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ABSTRACT: f-Ga,O; is a promising ultrawide bandgap semi- Strain-Induced

conductor for next-generation power electronics, but the Phase Transformation
unintended formation of y-Ga,0; in $-Ga,0; crystals has been S s
observed in a variety of situations. Such defective inclusions,
resulting from growth kinetics or ion-induced damage, can degrade

the material performance and alter the local electronic structure. Tensile Strain
Previous studies have only examined the presence of y-Ga,0Oj; in f- Ry I r 3
Ga,0; thin-film structures. In this work, we observe the ubiquitous < 1| 1V A

formation of a thin y-Ga,O; layer on the surface of mechanically /
exfoliated melt grown Al- and Sc-alloyed f8-Ga,O; single crystals Exfoliation | (AL Se)Gay4).04
and characterize the atomic scale structure across the interface
using scanning transmission electron microscopy. Direct imaging
paired with electron diffraction confirms y-Ga,O; formation, and
orientation relationships are determined across the interface. Electron energy loss spectroscopy identifies the O K-edge spectral
fingerprint of y-Ga,03, while many-body perturbation theory on top of density functional theory explains the shift of the spectral
intensity between f- and y-Ga,0Oj; as an interplay of excitonic and electronic effects. Further first-principles studies evaluate the role
of strain on phase stability and identify that at an 8.5% tensile strain, y-Ga,O; becomes energetically favored over $-Ga,Os;.
Stabilization of the f phase of Ga,O; under compressive stress is further confirmed through electron diffraction studies of the regions
surrounding Vickers indentations. Phase stability is also observed to be independent of the alloying element. These findings confirm
the capability for y-Ga,0; to occur under extreme environments while also providing evidence that strain is the underlying driving
force causing the phase transformation.

KEYWORDS: gallium oxide, transmission electron microscopy, electron energy loss spectroscopy, wide-band gap semiconductors, defects,
phase transformation

B INTRODUCTION films.'*''®"? Understanding the structure of y-Ga,05 and the
B-Ga,O, is an emerging material of extreme interest for next- conditions under which it forms in $-Ga,O; is vital to refining
generation power semiconductors due to its ultrawide band growth and processing techniques as well as ensuring device
gap of 4.8 eV, critical breakdown field of 8 MV/cm, and stability, operation, and performance.

proliferation of high quality melt grown crystals and While y-Ga,O; has been observed in alloyed thin films,
substrates. > Ga,O; is known to exist in six different alloying Ga,O; has been primarily studied as a way of tuning
polymorphs, including the monoclinic beta () phase (space the material’s band gap. Alloying with Al and Sc has been
group C2/m), being the most stable, and the less understood demonstrated to increase the band gap of -Ga,O;, opening

defective cubic spinel gamma (y) phase (space group Fd3m),
being the least stable.° Much effort has been taken to study and
characterize defects in -Ga,03, especially at the atomic scale,
as such knowledge is key for controlling properties and
accommodating dopants.””'* Prior studies have considered a
wide range of dopants and alloys while also examining many
different device structures and interface types.'”~'” Interest-
ingly, recent studies in the literature have shown the propensity
for y-Ga,O; to appear as a defective inclusion in f-Ga,O;,
especially at the surface of doped and aluminum-alloyed thin

new possibilities in device application and design due to its
20,21

tunable gap. However, the lowest energy polymorphs of
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Figure 1. (a) ADF-STEM image of the y/f interface in a f8-(Al,;Gag),0; crystal from the [001]; projection. (b) Magnified inset of the y region,
showing structural match with the [110] y-Ga,O; projection. Tetrahedrally coordinated gallium atoms are shown in green, while octahedrally
coordinated gallium atoms are shown in yellow. (c) Magnified inset of the f} region with a [001] structural overlay. STEM image simulations are
included to demonstrate the agreement between simulated images of the structures and the experimental STEM image. Scale bars in both (b,c) are
1 nm. (d) Electron diffraction pattern taken from a surface region of the crystal. Faint reflections from the y-Ga,O; layer are visible, as well as
separate reflections splitting at higher order planes, both of which are denoted by red arrows. Insets within the pattern better show the splitting of

diffraction reflections at specified positions in the reciprocal space.

Al,O; and Sc,0; also possess crystal structures different from
B-Ga,0;, with Al,O; preferring rhombohedral corundum and
Sc,0; preferring cubic bixbyite.”>** Resulting differences in
ionic radii and bond length may contribute to structural
instability and strain and could also induce the formation of
defects and phase transformations away from the preferred
monoclinic phase of Ga,0;. Thus, characterization of the
crystal structure and defects within the alloyed systems is
necessary to enable device development and understanding
phase stability within Ga,O;.

