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ABSTRACT
β-Ga2O3 is a promising ultra-wide bandgap semiconductor whose properties can be further enhanced by alloying with Al. Here, using atomic-
resolution scanning transmission electron microscopy, we find the thermodynamically unstable γ-phase is a ubiquitous structural defect in
both β-(AlxGa1−x)2O3 films and doped β-Ga2O3 films grown by molecular beam epitaxy. For undoped β-(AlxGa1−x)2O3 films, we observe
γ-phase inclusions between nucleating islands of the β-phase at lower growth temperatures (∼500–600 ○C). In doped β-Ga2O3, a thin layer
of the γ-phase is observed on the surfaces of films grown with a wide range of n-type dopants and dopant concentrations. The thickness of
the γ-phase layer was most strongly correlated with the growth temperature, peaking at about 600 ○C. Ga interstitials are observed in the
β-phase, especially near the interface with the γ-phase. By imaging the same region of the surface of a Sn-doped β-(AlxGa1−x)2O3 after ex
situ heating up to 400 ○C, a γ-phase region is observed to grow above the initial surface, accompanied by a decrease in Ga interstitials in the
β-phase. This suggests that the diffusion of Ga interstitials toward the surface is likely the mechanism for growth of the surface γ-phase and
more generally that the more-open γ-phase may offer diffusion pathways to be a kinetically favored and early forming phase in the growth of
Ga2O3. However, more modeling and simulation of the γ-phase and the interstitials are needed to understand the energetics and kinetics, the
impact on electronic properties, and how to control them.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0038861

INTRODUCTION

Ga2O3 is known to have at least five different phases, with for-
mation energies ordered as β(C2/m) < κ(Pna21) < α(R3c) < δ(Ia3)
< γ(Fd3m) at temperatures below 1600K.1,2 Among these, β-Ga2O3
has received a primary focus on the power electronics community
for its thermodynamic stability.1–3 Due to its ultra-wide bandgap
(4.4–4.9 eV) and availability of high-quality melt-grown substrates

including semi-insulating to heavily n-type doped wafers, early
demonstrations of both lateral and vertical devices with breakdown
voltages as high as 3 kV were achieved.4–11

On the other hand, being the least stable phase in the Ga2O3
family, far less is known about γ-Ga2O3 and studies have been rel-
atively limited. Owing to its mesoporous crystal structure, γ-Ga2O3
has been studied as a catalyst when grown in nanorods.12 Epitaxial
thin films have been grown on substrates such as MgO or sapphire,
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where dopants are known to provide phase stability.5,13,14 In
fact, γ-Ga2O3 (space group Fd3m) has a cubic defective spinel
structure with two cation vacancies in the primitive unit cell.15–17
14 Ga vacancy configurations were considered in a first-principles
study, but they concluded that there was no specific site preference.1
Consequently, we assume that the vacancies are uniformly dis-
tributed and use the perfect spinel with a uniformly reducted Ga-site
occupancy. This unique structure can provide a platform for devel-
oping new functionalities that can arise by heteroepitaxial growth on
spinel oxides. The direct and indirect energy bandgaps of γ-Ga2O3
are Eg = 5.0 eV and 4.4 eV, respectively,14 slightly higher than those
of β-Ga2O3 (Eg = 4.4–4.9 eV). Bandgap engineering by the growth
of γ-(AlxGa1−x)2O3 has been reported to achieve bandgaps up to
∼6.3 eV (x = 0.67) by Oshima et al.,18 suggesting its potential as a
future generation ultra-wide bandgap semiconductor.

Unlike traditional semiconductor materials such as Si, Ge,
and diamond (C)19 and wurtzite (III-N)20 and zincblende (GaAs)21
structures, which are known to be significantly more stable thermo-
dynamically than their polymorphs, metastable phases of Ga2O3 are
relatively close to β-Ga2O3 in the phase diagram. As a result, many
studies have reported the coexistence of two or more phases aris-
ing during the growth of thin film Ga2O3.22–26 A recent study also
reported the possible formation of γ-(AlxGa1−x)2O3 in metal organic
chemical vapor deposition (MOCVD) grown β-(AlxGa1−x)2O3 at Al
concentrations of 27% < x < 40%,26 although an alternate interpre-
tation of their TEM image showing γ-(AlxGa1−x)2O3 in terms of
stacking faults in the β-phase has also been made.27–29 In this study,
we observe γ-Ga2O3 inclusions as a common structural defect that is
broadly found in a series of doped β-Ga2O3 and β-(AlxGa1−x)2O3,
at compositions of interest for improved device performance and
higher breakdown voltages.

