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ABSTRACT: It is well known that metastable and transient
structures in bulk can be stabilized in thin films via epitaxial
strain (heteroepitaxy) and appropriate growth conditions that
are often far from equilibrium. However, the mechanism of
heteroepitaxy, particularly how the nominally unstable or
metastable phase gets stabilized, remains largely unclear. This
is especially intriguing for thin-film Ga,0;, where multiple
crystal phases may exist under varied growth conditions with
spatial and dimensional constraints. Herein, the development
and distribution of epitaxial strain at the Ga,05/AL,0; film—
substrate interfaces is revealed down to the atomic resolution
along different orientations, with an aberration-corrected
scanning transmission electron microscope. Just a few layers
of metastable @-Ga,Oj; structure were found to accommodate the misfit strain in direct contact with the substrate. Following an
epitaxial a-Ga,O; structure of about couple unit cells, several layers (4—S) of transient phase appear as the intermediate
structure to release the misfit strain. Subsequent to this transient crystal phase, the nominally unstable x-Ga,O; phase is
stabilized as the major thin-film phase form. We show that the epitaxial strain is gracefully accommodated by rearrangement of
the oxygen polyhedra. When the structure is under large compressive strain, Ga®>" ions occupy only the oxygen octahedral sites
to form a dense structure. With gradual release of the compressive strain, more and more Ga** ions occupy the oxygen
tetrahedral sites, leading to volumetric expansion and the phase transformation. The structure of the transition phase is
identified by high-resolution electron microscopy observation, complemented by the density functional theory calculations. This
study provides insights from the atomic scale and their implications for the design of functional thin-film materials using
epitaxial engineering.
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B INTRODUCTION of the substrate on the structure of interface and thin-film
phases at atomic resolution, is still evolving.

Epitaxial stabilization can be used as an effective tool of solid
state chemistry to construct special structures of interest, even
if they are unstable (metastable, nonequilibrium) as a bulk
material. Indeed, many unstable structures that must be
synthesized in severe conditions in the bulk state (e.g., high
pressure, highly oxidative environment, high temperature) can
be realized in gentler conditions, using epitaxial stabilization to
form useful thin-film phases. To develop the epitaxial
stabilization into a useful tool for materials synthesis, more

Epitaxial growth of thin films on dissimilar substrates has been
extensively studied for decades, and the need for structural
resemblance between the film and the substrate is widely
noticed and accepted.'™* It is also known that due to
constraints imposed by the substrate, many unstable,
metastable, and unusual polymorphs can appear in the thin-
film phases, often termed epitaxial stabilization. These epitaxial
stabilization phenomena are mostly explained by free energy
minimization, in which the energy of coherent and semi-

coherent interfaces is significantly lower than that of details on the mechanisms of epitaxial stabilization, i.e., how
noncoherent ones.” Thus, the formation of low-energy the substrate, misfit between the substrate and thin film,
interfaces and the minimization of overall free energy of the temperature, etc. affect the structure of thin films, must be
system (e.g., due to volume strain energy contribution) often further explored. When the epitaxial stabilization phenomenon
lead to stabilization of otherwise unstable, metastable, or can be understood at the nanometer and even atomic scale, it
nonequilibrium structures. Although free energy minimization
provides a perfect albeit generic explanation, a critical Received: October 20, 2018
structural view that permits the understanding of the Accepted: January 10, 2019
mechanisms of epitaxial stabilization, particularly the impact Published: January 10, 2019
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Table 1. Crystallographic Data of Ga,0; Polymorphs

phase space group lattice parameter ref
a R3¢ a = 0.4983 nm, ¢ = 1.3433 nm 8
g C2/m a = 1.2214 nm, b = 0.3037 nm, ¢ = 0.5798 nm, = 103.83° 9
7 Fd3m a = 0.822 nm 10
€ P63mc a = 0.2904 nm, ¢ = 0.9255 nm 6
S la3 a = 0.952 nm 11
K Pna2, a = 0.512 nm, b = 0.8792 nm, ¢ = 0.941 nm 12
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Figure 1. (a) Bright-field TEM image showing the typical morphology of Ga,0;/AlL,0; film system. Note that the film has a high density of planar
defects. (b) SAED from film has shown extra spot as indicated by blue arrows and the line contrast along the interface direction. (c) Cross-sectional
BF-STEM image showing the Ga,O; film, the interfacial layer, and the Al,Oj; substrate; inset is EDS line-scan profiles scanned perpendicular to the
interface, which indicates that the interfacial layer is mainly composed of Ga and O.

can be better designed as an engineering tool to synthesize
novel structures with unique and improved properties.