While prior studies have shown that the various Ga,O;
polymorphs can easily be formed under various growth and
annealing conditions due to their small energy differences,
recent work by Huang et al. has also theorized that an
accumulation of strain can trigger the f to y phase
transformation.””>> However, this theory and prior studies
on y-Ga,0; have focused on its formation and presence in thin
films, since melt grown f-Ga,O; single crystals have not yet
shown evidence of y-Ga,0; pres<ence.l4’16’18’19

In this study, we present the ubiquitous formation of y-
Ga,0; on the surface of alloyed (100) f-Ga,O; crystals grown
via the Czochralski method after mechanical cleavage
regardless of the alloying composition. Atomic resolution
scanning transmission electron microscopy (STEM) and
advanced spectroscopy are used to identify the structure of
y-Ga,0; as well as its local chemical and electronic
environment. Here, theoretical studies are combined with
experimental imaging and spectroscopy to provide insight into
the chemical structure of the two phases and to predict
excitonic and electronic shifts between them. We also perform
simulations to confirm that under certain strain conditions, the
Y phase becomes energetically favored over the f phase,
indicating that particular strain conditions experienced at the
surface during cleavage may promote a buildup of strain and
therefore the formation of y-Ga,O;. Such stress conditions may
be responsible for promoting the 3 to y phase transformation
internally within bulk $-Ga,O;

B RESULTS AND DISCUSSION

Figure la shows an annular dark field-STEM (ADF-STEM)
image of an unexpected, secondary phase layer observed on the
surface of a crystal alloyed with aluminum in a nominal
composition of f-(Aly;Gagy),0;. ADE-STEM allows for
accurate imaging of the atomic structure due to its sensitivity
to the atomic number of the constituent atoms.”® At first
observation, this structure shows similarity to examples of
[110] y-Ga,0; observed in the literature. Regions of [110] y-
Ga,0; are visible interspersed with overlapped layers of y-
Ga,03, matching the appearance of overlapped y-Ga,O; layers
identified by prior literature.'®"® This layer exhibits a depth of
10—20 nm across the entire surface of the sample. Figure 1b,c
shows zoomed-in high-resolution ADF-STEM images of y-
Ga,0; and f-Ga,0; confirming the apparent presence of y-
Ga,0; on the surface of the crystal. STEM image simulations
were conducted on models of both y- and -Ga,O; structures,
shown via the insets in Figure 1b,c. These simulations
demonstrate good agreement with the experimentally observed
structures in STEM images. An increased concentration of Al
interstitial atoms was also observed within several nanometers
of the interface (Figure S1), while geometric phase analysis
also showed the apparent formation of dislocations along the
y/B interface (Figure S1).*” To further determine the
interfacial structure, selected area electron diffraction
(SAED) was performed with the SA aperture placed over the
interface. Figure 1d shows the diffraction pattern taken from
this sample, with the contrast inverted to better show new
reflections from the secondary phase. Several rows of faint
diffraction reflections are visible between the main rows of /-
Ga,0; diffraction spots (indicated by a red arrow in Figure
1d), suggesting the development of an additional phase.
Acquired from the [001] zone axis, the measurement of the
reflections corresponding to the (600) and (020) planes in f-
Ga, 0, shows reciprocal space vectors of 5.06 nm™" (0.198 nm)
and 6.60 nm™" (0.152 nm), in good agreement with theoretical
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Figure 2. (a) SAED pattern from the surface region of a f-(Scy;Gagg),0; crystal with contrast inverted to better show the development of
additional and unexpected diffraction reflections, corresponding with those of y-Ga,0O;. (b) High resolution ADF-STEM image of the interfacial
region from the [001]; projection. Motif of [110] y-Ga,O; is included to better show their structural match. Tetrahedrally coordinated gallium
atoms are shown in green, while octahedrally coordinated gallium atoms are shown in yellow. (c) ABF-STEM image collected simultaneously with
(b), revealing oxygen column positions represented by red circles. Again, a motif of the [110] y-Ga,Oj structure is overlaid, while a similar motif of
[001] -Ga,0; is overlaid in the bottom corner. Scale bars in the insets of (c) are 1 nm.

values for interplanar spacings in a [001] $-Ga,O; diffraction
pattern.”* "> The magnified insets in Figure 1d show these
reflections starting to split at the (600); and (020), lattice
reflections, with blue arrows indicating the reflection matching
p-Ga,0;. The black arrows indicate the extra reflections
splitting off, measured at 4.86 nm™" (0.206 nm) and 6.69 nm™*
(0.149 nm), respectively, corresponding to the (004) and
(440) families of planes in y-Ga,O;.”" Faint diffraction spots
can also be seen between the (200) and (110) S-Ga,0,
reflections (indicated by the red arrows) that do not belong
to the f-phase from the [001] zone axis. Measuring a
reciprocal space distance of 3.98 nm™’, these spots correspond
to the (113) family of planes in 7-Ga,O;. Through the electron
diffraction studies coupled with high-resolution STEM imaging
and simulation, we conclusively identify the y phase of Ga,0;.
Additionally, orientation relationships of (600), Il (004), and
(020)4 Il (440), can be distinguished between the two phases
from the diffraction pattern. Prior studies have observed the
presumed diffraction pattern of [110] y-Ga,O; in an ion-
induced transformation layer, and the faint intensity visible
here matches well with that previously reported y-Ga,0;
diffraction pattern.”