Because β-Ga2O3 is used for power electronic applications, the
observation of the γ-phase poses an interesting question as to its
potential impact on the progress in this field. γ-phase inclusions
in the β-phase structure could be detrimental for device perfor-
mance. The γ-phase at the surface of doped films can lead to non-
ideal high current ohmic contact regions, while γ-(AlxGa1−x)2O3
in β-(AlxGa1−x)2O3 could severely compromise the gate switch-
ing behaviors under high-field. Additionally, as large voltages
and currents used in power electronics can lead to significant
Joule heating of devices without proper thermal management,
device reliability can be harmed by Ga2O3 polymorphs that could
be transformed at elevated temperatures. More understanding of
γ-Ga2O3 is needed to measure the extent to which it can affect
the device performance and to prevent its unintentional formation
in β-Ga2O3.

In this paper, we use molecular beam epitaxy (MBE) to grow
crystalline thin films of Ge- and Si-doped β-Ga2O3, Sn-doped β-
(Al0.15Ga0.85)2O3, and an undoped series of β-(AlxGa1−x)2O3. Since
MBE growth occurs in ultrahigh vacuum systems using high purity
source materials, it allows for high purity, highly crystalline thin
films with atomically smooth and abrupt interfaces, which are nec-
essary for high performance electronic devices. We then charac-
terize the films using atomic force microscopy (AFM), high res-
olution x-ray diffraction (HRXRD), and scanning transmission
electron microscopy (STEM). Here, we find that γ-Ga2O3 is present
at the surfaces of doped β-Ga2O3, while γ-(AlxGa1−x)2O3 in β-
(AlxGa1−x)2O3 is also found as inclusions inside the film at low

growth temperatures. Expanding the phase space studied in Ref. 26,
here, we report that even at relatively low Al concentrations (<20%),
the inclusion of γ-(AlxGa1−x)2O3 can be observed, and therefore, it
appears that the formation of γ-(AlxGa1−x)2O3 is also sensitive to
growth conditions rather than solely to the Al composition. We sug-
gest that the γ-phase inclusions, especially near the surface, may be
stabilized by the presence of dopants during growth. In the section
titled Correlation of Ga interstitials to the formation of γ-Ga2O3,
we focus on the Ga-interstitials that are frequently observed near
the formation of the γ-phase in both alloyed and doped β-phase
films. From our ex situ heating results, we suggest the possibility
of Ga interstitials participating in the formation of the γ-phase by
out-diffusion, which suggests a mechanism for why the thermody-
namically unstable γ-phase could be a kinetically preferred phase,
especially for the lower-temperature growth of Ga2O3.

METHODS

In this work, we describe a set of eight samples grown by plasma
assisted MBE (PAMBE). Specific growth parameters for each of the
samples and sample labels can be found in Table I. Two Ge-doped
β-Ga2O3 thin films (DG1 and DG3) were grown using a Veeco
GENXcel PAMBE system inAir Force Research Laboratory (AFRL),
equipped with standard effusion cells for Ge and Ga and an unibulb
RF plasma source for oxygen. The films were grown with substrate
temperatures of 550 and 650 ○C and an oxygen flow rate of 1.55
SCCM, which resulted in a background pressure of 1.5 × 10−5 Torr
and 300W of oxygen plasma power. Ge was maintained at 600 ○C
for all growths, and the Ga beam equivalent pressure was 6.0 × 10−8
Torr, which is in the O-rich regime for our system.

Ge-doped β-Ga2O3 (600 ○C, DG2), Si-doped β-Ga2O3 (DSi),
and a series of β-(AlxGa1−x)2O3 films (A1–A3) were grown using
a Veeco Gen930 MBE system at Cornell University. Reflection
high-energy electron diffraction (RHEED) patterns are provided in
Fig. S1 to show the film quality. The activated oxygen flux was
provided using a Veeco RF plasma source. Al and Ga metals were
provided using standard Veeco effusion cells. The films were all
grown on edge-defined film-fed grown (EFG) (010) substrates pur-
chased from Novel Crystal Technology (NCT), which were diced
into 5 × 5mm2 pieces and In-mounted on a two-inch silicon carrier
wafer. Prior to growth, the substrates were cleaned using a degreas-
ing soap and deionized water followed by sonication in acetone,
methanol, isopropyl alcohol, and again deionized water. The films
were annealed for 30min at 800 ○C (as measured by a thermocou-
ple) while being exposed to an oxygen plasma prior to growth to
descum the growth surface. The Si- and Ge-doped (600 ○C) samples
were prepared in a similar way; however, no plasma descum was
performed for these two samples. For the Sn-doped sample (DSn),
purchased from NCT, effusion cells were used to provide Ga, Al,
and SnO2. In order to obtain precise Al and Sn concentrations, cali-
bration samples were grown. The Al concentration was determined
using Rutherford back scattering (RBS), and the Sn concentration
was determined using electrochemical capacitance voltage (ECV)
measurements to profile Nd–Na vs depth.