In this work, using Ga,O; as the test case of thin-film
sample, we have designed a scheme to grow the nominally
unstable x-Ga,O; phase, identified the thin-film phases, and
studied the interface structure using electron microscopy at
atomic resolution to disclose the mechanism of epitaxial
stabilization.

Gallium oxide (Ga,0;) has attracted considerable interest as
a functional material for various ag)plications because of its
advantageous physical properties.”® Due to its large direct
band gap (4.7—4.9 eV) and high breakdown voltage (8 MV
cm™"), which is considered the widest band gap semiconductor
among transparent conducting oxides, it has been used in
power and high voltage devices.” Because of its unique
structural characteristics of coordinately unsaturated Ga®*
cations, Ga,0O; has a high catalytic activity for hydrocarbon
activation in a CO, atmosphere.” In addition, it could be used
as an optical limiter for deep ultraviolet radiation, solar energy
conversion devices, Schottky diodes, field effect transistors, as
well as photocatalyst and high-temperature stable gas
sensors.” "

Ga,0; exhibits polymorphisms, similar to aluminum
oxide.”*™'® Four Ga,O, polymorphs can be found in the
ICSD database, designated as a, f3, 7, and ¢ phases.14’l7_19
Two other phases, 6 and k, have also been recently reported in
the literature.”””" The space group and lattice parameters of
the Ga,0; polymorphs are listed in Table 1. Unlike the
structures of alumina polymorphs, the structures of several of
the gallium oxide (such as y, §, the relationship between x and
€) polymorphs remain poorly understood.'”'** As Ga,O,
polymorphs have different crystalline and electronic structures,
they possess different physical properties. For example, the
Ga,0; polymorphs have quite different photocatalytic
activities, and their specific activities increased in the following
order: y-Ga,0; < a-Ga,0; < -Ga,0,."
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The a-Ga,0; phase, similar to the @-Al,O;, has a corundum
structure that contains only octahedrally (GaOg) coordinated
Ga® ion. It is metastable compared to its alumina analog but
can be stabilized by low-temperature heteroepitaxial growth on
sapphire substrates and converted to the f form at a
temperature higher than 500 °C.° The monoclinic 3-Ga,O,
phase is the only thermodynamically stable form of Ga,0,"*"*
which is analogous to 6-Al,0;, and contains equal proportion
of octahedrally and tetrahedrally (GaO,) coordinated gallium.
The y-Ga,0; is analogous to y-Al,O; and has cation-deficient
cubic spinel structure (MgAlL, O -type). In y-Ga,0;, Ga** ions
partially occupy both tetrahedral and octahedral sites. Playford
et al. reported that ratio values of octahedral and tetrahedral
were 1.8:1, 1.8:1, and 2.1:1 for the crystalline, nanocrystalline,
and disordered samples of y-Ga,0s, respectively.”” The -
Ga,0; is the second most stable polymorph after $-Ga,O;,
consisting of a 4H stacking of close-packed oxygen layers, in
which the disordered Ga*" ion distributed over three partially
occupied sites, with an octahedral/tetrahedral ratio of 2.2:1."
Very few studies have been reported on the other metastable
phases because of the difficulty in the synthesis of a single-
phase crystal.

The properties of the Ga,0; can be tuned by Ga**-occupied
sites, for example, by adjusting the octahedral/tetrahedral ratio.
It is known that the wave function of the conduction band
bottom is composed mostly of 4s orbitals of Ga** ion in
octahedral sites.”* Meanwhile, the volume of the oxygen frame
expands when there are more tetrahedrally occupied Ga-ions.
Tensile strain in the thin film may lead to more Ga** ions in
the tetrahedral sites, whereas compressive strain most likely
leads to more octahedral occupancy of Ga** ions. One of the
authors (M.R.) has developed elaborate procedure for high-
quality growth of Ga,O; thin films via heteroepitaxial metal
organic chemical vapor deposition (MOCVD) method using
H, as a carrier gas, on c-sapphire substrates, using
trimethylgallium (TMGa) and water, as gallium and oxygen
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Figure 2. Series of EDPs of the Ga,03/Al,0; film system obtained by a large-angle tilting of the crystal: (a) [110]; (b) [100]; (c) [310] zone axis
of AL,O, EDPs. k-Ga,0; with the space group Pna2, is identified by the EDPs. Related simulated electron diffraction patterns of (d) Al,05[110]
and k-Ga,0;[310]; (e) ALO5[100] and x-Ga,0;[100]; (f) Al,0;[310] and k-Ga,0,[510], which are consistent with experimental results of (a),
(b), and (c). Yellow arrows indicating extra diffraction spots are related to the planar defects. Green arrows indicating extra diffraction spots are

proposed to result from double diffraction.

precursors, respectively. The details of growth conditions and
related information are reported in an earlier publication.”