Similar experiments were performed on crystals having a
nominal composition of $-(Scy;Gagy),05. Figure 2a shows a
SAED pattern from a [001] 5-(ScyGagy),05 crystal, revealing
the structure of the film with a thin layer of the ¥ phase on top
of it. Again, a faint intensity is visible between the main p-
Ga,0; reflections, which can be assigned to the (113) planes
of y-Ga,0;. Reflection splitting similar to that discussed in
Figure 1d is also observed here, and similar orientation
relationships are maintained across the interface, with (600), Il
(004), and (020), Il (440),. As in the f8-(Al,,Gay),0; sample,
the depth of the apparent y phase layer ranged from 10 to 20
nm across the entire sample lamella. A high-resolution
transmission electron microscopy (HRTEM) image of the
top region, with the y-Ga,O; layer exhibiting a different
contrast from the bulk $-Ga,0;, is shown in the Supporting
Information (Figure S2). Fast Fourier transform (FFT)
patterns taken from the indicated individual regions recover
patterns closely resembling single phase y or f-Ga,0;. The
overall appearance of the FFT patterns for the entire image

closely matches that of the SAED patterns in Figures 1 and 2,
further confirming the formation of an y-Ga,Oj; layer on p-
Ga,0;.

To further investigate and confirm the atomic structure of
the y phase in the B-(Scy;Gagy),0; sample and the y/f
interfacial structure at the atomic scale, ADF and Annular
Bright Field-STEM (ABF-STEM) imaging was performed, as
shown in Figure 2b,c. These display complementary ADF and
ABF-STEM images from a region of the y/f interface. ABF-
STEM is crucial for identifying crystal structure due to its
ability to image lighter elements and structural distortions, in
this case oxygen column positions.” The use of ABF-STEM is
further necessary due to the projection of slightly overlapped
P-Ga, 0, layers resembling the projection of [110] y-Ga,O5 in
ADF-STEM imaging, as described by Chang et al."”
Considering that the p-Ga,O; Al- and Sc-alloyed crystals
were mechanically cleaved, with some stress applied to the
surface, it was possible for a stress condition to create the
overlapped f-Ga,O; projection and not y-Ga,0O;.

In order to discern between the two scenarios, direct
imaging of the oxygen sublattice is necessary, as enabled by
ABF-STEM. The inset of Figure 2b shows how the observed
pattern of Ga atoms in this sample also matches the [110]
projection of y-Ga,O;, with the green and yellow circles
representing tetrahedrally and octahedrally coordinated Ga,
respectively. Regions of unambiguous [110] y-Ga,O; were
identified, as well as other regions showing the overlapped
motifs observed in Figure 1. It is also important to note the
structure of the y/f interface. The y-Ga,O; layer appears
smooth on the micron scale covering the  phase (Figure S3),
but the interface exhibits step edges and jumps on the atomic
scale as seen in Figure 2b. The bright-field TEM (BF-TEM)
image shown in Figure S3 further demonstrates how the two
phases appear with different contrast, indicative of a phase
transformation and the presence of y-Ga,0O; in the Sc-alloyed
sample. The disorder present in the interfacial structure lends
weight to the argument of Huang et al., that a buildup of strain
and defects triggers a relaxation into the y phase.””** Yoo et al.
also theorized that the surface energy of y-Ga,O; may play a
role in its formation at the crystal surface, but corresponding
computational studies of the y/f surface energy relationship
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Figure 3. (a) O K-edge spectra of (from top to bottom): f-(Scy;Gago),0; (dark blue), -(Aly;Gagy),05 (light blue), y-(ScyGage),0; (dark red),
and y-(Aly,;Gay,),05 (light red). (b) Magnified view of the double peak structure in a (Al ;Ga,,),05 sample, showing the A:B ratio increasing for
r-(Aly;Gagy),0;. (c) Magnified view of the double peak structure in a (Scy;Gagy),O5 sample, showing the A:B ratio increasing for y-
(Sc01Gagy),05. (d) O K-edge spectra of y- and f-Ga,O; calculated in their ideal structures by solving the Bethe—Salpeter equation (BSE) on top of
DFT. O K-edge spectrum was computed from the solution of the BSE (solid line) and in the independent-particle approximation (IPA) of (e) y-