The β-(AlxGa1−x)2O3 films in this experiment were grown at
500, 600, and 700 ○C (as measured by the MBE CAR thermocou-
ple). The alloyed samples are also labeled A1–A3 with ascend-
ing growth temperature. Samples A2 and A3 were grown using
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ll a Ga beam equivalent pressure (BEP) of 2 × 10−8 Torr (flux of

5.83 × 1013 atoms/cm2 s) and an Al BEP of 3.5 × 10−9 Torr
(8.04–8.75 × 1012 atoms/cm2 s) in order to provide ∼15% Al based
on total metal fluxes. The oxygen flow rate of 0.57 SCCM resulted
in a chamber pressure of 1 × 10−5 Torr, and the RF forward power
for the plasma supply was set to 250W.We chose the Ga flux, which
maximized the growth rate in our system and should correspond to
approximately the stoichiometric point, as described by Vogt and
Bierwagen.30

It should be noted that these β-(AlxGa1−x)2O3 films were grown
at relatively low growth rates (32–55 nm/h) for (010) β-Ga2O3
films grown by PAMBE. In comparison, other PAMBE studies typi-
cally report growth rates between 120 and 180 nm/h,31,32 and over
600 nm/h was reported for ozone-MBE,33 while a growth rate of
1.6 μm/h was recently achieved for suboxide-MBE.34 Growth rates
of almost 20 μm/h and 0.82–1.47 μm/h can be achieved using higher
pressure deposition techniques such as halide vapor phase epitaxy
(HVPE)35 and MOCVD,26 respectively. The low growth rate in our
study was a consequence of our oxygen plasma source and sys-
tem vacuum pumping capacity, which sets an upper limit on the
supplied, activated oxygen, and thus the achievable growth rates.

HRXRDmeasurements were performed on a Panalytical X’pert
Pro x-ray diffractometer to obtain film thicknesses and Al concen-
trations. To study surface morphology, AFM measurements were
performed on a Veeco Icon system. Table I also summarizes the Al
content extracted from XRDmeasurements and the AFM root mean
square (rms) roughness for the samples discussed in this paper.

Cross-sectional TEM specimens were prepared using a FEI
Strata 400 Focused Ion Beam (FIB) and Helios G4-UX FIB with
a final milling step of 5 keV to reduce damage. To prevent sur-
face damage from the ion-beam, carbon and platinum protective
layers were deposited prior to milling. The samples were then exam-
ined by high-angle annular dark field scanning transmission elec-
tron microscopy (HAADF-STEM) imaging, using an aberration-
corrected Titan Themis operating at 300 keV.

To investigate the relevance of Ga interstitials to γ-phase forma-
tion, three Sn-doped β-(Al0.15Ga0.85)2O3 TEM lamellae were heated
twice from room temperature up to 200 ○C then 400 ○C in an argon
environment using Thermocraft XST-2-0-12-1V2-F04. A ramping
rate of 5 ○C/min was used, and the highest temperature was main-
tained for 2 h. Cooling was let to happen naturally until it reached
room temperature, which approximately corresponds to a cooling
rate of 30 ○C/min.

RESULTS AND DISCUSSIONS
Distinguishing the crystal structure between γ-Ga2O3
and superimposed β-Ga2O3

Determining the crystal phase simply based on the atomic
arrangement seen in STEM images can be difficult and sometimes
misleading if the image resolution is too low to distinguish between
similar crystal structures. In a previous study by Bhuiyan et al.,26
they reported the presence of γ-(AlxGa1−x)2O3 with x-ray diffraction
as well as STEM imaging. However, a comment by Wouters et al.27
argued that their STEM images instead showed a superimposed crys-
tal structure created by stacking faults of β-(AlxGa1−x)2O3 that is
superficially similar to the γ-phase. The discussion on distinguishing
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the two different structures in the comment and the response
wasmade based on the atomic site intensities and image simulations,
which were compared with a low signal-to-noise high-angle annular
dark field (HAADF)-STEM image.26–29