We have utilized (scanning) transmission electron micros-
copy ((S)TEM) complemented by density functional theory
(DFT) calculations, to investigate the structure of Ga,O5 thin
films on Al,0,(001) substrate, to identify the various Ga,0,
thin-film phases, and to explore the mechanism of epitaxial
stabilization. We believe that such a comprehensive approach
may pave the way for epitaxial engineering to synthesize other
related novel materials and structures.

B RESULTS AND DISCUSSION

Figure la is a cross-sectional bright-field (BF) TEM image
showing the typical morphology of the Ga,0;/Al,04(001) film
system. The film has a uniform thickness of about 1280 nm.
The surface of the Ga,O; film is quite flat without terraces or
fluctuations. The film exhibits high-density, line-like contrast
threading the whole film. However, along the interface there
are no obvious defects that can be observed. From the selected
area electron diffraction (SAED) pattern of the Ga,O; film as
shown in Figure 1b, many structural characters of the film can
be figured out. There are extra and periodic weak spots as
labeled by the blue arrow-heads indicating that a certain type
of ordered superstructure occurred along the interface
direction. Meanwhile, in the pattern there are also diffused
lines along the interface direction, which indicates that the
ordered superstructure has many planar defects along this
direction. The Figure lc is a low-magnification cross-sectional
BF-STEM image taken along the [100] direction of Al,O,
showing the interface of the Ga,03/A1,05(001) film system. It
is evident that the uniform interfacial/transitional layer is
formed between the Ga,0; and the Al,O; substrate. The
thickness of this interfacial layer is about 4 nm. The
compositional variations of the thin film and interface are
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analyzed by energy-dispersive spectrometer (EDS), as shown
in the inset of Figure 1c. It was determined that the interfacial
layer was mainly composed of Ga and O, similar to the thin-
film phase.

The major Ga,O; thin-film phase is identified as kx-Ga,O;,
which is an analog of orthorhombic x-Al,O; with the space
group of Pna2,. Ga,0; has several polymorphs and among
them « phase structure is similar to & phase. As shown in
Figure S1, k phase and & phase have similar two-dimensional
diffraction patterns along some zone axis. So, here a series of
electron diffraction patterns (EDPs) obtained by a large-angle
tilting of the thin film as shown in Figures 2a—c and S2b—d are
used to identify the structure of Ga,O; film. Compared to the
simulated EDPs as shown in Figures 2d—f and S2e—g, k phase
is identified as the patterns match well to each other as well as
the tiling angles. Diffraction spots indicated by green arrows
are from double diffraction, which complies well with reflection
conditions of the space group of Pna2;. Meanwhile, there were
also other extra electron diffraction spots as indicated by
yellow arrows in Figure 2a—f, implying that there exists a
certain type of ordering in the structure which is a rotational
domain structure (discussed in the following section). No extra
spots could be observed except those from the film, substrate,
and superstructure, indicating that the films were free of
secondary phase. Meanwhile, no diffraction spots from the
interfacial layer could be observed because of its low volume
fraction. It is evident that by the MOCVD method, we have
successfully synthesized a stable x-Ga,Oj; film phase, which was
considered an unstable phase in Ga,O; polymorph.'® In
addition, a closed orientation relationship can be derived from
the electron diffraction patterns: [310], g,0,//[110] A0,

(004)K-G3203/ / (006)A1203) and [150];(-@203/ / (110)A1203' Those

orientation relationships can be illustrated by a matrix, as
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Figure 3. (a) Cross-sectional aberration-corrected STEM images of the Ga,0,/Al,O; interface viewed along the [100],.,,0, zone axis. (b) Atomic

illustration of the interface structure consisting of the a-Al,O5 substrate, a-Ga,05 layer, cubic Ga,0; intermediate layer, and x-Ga,0;. The Ga**
ions in blue are tetrahedrally coordinated, whereas the Ga®* ions in green are octahedral sites.