Ga,0; and (f) f-Ga,0;.

are still lacking.'® X-ray energy dispersive spectroscopy
(XEDS) studies did not demonstrate any significant
segregation or compositional separation, indicating that
stoichiometry was maintained during the phase transformation
(Figure S4). The ABF-STEM image in Figure 2c shows a
change in the oxygen sublattice from the f phase to the y
phase, with the inset structure again matching well with the
[110] y-Ga, O, projection. An overlay of the -Ga,Oj structure
with oxygen positions is also shown in the bottom of Figure 2¢
for better comparison to the y-Ga,O; oxygen sublattice. Thus,
our HR-STEM and diffraction studies similarly uncover that
mechanical exfoliation can lead to a f- to y-phase trans-
formation, with the interface indicating step edges and strain.

To further understand the local bonding and valence
structure in each phase, monochromated electron energy loss
spectroscopy (EELS) was performed on the samples. Cocchi et
al. first examined the Electron-Loss Near Edge Structure
(ELNES) of the oxygen K-edge in f-Ga,O; through a
combination of computational simulation and TEM-EELS.**
Since then, the oxygen K-edge and ELNES fine structure of -
Ga,0; have been well-studied and confirmed in the
literature.'>'”*>* The oxygen K-edge for the § phase is
comprised of a double peak structure, with the first one
(labeled “A”) located at 536 eV, while the second peak, having
less intensity, is around 540 eV (labeled “B” peak).”* These
represent excitations from 1s atomic orbitals to unoccupied p-
like states. Unfortunately, such an in-depth analysis is not yet
available for the oxygen K-edge of y-Ga,0;. An oxygen K-edge
for y-Ga,O; has also been published showing similar double
peak features but does not discuss the interpretation of the
edge structure and bonding.”” Sharma et al. also performed X-

ray absorption spectroscopy (XAS) studies in undoped and
Sm-doped samples of y-Ga,Os, nanoparticles,”® observing a
double peak structure similar to our data.

Figure 3a shows spectra taken from oxygen K-edge EELS
scans for the f and y phases in both (Aly;Gayy),05 and
(Scy.1Gage),05 alloyed samples. These results for the f-phase
collection regions of the two compositions match well with
references in the literature, showing an A/B peak ratio of 1:0.9.
Figure 3b,c shows in more detail the intensity of the B peak
increasing in y-Ga,0; regardless of the alloy composition,
much like the X-ray absorption Near Edge Structure (XANES)
data reported by Sharma et al.*®

Comparison of Gaussian deconvolutions for the double peak
structure in the experimental EELS spectra for (Sc,;Gayg),04
(Figure SS) better illustrates a noticeable change in peak ratios
from the p phase to the y phase, demonstrating a clear
difference in the bonding configuration between the two
polymorphs. Scandium L-edge spectra were also collected for
both the y and f phase regions of (Scy;Gagy),05 (Figure S6).
L, edges of Sc are produced by excitations of 2p,,, and 2p;,
core electrons to unoccupied d-like states, thus approximating
the unoccupied 3d density of states for the element. The L;,
and L,, edges displayed a slight increase in their onset energy
of 0.4 €V in the y phase layer compared to -(Scy;Gagy),05,
with no other apparent differences in the edge fine structure
fingerprint. Otherwise, the scandium L-edge spectra for both f-
(Sco.1Gagy),0; and y-(Scy;Gagy),0; matches well with
literature XANES fine structure values.>” Here, the differences
observed in the EELS spectra combined with the difference in
structure identified via TEM and ADF-STEM provide a
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Figure 4. Atomic structures for (a) -Ga,0; and (b) y-Ga, 05 showing the reference as well as applied tensile and shear strains, respectively, with
the lowest energy 10% Al and Sc-alloyed structures shown in (c). Conventional unit cell of the -phase is shown in (a) as a gray-colored image with
respective conventional lattice vectors for comparison. (d) Relationship between the strain energy density and the applied uniaxial tensile strain
along the g-axis (a* axis in a conventional f-phase unit cell) under volume-fixed conditions. (e) Strain energy density vs applied shear strain along
the a-bc direction (a*c direction in a conventional f-phase unit cell) under volume-fixed conditions. Discrete circles indicate data points computed
in DFT, while the solid lines represent a second-order polynomial fit. (f) Strain energy density of 10% Al and Sc-alloyed - and y-Ga,0O; as a
function of applied tensile strain along the a-axis under volume-fixed conditions. Intersection points are represented as the discrete circles.

thorough structural and spectroscopic understanding of the y-
Ga,0; polymorph.