Here, we show that by using an aberration-corrected micro-
scope in a low-noise environment with a combination of imaging
modes, we can obtain high-resolution, high signal-to-noise images
that eliminate any ambiguity in determining the crystal phases. In
HAADF-STEM, the atomic-number (Z) sensitivity roughly scales
as Z1.7, so heavy Ga atoms show up in the image, while light oxy-
gen is difficult to see.36 On the other hand, annular bright field
(ABF)-STEM imaging has a weaker dependence on the atomic
number (∼Z0.8); thus, it can easily capture oxygen sublattices in

the presence of relatively heavy Ga atoms.37 Combining these two
imaging modes, we can construct a full crystal structure enabling
an easier determination of crystal phases. Figure 1 shows the crys-
tal structures for β-Ga2O3 and γ-Ga2O3 in different crystallographic
zones. The crystal model for β-Ga2O3 was constructed based on
Ref. 38, while the Fe3O4 structure39 was used for γ-Ga2O3 as they
are in the same space group.40 Thus, the crystal model for γ-Ga2O3
in Fig. 1(c) assumes that the cation vacancies are distributed uni-
formly and reflected in an equally reduced occupancy for all Ga
sites.1 Furthermore, we are assuming a projection of several unit cells
along the viewing direction, similar to an actual TEM image as in
Fig. 1(d). Different colors are used in the crystal model to distinguish
the octahedral Ga sites (yellow) from tetrahedral Ga sites (blue).

FIG. 1. Crystal structures of β- and γ-phases in different crystal zones. (a) Crystal structure of β-Ga2O3 in the [010] crystal zone. The blue atoms and yellow atoms
correspond to the tetrahedral Ga T and octahedral Ga O sites, respectively. (b) Crystal structure of β-Ga2O3 in the [001] crystal zone. It forms a hexagonal crystal structure
consisting of four tetrahedral sites and two octahedral sites. (c) γ-Ga2O3 structure in the [110] crystal zone. The projection of Ga atoms again resembles a hexagonal pattern
as in (b); instead, it now has four tetrahedral sites and six octahedral sites in the bigger hexagon, with one of the octahedral sites sitting in the middle of the hexagon. (d)
Superimposed crystal structure of two misaligned [110] γ-Ga2O3 creating a ladder-like lattice structure. Below, the model structures are the HAADF and ABF STEM images
for each of these zone axes. The HAADF contrast is dominated by, and brightest on, the Ga sites. The ABF contrast is opposite, darkest on the Ga sites, but also shows the
oxygen sites. On the bottom row are false color overlays of the HAADF in the green channel and the ABF image with contrast inverted in the red channel. The false color
map thus reveals the full crystal structure, with oxygen atoms as red and Ga as green.
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Simultaneously acquired HAADF-STEM and ABF-STEM images of
Sn-doped β-(Al0.15Ga0.85)2O3 and a combined false-color overlay of
the two are shown for each crystal structure. The combined image is
obtained by color-coding the HAADF image showing Ga atoms in
green and the ABF image showing O atoms in red by overlaying the
HAADF-STEM image on an inverted ABF-STEM image.

β-Ga2O3 with the space group C2/m has lattice parameters of
a = 12.214 Å, b = 3.037 Å, and c = 5.798 Å.41 β-Ga2O3 is generally
grown parallel to the (010) surface as in Fig. 1(a) because the sym-
metry of the growth surface prevents twin formation and the growth
rate is much faster than that for other substrate orientations in sim-
ilar MBE growth conditions.41–43 Observation along the crystal zone
of [001] in Fig. 1(b) shows the outlined hexagonal crystal structure,
where Ga occupies four tetrahedral sites and two octahedral sites.
In contrast, γ-Ga2O3 has a defective cubic spinel structure with
the space group Fd3m, as shown in Fig. 1(c). It has a cubic lattice
parameter of a = 8.23 Å,15,16 approximately three times larger in vol-
ume and 7% lower in atomic density compared to the β-phase.40,44
γ-Ga2O3 has six tetrahedral Ga sites and five octahedral Ga sites
inside a hexagonal structure overlaid in Fig. 1(c). Our observations
in the section titled Doped β-Ga2O3 will show that the γ-phase tends
to grow on the surface of β-(010), starting from the two tetrahedral
sites in the small hexagonal structure of β-Ga2O3. The distance
between the two nearest tetrahedral sites in the β-phase is 3.612 Å,
while that in the γ-phase is 3.564 Å. Because of this 1.3% lattice mis-
match, the growth of γ on β would ultimately entail the formation
of domain boundaries or shifts of the γ structure. As a TEM image
captures the projection of all atoms in the column along a thickness

of ∼20–100 nm, shifts of lattice planes at different thicknesses would
also result in a unique signature structure in projection. Such an
overlap results in Fig. 1(d), where three Ga atoms—octahedral
Ga sitting in between two tetrahedral Ga sites—form a diagonal,
ladder-like crystal structure, which we see often in our films.