Table 2. Calculated Three-Dimensional Lattice Mismatch Among the Substrate (a-Al,05), @-Ga, 05, and k-Ga,0;"

phase a-AL,O; (A) a-Ga,0; (A)
in-plane 330; 1.374 330; 1.437
in-plane 110; 2.379 110; 2.490
in-plane 100; 4.121 100; 4.312
in-plane 010; 4.121 010; 4.312
out-of-plane 003; 4.331 003; 4.476

f (misfit match)

k-Ga,0; (A) 12 (%) 23 (%) 13 (%)
310; 1.675 —4.48 —-15.30 —19.74
130p; 2.543 —4.56 —2.11 —6.66
130 2.520 —1.00 —5.56
100; 5.120 —4.53 -17.13 —21.62
02075 4.396 —4.53 -1.93 —6.46
020g; 4.346 —-0.79 -5.31
002; 4.705 -329 —4.99 —8.28
002; 4.643 —3.66 —6.95

“In the table, theoretical values are labeled by “T” after the lattice plane index, whereas the experimental values are labeled by “E”.

shown in Figure S3. Moreover, the splitting of high-order spots
could be identified in Figure 2a,b, which were due to the
difference in lattice constants of Al,O; and k-Ga,O;. The
splitting of the spots indicates that mismatched relaxation
between the Al,O; and k-Ga,Oj5 lattices occurred.

The transition layer was seen to consist of two components:
a-Ga,0; only two unit cells thick, connected directly to the
substrate, and a 4—5 unit cells thick Ga,O3, with a previously
unknown structure. The structure of the transition layer was
studied by incoherent high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) imaging
along two different zone axes as shown in Figures 3a and S4,
which provided structural and chemical information of the
interface at the atomic level. The intensity of the atom columns
in the HAADF-STEM image is approximately proportional to
Z* where Z is the atomic number.”' In the STEM images, the
Ga®" ion columns appear as bright dots, whereas the contrast
of oxygen is too low to distinguish, as shown in Figure SS. The
initial two layers of Ga,O; have the same atomic configuration
as that of the Al,O, substrate along both the [100] and [110]
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zone axes. The phase was thus identified as an a-Ga,O; phase,
which has the same space group with a-Al,O;. No defects such
as misfit dislocations could be found in the interface, implying
that the @-Ga,O; was under elastic strain with the substrate.
Since the interface of a-Ga,0;/a-Al,O; was sharp and defect
free, it can be deduced that the a-Ga,O; layers were fully
strained, thus its in-plane parameters might be closer to those
of a-Al,O; phase.

Above the two unit cells of the a-Ga,O; layer, there is an
intermediate layer. The arrangement of Ga*" ions in this layer
as inferred by the image does not fit any of the known Ga,O;
phases. By DFT calculations, the structure of the intermediate
layer was determined by invoking known A,O; prototypes.
The structure matched to the observed STEM image was
identified as a disordered spinel phase (with the coordinates
listing in Table 2). The illustration of the atomic structure of
the few-layer interface is shown in Figure 3b.

Above the intermediate layer, the major Ga,O; thin-film
phase was identified as k-Ga,O; (as illustrated in Figure 3b), in
agreement with the results obtained with electron diffraction.

DOI: 10.1021/acsami.8b17731
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Figure 4. Plane-view TEM images of the Ga,0;/AL,0; film viewed along the [001] zone axis of AL,O;. (a) Low-magnification bright-field TEM
image of the Ga,0;/Al,0; film, showing different contrasts of irregularly shaped domains in Ga,O; film. Corresponding selected area diffraction
patterns are shown as the inset indicating that they are orientation domains. (b) High-magnification bright-field TEM image of the Ga,0,/AL0;
film system showing that there are many antiphase boundaries in each orientation domain. (c) Atomic resolution TEM image of the Ga,05/Al,05.
The insert on the right is an fast Fourier transform (FFT) of the image, and the insert on the left is the simulated electron diffraction of the rotation
domains. Cross-sectional high-resolution electron microscopy images of the Ga,03/AL0j; interface viewed along the (d) [310],.g,,0,2and (e)

[100],G,,0, zone axes, showing the antiphase boundary and orientation domain boundary.