To further investigate the spectral fingerprints of - and y-
Ga,0; excited at the K-edge, computational studies using first-
principles many-body theory were performed. This approach
has been successfully employed to study core-level excitations
in various gallium oxide polymorphs.”**’ The results of this
analysis, shown in Figure 3d, indicate that in both phases, the
material exhibits a sharp peak at the onset, in agreement with
the experiments. On the other hand, at higher energies, the
intensity of the dominant resonance is different in the two
phases. In the p-phase, the second peak in the O K-edge fine
structure is remarkably weaker than the first one, as extensively
discussed in previous work.'”** In the y-phase, in contrast, the
intensity of the second peak is slightly larger than the first one,
and the two maxima are energetically closer than in the p-
phase. The comparison of the spectra computed by solving the
Bethe—Salpeter equation (BSE) on top of density functional
theory (DFT), with their counterpart obtained neglecting
electron—hole correlations in the independent-particle approx-
imation (IPA, Figure 3e,f), reveals a different role of excitonic

effects in the two polymorphs. While the first peak gains
considerable intensity when the electron—hole interactions are
accounted for in the BSE, confirming its excitonic nature in
both phases, in the spectrum of y-Ga,Oj; the second peak has a
very similar broadening and intensity in both BSE and IPA
results. This finding suggests that in y-Ga,0Os;, this feature is
less influenced by electron—hole Coulomb couplings.*' ~** On
the other hand, in $-Ga,0O;, the peaks visualized in Figure 3f
bear an excitonic nature as extensively discussed previously by
Cocchi et al.>*: when electron—hole correlations are turned off
(IPA), the main resonances in the spectrum differ from the
BSE result in terms of oscillator strength distribution. We
specify that the herein adopted term “exciton” is not limited to
bound electron—hole pairs found inside the fundamental gap
but extends to two-particle excitations in which Coulomb
interactions modify their fingerprints compared to the
independent-particle picture. A similar vocabulary was also
used in previous work.” ™" We also stress that the excitons
analyzed here are characterized by holes in the core region.
Note that BSE spectra are typically red-shifted compared to
IPA spectra due to the inclusion of the attractive electron—
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Figure S. (a) ADF-STEM image of the 1 N Vickers indented sample after thinning to electron transparency. Depression caused by the indentation
can be seen at the surface inclination on the left side of the sample. (b) BF-TEM image of the region around 1 N Vickers indentation normal to the
(100) surface in a f-(Scy;Gag),05. Intense dislocation, slip bands, and crack formation along the (100) cleavage plane is observed. Numbered and
colored circles correspond to the location of the SA aperture used to collect the diffraction pattern displayed for each.

hole-screened Coulomb interaction. For further details about
this formalism, we direct interested readers to specialized
literature,*>**>°

We hypothesize that the different weights of excitonic effects
observed in the BSE spectra of - and y-Ga,O; are related to
the different dielectric screening characterizing the two
different polymorphs, with the y-phase exhibiting a larger
screening than the f-phase (Figure S7). While this result may
be partially affected by the metallic character of y-Ga,O,
obtained using a defective spinel structure with vacancies of
7 leading to the n-type doping, the agreement with the trends
obtained from experiments supports our speculation. This may
not be the exclusive reason for the observed spectral behavior
of the two Ga,0; polymorphs, but the complexity of the
material, especially in the y-phase, prevents us from further
extending this theoretical analysis. It is worth noting that
alloying y-Ga,O; with Al or Sc increases the band gap with the
resulting crystal being semiconducting (Figure S8).

The addition of 10 mol % of Al or Sc does not show any
clear impacts to the experimental oxygen K-edge of the two
alloys compared to unalloyed $-Ga,O;. While our imaging,
diffraction, and spectroscopy studies all indicate the presence
of the ¥ phase as a thin film over the  phase of Ga,0;, the
alloying elements, Sc and Al, may not have a specific role in the
phase transformation, as the gamma phase was observed in
both systems. However, the samples were prepared through
exfoliation of pieces from the boule after growth via
mechanical exfoliation and cleaving the crystal with a surface
normal to the [100] direction. This also means that the crystals
used for TEM lamellae fabrication did not come from the
exterior surface of the boule and instead represent interior
surfaces of the boule. Therefore, the cause of this f to y

transformation occurs between the growth and TEM lamella
preparation steps. Extreme care was taken to protect the
surface of the crystals from ion contamination during sample
preparation via the use of a protective carbon layer before the
fabrication step. Considering these preventative steps, y-Ga,O;
was still observed across multiple source crystals and TEM
samples that were prepared through the exfoliation process,
which led us to believe that the cause of the phase
transformation likely lies in the exfoliation step.