Similar to the superimposed structure in Fig. 1(d), a com-
bined lattice shift of β-Ga2O3 [010] sheets across a stacking fault
in the ⟨102⟩ direction27,28 can create new superimposed struc-
tures. These structures, as shown in Figs. 2(b) and 2(c), superfi-
cially resemble those of γ-Ga2O3 in Fig. 2(a) as they all have a
bright atomic site in the middle. Thus, when seen in noisy or low-
resolution TEM images, one can easily misinterpret the phases.
The high-resolution HAADF-STEM images show a clear differ-
ence between the three crystal structures. The 2D-projected repeat
unit for each crystal structure is outlined by yellow dotted lines
on the HAADF-STEM images and black solid lines in the crys-
tal model. γ-Ga2O3 is characterized by an edge-sharing hexagonal
beehive structure where the four side-edges have three Ga atoms
lined up in a straight line. The outline of the superimposed struc-
ture in Fig. 2(b) may seem to have a similar hexagonal repeat unit
with the octahedral site in the middle, but they have rounded side-
edges, and the actual projected repeat unit is a parallelogram. The
structure in Fig. 2(c) has four atoms in the side-edges and has a
distorted hexagonal repeat unit in projection. The different loca-
tions of the oxygen atoms also reinforce these differences. Based
on understanding the differences of the crystal structures, we deter-
mined γ-phase inclusions in our series of samples discussed in this
paper.

FIG. 2. Comparison of the γ-Ga2O3 crystal structure to two differently superimposed β-Ga2O3 lattice structures separated by a stacking fault by aberration-corrected STEM
images and crystal models. The 2D-projected repeat unit for each crystal structure is outlined by yellow dotted lines on the HAADF-STEM images and black solid lines in the
crystal model. (a) γ-Ga2O3 is characterized by an edge-sharing hexagonal honeycomb structure where the four side-edges have three Ga atoms arranged in a straight line.
(b) Superimposed lattice structure after net lattice shifts of 0.18a and 0.37c along the a and c directions, respectively. The black dotted lines outline the unit cell of β-Ga2O3.
Although the outline of the crystal structure is superficially similar to hexagonal γ-Ga2O3, this crystal structure has rounded side-edges and the 2D-projected repeat unit is
not hexagonal. (c) Superimposed lattice structure after combined lattice shifts of 0.32a and 0.41c (or 0.18a and 0.58c) along the a and c directions, respectively. This crystal
structure has four atoms in the side-edges and has a distorted hexagonal repeat unit in projection.
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FIG. 3. Crystal growth schematics for Ge-doped β-Ga2O3 samples grown at differ-
ent temperatures. (a) Ge-doped β-Ga2O3 films were grown at 550 ○C (DG1) and
650 ○C (DG3) on Fe-doped β-Ga2O3 substrates. The film thickness is 400 nm. (b)
Film grown at 600 ○C (DG2) has a buffer layer with a thickness same as that of
the film to prevent the diffusion of Fe dopants from the substrate.

Doped β-Ga2O3

Three Ge-doped β-Ga2O3 thin films were grown at different
temperatures of 550 ○C (DG1), 600 ○C (DG2), and 650 ○C (DG3),
respectively, to understand the temperature effects on the growth
and film quality (see Table I for details and film labels). The car-
rier concentration was on the order of 5 × 1018 cm−3 and ∼1017
cm−3 for DG1 and DG3 grown films, respectively. DG2 was aimed

for ∼1018 cm−3 density; however, it was non-conductive, and there-
fore, the carrier concentration could not be extracted. Figure 3
shows the growth schematics for doped samples. The substrates were
Fe-doped EFG β-Ga2O3, and as the thickness of DG2 is smaller than
the other two, it was grown on a buffer layer to prevent the diffusion
of Fe-dopants during growth at high temperatures.45,46

Figures 4(a)–4(f) show the HAADF-STEM images of the Ge-
doped β-Ga2O3 films (DG1–DG3) grown at 550 ○C, 600 ○C, and
650 ○C, respectively. Here, we note that a well-developed γ-surface
layer was observed across almost all of the TEM lamellae (∼10 μm
laterally), except for a few regions (100–300 nm laterally) with less
pronounced γ-, amorphous, or no surface layers. Such a region in
DG2 is shown in Fig. S2 of the supplementary material. High magni-
fication HAADF-STEM images in Figs. 4(a), 4(c), and 4(e) show all
three films having γ-phase structures on the surface of the films. The
thickness of the γ-phase surface layer is 5, 7, and 1 nm on average
for Ge-doped β-Ga2O3 films grown at 550 ○C, 600 ○C, and 650 ○C,
respectively. The shallow depth of the γ-phase layer in 650 ○C grown
film (DG3) might be explained as a higher growth temperature
suppressing the formation of the γ-phase while thermodynami-
cally stabilizing the β-phase. This could also be a direct effect of
the film having a lower Ge-doping concentration of ∼1017 cm−3;
however, we note that the same layer thickness was seen in the film
with ∼1020 cm−3 Si dopant concentration compared to the unin-
tentionally doped (UID) β-Ga2O3 with an unmeasurably low Si