There are many boundaries and defects in the x-Ga,O; as
shown in Figure la. The k-Ga,O; phase was also studied along
a plane-view (normal to the thin film) direction to characterize
its overall architecture and defects, as shown in Figure 4.
Obvious domain structures can be seen in Figure 4a, a bright-
field image of the plane-view sample. Three sets of domain
lines as indicated by three arrows were observed, and the angle
among those lines was around 120°. The inset is a diffraction
pattern acquired from the k-Ga,0;, indicating that those
domains are orientation domains, and the rotational angle
among the domains is 120°. Figure 4b is a higher magnification
image clearly showing orientation domain boundary (indicated
by red arrow) and antiphase boundaries (indicated by green
arrow). The size of the domains ranges from few nanometer to
200 nm.

The orientation domain boundaries are not straight and
regular. Figure 4c is an atomic resolution image showing the
domain and antiphase boundaries. As indicated by yellow,
green, and blue arrows, the antiphase boundaries are parallel to
the (100) plane of Ga,0,, and the orientation domain
boundaries indicated by red arrows are parallel to the (110)
plane of Ga,0;. To clearly display each orientation domain,
inversed FFT reconstructions of Figure 4c are produced by
keeping only the Fourier components related to a single
domain region. These are shown in Figure S6 in which each
rotational domain gains bright contrast in Figure S6a—c. The
antiphase and domain boundaries can also be observed in the
cross-sectional projection, as shown in Figure 4d,e. Figure 4d,e
is cross-sectional atomic resolution TEM images acquired from
the [310] and [100] zone axes of the Ga,O, thin film,
respectively. Along the cross-sectional direction, the domain
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boundaries have a wide overlapped region, unlike that of an
antiphase boundary. The antiphase boundary can be identified
in Figure 4d, whereas the orientation domain boundary with an
obvious overlap area can be identified in Figure 4e. The
relationship between the k-Ga,O; orientation domains and the
a-Al,O; substrate is shown in Figure 5. As the a-Al,O;
substrate has a hexagonal structure, it is not surprising to

have 3-fold orientation domains in x-Ga,O;.
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Figure S. Schematic of the orientation configuration of k-Ga,0;
orientation domains on the AL,O;(001) plane.
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On the basis of the structures of the interface phases, the
mechanism of misfit strain release can now be better
understood. The mismatch between a-AlL,O; and k-Ga,0,
can be expressed in three directions: in-plane [1§O]K_Ga203/ /

[110] 4,0, in-plane [310], g, 0.// [110] aL0y and out-of-plane
[001],Ga,0,//[001] 41,0, The theoretical misfit along the in-
plane [1go]x-ca203 is —6.66%, along the in-plane [310], g, 0, is
—19.74%, and along the out-of-plane [001], g, o, is —8.28%. It

is thus clear that the as-grown film would be under
compressive and anisotropic in-plane strains imposed by the
Al,Oj substrate. Such a large misfit cannot be simply relaxed by
one interface. It is well known that the misfit dislocations are
an important mechanism to relax strains between film and
substrate.”” > However, no misfit dislocations could be found
in the current study.

Using the phases identified, the theoretical mismatches in
each interface are listed in Table 2. The few-layer a-Ga,0;
phase directly on the a-Al,O; substrate is under elastic strain
and thus can relax the misfit, estimated as about ~4.5% along
the in-plane directions and about ~3.29% along the out-of-
plane direction, as listed in Table 2. Above the a-Ga,O; phase,
there are some layers of intermediate phase which can also
release some of the misfit. This changes the mismatch between
a-Ga,0j; and k-Ga, 0y along in-plane direction ([010]) to only
about —1.93%. In addition, there are many domains and
antiphase boundaries in the x-Ga,O; film that can also
accommodate the rest of the misfit strain.

Experimental mismatch fy can be derived based on
experimental EDP, as shown in Figure 2a. fy along the out-
of-plane direction (x-Ga,05[001]) is around —6.95% and
along the in-plane direction (k-Ga,04[130]) is around
—5.56%, both of which are slightly smaller than the theoretical
value. By carefully calibrating the (060), ¢, 0, spot with the

(030) 41,0, spot (Figure 2b), the experimental mismatch

relaxation in kx-Ga,O; is calculated to be ~81.82%. In other
words, the k-Ga,O; thin film is still under about ~18.18%
misfit strain caused by misfit imposed by the Al,O; substrate.
This is possibly the reason why the unstable phases become
stable at room temperature but under such spatial and
dimensional constraints.