Considering that the y-phase samples were observed
following exfoliation, local stress near the top layer undergoing
exfoliation may lead to a phase transformation. Metastable
polymorphs far from equilibrium in both Ga,O; and other
oxides are known to become stabilized at the surface under
various mechanical strains, such as epitaxial strains imposed by
the substrate during thin-film 5growth and high tensile strains
during fracture or exfoliation.”*” To investigate the under-
lying mechanism of the formation of a metastable y-phase
during exfoliation, we conducted a series of first-principles
simulations using DFT to determine relative phase energies as
a function of mechanical strain considering both uniaxial
tensile and shear strain (Figure 4).

While Figure 4a—c represents models of unalloyed and
alloyed f- and y-Ga,O; under tensile and shear strain, Figure
4d illustrates the variation of strain energy density as a function
of uniaxial strain along the a-axis (a* direction in the
conventional f-phase unit cell) under volume-fixed conditions
(i.e, lateral shrinkage (expansion) was imposed as tensile
(compressive) strain was applied). Since the y phase forms as a
defect spinel structure, we used both 3-site and 4-site models
to describe the distribution of atoms in the disordered phase,
both of which have been shown to accurately describe most
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physical properties.” For the y phase, both models show larger
lattice constants of 25.01 and 25.02 A, respectively, compared
to the /3 phase lattice constant of 24.02 A, suggesting that large
tensile strains may stabilize the y phase. For the fully relaxed
and y phase, the energy difference is 28.38 meV/atom, with the
3-site model being slightly more stable than, but similar to, the
4-site model consistent with Ratcliff et al.>* As indicated by the
crossing points of the energy curves (the gray circle), the y
phase becomes stable relative to the / phase at a critical tensile
strain of around 0.085 (A/A). Additionally, while the shape of
the strain energy density curves suggests that the phase
transformation is induced by elongational tensile strain,
compressive strain does not result in transformation as
shown on the left-hand side of Figure 4d. For further evidence
that compression does not lead to phase transformation, a -
(Sco1Gagy),0; crystal was deformed by using a load of 1 N
through the Vickers indentation technique. Initial electron
diffraction studies of the locally deformed indented region with
identical compositions and surface orientations to those
considered in the first part of this study were collected. Figure
Sa shows a low-magnification STEM image taken of the
deformation region around the indentation. Concentrated
dislocation formation, cracks along the (100) cleavage plane,
and grain formation were observed. These defects are better
visualized in Figure Sb, an BF-TEM image of the white boxed
region of Figure Sa. Several diffraction patterns were collected
from this area (color coded patterns 1, 2, and 3). None
displayed evidence of y-Ga,O; formation, instead pointing
toward the formation of low angle grain boundaries with in-
plane rotations of ~8.5° between them. This further supports
DEFT predictions that compression favors the stabilization of f-
Ga,0;. Further STEM investigation of biased Au/Ni/f-Ga,0,
Schottky Barrier Diodes also revealed the presence of y-Ga,0;
in delaminated regions along the Ni/f-Ga,O; interface
surrounded by vacuum (Figure $9).°* This further indicates
that other types of external stress, such as thermal stimuli and
electric fields, can favor formation of the metastable y-Ga,O;.

To better understand how the introduction of tensile strain
favors the formation of the y phase, we consider the atomic
structures of #- and y-Ga,Oj at the critical strain in Figure 4a,b.
These structures show that more Ga—O bonds along the g-axis
are possible in the presence of randomly displaced Ga cations
in the disordered y phase. Compared to the ordered cation
structure of the f phase, which occasionally lacks vertical
bonds along the g-axis, the additional bond formation is likely
to favor disorder and formation of y. The elongation of the
lattice under tensile strain is hypothesized to facilitate a
structural reconfiguration that weakens Ga—O bonds and
creates facile reaction pathways for the sequential splitting of
tetragonal Ga atoms to form (Vg,n—Ga,), chains crucial for
the y-phase transition.

Figure 4e shows how the y and f phase energies vary as a
function of applied shear strain, also considered here for
completeness. We define the x;, x,, and x; axes as the three
orthogonal principal axes referenced to the conventional S
phase crystal structure as follows: the x, and x; axes are along
the b and ¢ crystallographic directions, respectively, and the x;
axis is perpendicular to the x,—x; plane. The x, axis is parallel
to not the a axis but the a* axis. We applied shear strain in the
x;—x3 plane. We observed no crossing points between the
strain energy curves here, even under extremely high shear
strains, suggesting that the shear strain is not associated with
the observed formation of the y phase. It is also important to