FIG. 4. Comparison of Ge-doped β-Ga2O3 samples grown at different temperatures. All three samples show γ-phase formations at the film surface. [(a) and (b), (c) and (d),
and (e) and (f)] Films grown at 550 ○C (DG1), 600 ○C (DG2), and 650 ○C (DG3), respectively. Enlarged surfaces are shown in (b), (d), and (f). A distinguishable γ-Ga2O3
lattice structure can be observed on top of β-Ga2O3 in DG1 and DG2, as in (a) and (c), which is further enlarged to (b) and (d) to show the crystal structures including the
misaligned γ lattice structure discussed in Fig. 1(d). In (c), the angle between the (010) surface of β-Ga2O3 and the onset formation plane of γ-Ga2O3 is estimated to be
∼36○, which corresponds to β-(310) and γ-(110) planes. See Fig. 8 for more details. The red arrows in (b) and (f) point to the bright octahedral Ga sites in the γ-phase.
γ-phase formation in (b) was observed near the surface and inside the film (Fig. S3), while in (f), an onset of γ-phase (∼1 nm) was observed only on the surface. The γ-phase
structure is partially overlaid in Fig. 4(f). The extra atom on top of the structure is likely from a region of the γ-phase that is offset vertically by half a unit cell and overlapping
in projection. All three samples show Ga interstitials near the γ-phase, which can be found in (a), (c), and (e).
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dopant concentration and an unintentional B dopant concentration
of ∼1016 cm−3.34

To determine the role of dopants in the formation of the γ-
phase, we extended our study to grow films with other dopants. Two
samples, Sn-doped β-(Al0.15Ga0.85)2O3 (DSn) and Si-doped β-Ga2O3
(DSi), were grown on buffer layers and EFG (010) β-Ga2O3 sub-
strates at growth temperatures of 550 ○C and 650 ○C, respectively.
The carrier concentration for DSn and DSi was 2 × 1018 cm−3 and
2 × 1020 cm−3, respectively. We also examined an unintentionally
doped (UID) β-Ga2O3 film grown at 575 ○C with a B dopant con-
centration of ∼1016 cm−3 and all other impurity levels below the
detection limits of secondary ion mass spectroscopy (SIMS).34 In
the low magnification TEM image [Fig. 5(b)], we can see the for-
mation of a distinct surface layer on Sn-doped β-(Al0.15Ga0.85)2O3
(DSn) similar to the Ge-doped samples grown at 550 ○C (DG1) and
600 ○C (DG2). On the surface of Si-doped β-Ga2O3 (DSi) in
Fig. 5(h), we can see an onset of γ-phase formation by the appearance

of the octahedral Ga site in the middle of the hexagon. The UID
β-Ga2O3 shows a thin γ-phase at the surface,34 which is also simi-
lar to Ge-doped β-Ga2O3 grown at 650 ○C (DG3). The γ-phase in
all three samples (DSn, DSi, UID β-Ga2O3) covered most of the
observed region (∼10 μm laterally) except for a few regions (Fig. S2).

As shown in Fig. 4(c), films with a thick layer of γ-phase show
that the γ-phase tends to nucleate along 36○ from the (010) plane
of β-Ga2O3. This angle of plane corresponds to the (110) plane of
the γ-phase and the (310) plane of β-Ga2O3. This will be made
clear in Fig. 8, where we show a similar but enlarged area. We also
add that at the interfaces of γ and β-Ga2O3 in all of the doped
samples, we observe high densities of interstitials in β-Ga2O3, which
we believe is correlated with the γ-phase formation. We will discuss
this in more detail in the section titled Correlation of Ga interstitials
to the formation of γ-Ga2O3.

It is important to note here that our series of undoped
β-(AlxGa1−x)2O3 films discussed later in this study did not show any

FIG. 5. Sn-doped β-(Al0.15Ga0.85)2O3 (DSn) sample and Si-doped β-Ga2O3 (DSi) sample showing γ-phase formations at the film surface. (a) Growth schematic of DSn
grown at 550 ○C. This sample also shows (b) a distinct surface layer of γ-(AlxGa1−x )2O3, which is enlarged in (c). (d) Inclusion of the gamma phase on the surface as well
as inside the β-phase crystalline structure shown by a red arrow. The green arrows point to octahedral Ga atomic sites that have higher contrast compared to other Ga
sites, suggesting they are Sn-dopants occupying the octahedral sites. DSi was grown at 650 ○C with a buffer layer as in (e). (f) The low magnification image does not show
a distinct γ-Ga2O3 layer on the surface. [(g) and (h)] Onset of the γ-phase by nucleation at bright octahedral Ga sites. This observation is similar to Ge-doped β-Ga2O3
grown at 650 ○C (DG3) [Fig. 4(f)].
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surface layers of γ-Ga2O3. However, Sn-doped β-(Al0.15Ga0.85)2O3
does show γ-Ga2O3 on the surface. This suggests that Sn-dopants
may contribute to promoting surface γ-Ga2O3 growth. In fact,
while the previous three Ge-doped samples showed the formation
of the γ-phase only on the surface of the sample, Sn-doped β-
(Al0.15Ga0.85)2O3, which has a low-temperature growth, also shows
γ-like defects appearing inside the columns of β-(Al0.15Ga0.85)2O3. In
Fig. 5(d), this region is pointed out by a red arrow. A crystal structure
from Fig. 1(c) is overlaid as guide to the eye.

