ga은 정삼각형 산소 

위에 위치한다. APD 경계의 원자 구조 분석을 통해 APD 또한 

IPD와 동일하게 정삼각형 산소 위에 위치하는 것을 확인하였다. 

정삼각형 산소 위로 적층되면서 180도 반전(혹은 60도 회전된)될 

수 있는 3가지 원자 구조 domain stacking(DS)2( A`B`(Al2O3)/

(Ga2O3)BA − CB − AC ), DS3 ( A`B`(Al2O3)/(Ga2O3)AC − BA − CA ), 

DS4( A`B`(Al2O3)/(Ga2O3)CB − AC − BA )의 formation energy를 

계산하였고, DS3 와 DS4 두 원자 구조가 동일하게 낮은 

formation energy를 갖는 것을 확인하였다. atomic-resolution 

image를 통해 DS3 와 4만 존재하는 것을 검증하였다. 또한, 산소 

공공이 존재할 때의 formation energy 계산을 통해 APD은 산소 

공공에 의해 발생될 수 있음을 확인하였다. 마지막으로, 개발된 

DUV TEM CL 시스템을 활용하여 APD이 발광 특성에 미치는 

영향을 분석하였다. 음극형광 이미지를 확인해보면 320㎚ 
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파장에서 도메인 내부가, 380-480㎚ 파장 영역에서 도메인 

경계면들이, 350㎚ 파장에서 특정한 도메인 경계면이 밝게 

관찰된다. 동일한 위치의 ADF 이미지를 확인해보면 350㎚, 380-

480㎚ 파장에서 밝게 관찰되는 위치에 밝은 경계면이 확인된다. 

ADF 이미지에서 밝게 관찰되는 경계면의 경우 Ga원자의 비중이 

더 높을 것이라 예상됐지만, EELS 원소 분석, 경계면의 원자 구조 

분석, ADF 이미지의 수집각 변화를 통해 Strain에 의해 발생된 

것을 확인하였다. 또한 350㎚에서 밝게 관찰되는 경계면은 CBED 

통해 APD 경계면이라는 것을 확인하였다. APD 경계면과 도메인 

경계면의 차이를 확인하고자, pristine bulk와 APD boundary 원자 

구조를 DFT 계산을 진행하였다. 계산에 사용된 APD boundary 

원자 구조는 경계면의 원자 구조와 APD 적층 구조 분석을 통해 

도출하였다.  

APD 경계면의 경우 Pristine bulk에 존재하지 않는 결함 

준위가 valance band 근처에서 생성되는 것을 확인하였다. 생성된 

결함 준위와 350㎚ 파장의 에너지가 동일하지는 않기에 350㎚는 

conduction band to trap transition은 아니라고 생각된다. 하지만 

APD 경계면에서 새로운 결함 준위가 발생되므로, 350㎚는 

APD에서 기인한 trap to trap transition에 의한 peak임을 알 수 

있다. 
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