n

note that these simulations represent idealized conditions of
strain with the applied exfoliation potentially generating a
complex strain state comprising a mix of those considered.
Alloying with other isovalent oxides, such as Sc,03 and Al,O;,
which prefer crystal structures different from the monoclinic -
Ga,0;, can introduce additional structural disorder by causing
bond distortions due to mismatch in preferred bonding
coordinates and variations in ionic radii. This disorder could
contribute to the phase instability of beta-phase structures and
facilitate the formation of defects, such as interstitials,
vacancies, and extended defect complexes, thereby potentially
promoting phase transformation by reducing both the reaction
coordinates and the energy barrier.""'”>> To understand the
role of alloying with Sc,0; and Al,O; on the phase transition
behavior, we performed identical tensile strain simulations
using f and y-phase Ga,Oj structures containing 10% Sc or Al
As depicted in Figure 4f, 10% Al alloying results in a slightly
lower critical strain and a reduced energy barrier for formation
of the y phase, while 10% Sc alloys exhibit similar trends in
overall strain energy density compared to unalloyed Ga,O;.
This observation demonstrates that phase transformation
between the f and y phases can be induced by elongational
tensile strain, regardless of alloying with other isovalent oxides.
Furthermore, it highlights the potential impact of alloying on
the phase transition, especially for Al,O; alloyed Ga,O;.

B CONCLUSIONS

In this study, a thin y-Ga,O; layer was identified on top of the
surface of bulk grown Sc and Al-alloyed f-Ga,O; crystals after
mechanical exfoliation. The structure and bonding of the y
phase were fully investigated using atomic resolution STEM
and EELS indicating a disordered thin film of y phase (10—20
nm) on the exfoliated surface of the crystal. Electron diffraction
confirmed the presence of y-Ga,0; as well as further
establishing relationship orientations between the two phases.
Using monochromated EELS, the oxygen local environment
was probed, and distinct ELNES were identified for the f and y
phases, indicating structural changes to local oxygen
coordination between the two regions. Many-body studies
conducted on top of DFT provided further insight into the
nature of the double peak O K-edge ELNES structure observed
in y-Ga, O3, revealing the A peak to be excitonic and the B peak
to be electronic in nature. To understand the origin of the
formation of the y-Ga,Oj; layer over the beta phase, we have
performed computational studies and have shown that under
certain potential applied conditions, strain can change the
energy landscape to induce a transformation from the f to y
phase. This work is vital in providing a potential demonstration
for the hypothesis put forward by Huang et al, ie, that a
concentration of defects and strain can lead to y-Ga,O,
formation. This also marks the first such identification of y-
Ga,0; forming on the surface of melt grown $-Ga,0;, with
prior studies always observing the gamma phase in the form of
inclusions and in the context of thin films. Our investigation
can help inform thin-film and melt-growth techniques as well
as the postprocessing steps before incorporation of Ga,O; into
electronic devices. Understanding the appearance and
formation of y-Ga,O; in the presence of f-Ga,0O; at the
atomic scale is also vital for considering the role that alloying
elements and defects may play in this unintentional phase
formation. Future studies are needed to understand the exact
dynamics and nature of the phase transformation and other
conditions that may lead to y-Ga,O; formation.
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B MATERIALS AND METHODS

Materials Characterization. Bulk -Ga,O; crystals were grown
from a melt via the Czochralski method described in previous
studies.””>"*° Pieces were then broken off of the growth boule with a
(100) surface orientation via mechanical exfoliation using a razor
blade. Select samples were indented with a Leco Vickers microhard-
ness indenter at a load of 1 N in an attempt to characterize the effect
of compressive strain on the formation of the y-phase. Transmission
electron microscopy (TEM) lamellae were prepared using a FEI
Helios 660 Dual Beam Focused Ion Beam, with initial trenching and
milling performed at 30 kV. Further thinning was performed at S kV,
while final polishing was performed at 2 and 1 kV to reduce the effects
of surface damage. Selected area electron diffraction (SAED), bright
field (BF)/dark field (DF) TEM, and XEDS was performed on a FEI
Talos 200X at an accelerating voltage of 200 kV. Atomic resolution
annular dark field (ADF) and annular bright field (ABF) STEM was
performed on a double Cs corrected FEI Titan G2 60-300 at an
accelerating voltage of 300 kV, with a convergence angle of 21.3 mrad.
A detector with a collection angle of 4.6—48.9 mrad was used for
ABF-STEM imaging, while a range of 42—244 mrad was used for
ADF-STEM imaging. EELS measurements were performed using a
double spherical aberration (Cs) corrected FEI Titan G2 60—300
TEM instrument equipped with a monochromator. The scans were
performed at an accelerating voltage of 300 kV, with a full-width half-
maximum energy resolution of the zero-loss peak at 0.23 eV. The
collection semiangle used for monochromated EELS was 10.1 mrad,
and dwell times of 0.5 s and exposure times of 2 s were used during
spectral collection.