We also note that in Fig. 5(d) there are octahedral Ga sites
with brighter contrast than neighboring Ga sites, which are noted
by green arrows. These bright octahedral Ga sites can be found close
to the surface (an image with a wider field of view is provided as
Fig. S3 in the supplementary material). Sn is known to prefer octa-
hedral sites,47 and as Sn incorporation in bulk Ga2O3 is known to
be sensitive to doping concentration and growth conditions, pre-
vious studies have reported segregation of Sn at the surface.33,48,49
As mentioned previously, in HAADF-STEM, we get a strong con-
trast for heavy Sn atoms compared to lighter Ga atoms.36 A higher
density of Sn dopants near the surface could therefore contribute
to some of the large difference in contrast seen in bright octahedral
Ga sites. More discussion on locating the Sn atoms can be found
in the supplementary material (Figs. S4 and S5). As such, surfactant
effects of Sn and also Ge dopants33,48,49 may explain our observation
of γ-Ga2O3 on the surface; however, the γ-phase surface layers of
thickness less than 1 nm even in Si-doped β-Ga2O3 suggest that the
temperature may play a crucial role in γ-phase formations, regard-
less of the types of dopants. More systematic study would be needed
to confirm our suggestion.

Bhuiyan et al. previously reported that the existence of the 90○

rotated β-[010] structure from β-[001] caused by a high Al con-
centration in the β-(AlxGa1−x)2O3 film could serve as an interme-
diate state inducing the γ-[110] structure.26 However, all three of
our doped samples show that the transition occurs rather directly,
regardless of the β-[010] structure. One possible explanation as to
why we see a direct phase transition, particularly on the surface of
doped samples, has been suggested by the similarity of the oxygen
sublattices of γ-Ga2O3 (110) when grown on the β-(010) surface.50
However, as we will see in the section titled β-(AlxGa1−x)2O3, γ-
(AlxGa1−x)2O3 does not form on the (010) surface of undoped β-
(AlxGa1−x)2O3. As we discuss in the section titled Correlation of Ga
interstitials to the formation of γ-Ga2O3, we suspect the γ-phase on
the surface may be formed by the out-diffusion/precipitation of Ga
interstitials.

As the samples are prepared by FIB, which uses Ga ions to
prepare a TEM lamella, questions may arise whether γ-Ga2O3 on
the surface of doped β-Ga2O3 is intrinsic to growth or a result of
ion beam damage. Since we have used the same sample prepara-
tion method for doped and alloyed samples, the presence of the
γ-phase only in doped film surfaces suggests that such a possibility is
unlikely. In addition, the comparison of doped β-Ga2O3 films to that
of undoped would be necessary to complete the understanding of
dopants and the formation mechanism of the γ-phase; however, the
growth in the current MBE systems in the presence of ion sources
would result in unintentionally doped (UID) β-Ga2O3 films. The
lowest UID Si-doped film achievable in our system had a doping
density below the detection limit of SIMS (<∼1015 cm−3), which still
showed the formation of the γ-phase surface layer.34

β-(AlxGa1−x )2O3

We now discuss β-(AlxGa1−x)2O3 (x < 20%) epitaxial films
grown on β-Ga2O3 substrates to compare the formation mechanism
of γ-phase to that of the doped samples. Three β-(AlxGa1−x)2O3
films were grown for an hour at 500 ○C (A1), 600 ○C (A2), and
700 ○C (A3), respectively. Crystal growth schematics are shown
in Fig. 6(a). Sample A1 was grown on the Sn-doped (010)
β-Ga2O3 substrate, while A2 and A3 were grown on Fe-doped (010)
β-Ga2O3 substrates. The thicknesses of the β-Ga2O3 buffer layers are
approximately half the thicknesses of the β-(AlxGa1−x)2O3 films, as
the growth rate of both β-(AlxGa1−x)2O3 and UID Ga2O3 is similar.
The films showed several orders of Pendellösung fringes indicat-
ing high quality, uniform films with smooth interfaces, as shown in
Fig. 6(b). The thicknesses of the films were determined by fitting the
measured XRD 2θ-ω scans using the xrayutilities Python package51
to be ∼32 nm, 55 nm, and 37 nm, respectively. The corresponding