By exploring the structures of the several Ga,O;, it appears
that the ratio of octahedrally occupied Ga** ions and
tetrahedrally occupied Ga-ions may affect the crystalline
volume, and thus this ratio may provide a rationale for
accommodating the misfit strain. In regard to the oxygen
sublattice, whenever more oxygen tetrahedra are formed, the
crystalline volume expands; from a-Ga,0;, cubic Ga,0; to k-
Ga,0;, the oxygen tetrahedra increase gradually as the
compressive strains imposed by the substrate become smaller
and smaller from the substrate to the film. However, there is
still ~19% misfit strain left in the x-Ga,O; film, which prevents
the formation of more oxygen-tetrahedrons. The stable Ga,O;
form, $-Ga,03, has ~50% oxygen forming tetrahedra, whereas
in the unstable kx-Ga,O; phase there are only ~25% oxygen
forming tetrahedra. Due to the remaining compressive strain,
there must be more oxygen octahedrons to form a compact
structure, leading to the stabilization of the phase (epitaxial
stabilization).
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B CONCLUSIONS

In summary, the phase and interface structure of Ga,0;/Al,0;
have been carefully studied along different orientations via
atomic resolution electron microscopy to reveal the mecha-
nism of misfit match release. Due to the misfit strain and
existence of a few-layer intermediate structure, the unstable -
Ga,0; has been found to become a stable phase in the film
grown by the MOCVD method at 690°. The epitaxial
stabilization appears to correlate with the tuning of the ratio
of oxygen octahedra and tetrahedra (thus, also octahedrally or
tetrahedrally coordinated Ga** ions). The crystalline volume
can thus be tuned in this way to accommodate or match the
externally applied strain caused by the mismatch between the
substrate and film. Epitaxial growth can be applied to
synthesize unstable structures due to the impact of the
substrate, i.e. strain caused by lattice misfit. This work
demonstrates that epitaxial engineering can be a promising
method for preparing unstable and novel structures if the misfit
strain can be better controlled.

B METHODS/EXPERIMENTAL SECTION

Ga,0; Preparation. The Ga,O; thin film was grown on ¢
sapphire (0001) at 690 °C using a commercial metal organic chemical
vapor deposition (MOCVD) method. Trimethylgallium (TMGa) and
water were used as Ga and oxygen precursors, respectively, whereas
H, was used as a carrier gas.”®

TEM Sample Preparation. Cross-sectional TEM specimen was
prepared by an FEI Helios NanoLab focused ion beam system. A
plane-view sample was prepared by the conventional method
including cutting, grinding, dimpling, and finally ion-milling. A
Gatan 656 Dimple Grinder was used for dimpling. Ar ion-milling was
performed by using a Gatan 691 Precision Ion Polishing System. The
sample was thinned and ion-milled only from the Al,Oj; substrate side
until the Ar ion beam perforated the samples.

Structural Characterization. Electron diffraction patterns
(EDPs) and diffraction contrast images were taken from a Hitachi
H-8100 transmission electron microscope (TEM). A JEOL Grand
ARM-300CF TEM equipped with high-angle annular dark-field
(HAADEF) detector, bright-field (BF) detector, annular bright-field
(BF) detector, X-ray energy-dispersive spectrometer (EDS) systems
operated at 300 kV was used for high-resolution images and EDS
analysis. A JEOL ARM-200CF with probe aberration corrector was
used for high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images. The beam convergence angle is
around 20 mrad, and the collection angle ranging from 68 to 280
mrad. EDPs were simulated by SingleCrystal software.

First-Principles Calculations. All of the DFT calculations
reported in this conducted experiment via the Vienna ab initio
simulation package with the projector augmented wave poten-
tials.”* ™" The Perdew—Burke—Ernzerhof’' functional was used to
deal with the exchange correlation. A plane wave basis with a cutoff
energy of 520 eV and I'-centered k-meshes with a density of 8000 k-
points per reciprocal atom were used for all calculations. The Heyd—
Scuseria—Ernzerhof screened hybrid functional (HSE06)*>™*° was
used to accurately determine the electronic states of Ga and O in the
phases.””*° To determine the structure of the transition phase of
Ga,0;, prototype structures of A,O;, distinct from known Ga,0;
phases, including ALO; (Fm3m,*> I4,/amd’®), Fe,0, (P12,/n1,*
P4,2,2,*" Aba2*?), were used with the corresponding Ga,0;
structures obtained through the DFT relaxation. The special quasi-
random structure method*~* was used to generate structures for the
disordered phases.
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