Image Simulation. STEM image simulations were performed
using the Prismatic software.”” The simulated parameters used an
accelerating voltage of 300 kV, Cs = 300 nm, and 16 frozen phonons
to accommodate all of the thermal configurations. ADF-STEM
simulated images were constructed with an annular range of 42—244
mrad, while ABF-STEM simulated images were constructed with a
range of 4.5—49 mrad to match experimental collection conditions.

Computational Details. First-principles simulations were carried
out using DFT with the projector augmented wave (PAW) method as
implemented in the Vienna Ab Initio Simulation Package
(VASP).*""87%* We utilized the Perdew—Burke—Ernzerhof (PBE)
parametrization of the generalized gradient approximation (GGA) to
describe the exchange-correlation functional, treating Ga 3d electrons
as valence states in all simulations. The plane-wave basis cutoff was set
to 420 eV. The atomic geometries of defective spinel structures of the
7-phase were obtained from Ratcliff et al.’s work,>> in which more
than one million structures were screened to obtain low-energy
configurations for the y-phase. The lowest energy structures were
individually chosen from both the so-called “3-site” and “4-site”
disordered models. Here, the “N-site” models in Ratcliff et al.’s work*®
refer to y-phase structures where Ga atoms are present in N different
Wyckoff sites (N = 2, 3, and 4) among the four total Wyckoff sites
experimentally identified by Playford et al.** Notably, they exhibited
enhanced stability of structures and more realistic site occupancy as
confirmed by neutron diffraction experiments compared to the
traditional 2-site models commonly used for regular spinel structures.
The 3 and 4-site y-phase structures used in this study contained 160
atoms (with supercell dimensions of 3 X 1 X 1) and incorporated
long-range disorder of Ga vacancies.

To ensure structural compatibility between the - and y-phases, we
constructed new f phase supercells that both match the anion
framework of the y-phase structure and exhibit lattice vectors that are
nearly commensurate with those of the y-phase structure. This new f§
supercell is included in the Supporting Information. Using these f-
phase supercells, various effects of mechanical strain were directly
compared. To identify the lowest energy structure for - and y-phase
alloys incorporating 10% Sc or 10% Al, we generated ten different
structures for each alloy type. Each structure was created by randomly
substituting 6 Ga atoms with Sc or Al atoms, out of a total of 64, from
the fB-phase and the lowest energy 3-site y-phase structures. Two
different approaches were employed: one maintained an interatomic

distance of 5.85 A between the substituted alloy atoms, while the
other did not impose this constraint (pure random). Although it has
been suggested in prior DFT simulations that in the p phase,
octahedral sites are preferentially occupied by Al** and Sc,°* we did
not consider specific occupation preferences in Sc and Al alloy models
in either phase. Instead, we selected sites for alloy atoms randomly in
both phases. This choice was made because the prior predicted
octahedral site preference of Sc/Al in the f phase was based on
isolated substitutional values, which may not hold in a 10% alloy
beyond conventional dilute limits. Subsequently, we conducted
relaxation of all the structures and selected the ones with the lowest
energy to represent the - and y-phase alloy structures. Although our
screening of total 10 structures is admittedly limited in size, we did
not observe notable energy differences between the two groups less
than S meV/atom for all alloy types, suggesting that site preferences
and clustering/nonclustering behaviors do not alter our main findings
and conclusions. A 1 X 3 X 3 k-point grid generated by the
Monkhorst—Pack method was used.®® For geometry optimization, we
employed a convergence criterion of 1 X 107* eV for energy and 0.02
eV/A for residual forces on each atom. Shear and both uniaxial tensile
and compressive strains were applied to this supercell for both phases
to compare total energies.

X-ray absorption spectra were derived from the solution of the BSE
implemented in the full-potential, all-electron exciting code and
applied on top of DFT (PBE functional).** A cutoff of RyyrGpey = 8.0
was selected for the plane wave component of the basis set for both
structures, and muffin-tin radii of 1.46 (1.6) bohr for oxygen atoms
and 1.74 (1.85) bohr for gallium atoms were used for the y () phase.
The BSE was solved on a 4 X 4 X 4 (2 X 8 X 4) k/q-point grid shifted
from the I'-point. To compute the statically screened Coulomb
interaction in the random-phase approximation, 100 unoccupied
bands were accounted for. Transitions from the oxygen 1Is states were
included up to an energy range of 30 eV. A scissors operator of 28 eV
was applied to reconcile the BSE and IPA results with the
experimental data. A Lorentzian broadening of 0.5 eV was employed
to visualize the spectra.
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