FIG. 6. (a) Crystal growth schematics for series A1–A3. A1 was grown on the
Sn-doped (010) β-Ga2O3 substrate, while A2 and A3 were grown on the Fe-
doped (010) β-Ga2O3 substrate. (b) 2θ-ω XRD scans show the shift in the
β-(AlxGa1−x )2O3 (020) peak as Tsub is changed from 500 to 700 ○C as well as
a change in thickness for the film grown at 700 ○C. (c) Comparison of 2 × 2 μm2

AFM scans. Films are smooth at all growth temperatures, but typical surface mor-
phologies showing elongated islands become more prominent at Tsub = 600 ○C
and higher.
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Al concentrations (A1–A3) of 12.0%, 15.5%, and 19.4% were
extracted using the separation of the (020) β-(AlxGa1−x)2O3 and
the (020) Ga2O3 Bragg angle peaks from a symmetric 2θ-ω scan, as
described by Oshima et al.52 The decrease in growth rate (as shown
in Table I) and the increase in Al content with the increase in sub-
strate temperature is attributed to the increase in the desorption of
the volatile Ga2O suboxide with increasing substrate temperature,
which leads to a lower Ga concentration on the growth surface and
an increased Al:Ga ratio.30 AFM measurements in Fig. 6(c) showed
a similar surface morphology for all three films with sub-nanometer
roughness over a 2 × 2 μm2 scan area. The rms values for the films
were 0.340, 0.909, and 0.787 nm for the films A1–A3, respectively.
All films showed an elongated island growth in-plane, which is typ-
ically seen in Ga2O3 and (AlxGa1−x)2O3 grown on (010) oriented
surfaces by MBE.32,33

The β-(AlxGa1−x)2O3 samples were imaged by HAADF-STEM
for atomic scale observations. The bulk of the film is in the
β-phase aligned with the substrate. Consistent with an island
growth/nucleation, sample A1 grown at 500 ○C shows V-shaped
regions between the ordered phase, and these contain polycrys-
talline inclusions, as shown in Figs. 7(a) and 7(b). Although the TEM

sample was cut along the (001) surface, such that the majority of the
film is viewed along β-[001], inside the V-shaped regions, we also see
the coexistence of β-[010] and γ-[110] as in Fig. 7(c). An extremely
high density of Ga interstitials was observed (Fig. S6) in the β-phase
near the transition to γ-[110].

TEM images of sample A2 grown at 600 ○C display a reduced
fraction of V-shaped defect regions, and these still include some
γ-phase at a frequency of approximately one region per 300 nm with
a standard deviation of the mean of 48 nm in the lateral direction, as
shown in Fig. 7(d). The regions showing the γ-Ga2O3 crystal struc-
ture are highlighted by red arrows in Fig. 7(f). We also note that
while there were few Ga interstitials overall, they are still notably
present near the γ-phase interface.

Sample A3 grown at 700 ○C is the most uniformly grown of
the three samples without any secondary phase inclusions. How-
ever, we observed the high density of uniformly distributed Ga
interstitials throughout the film, as pointed out by yellow arrows in
Fig. 7(i).

As we were able to get an inclusion-free, uniformly grown film
at 700 ○C, we expect that higher growth temperatures should elimi-
nate the formation of the γ-phase, as γ-Ga2O3 can be annealed out

FIG. 7. Samples A1–A3 (500–700 ○C) grown with increasing temperature reveal different characteristics in TEM images. [(a) and (c), (d) and (f), and (g) and (i)] A1, A2,
and A3, respectively. The boxed region in (a), (d), and (g) enlarges to (b), (e), and (h) then to (c), (f), and (i). Overview of sample A1 (500 ○C) in (a) shows large regions of
polycrystalline inclusions. The enlarged image in (b) and (c) shows the mixture of β [010] and γ [110]-crystal zones, where the actual crystal zone for this projection should
be β [001]. Sample A2 (600 ○C) in (d) shows a cleaner film than in (a); however, it has V-shaped defect regions. (e) Inside of the V-region where the formation of both β
[010] and γ [110] phases has occurred. The region inside the white box will be discussed later in Fig. 8. (f) The enlarged area inside the V-region shows the crystal structure
of γ-Ga2O3 [110] and superimposed γ-Ga2O3 [110]. Sample A3 (700 ○C) in (g) and (h) shows a uniformly grown film. (i) Although the film does not suffer from γ-phases, it
shows a high density of Ga interstitials. The red arrows in (c) and (f) point to the γ [110] crystal structure, while the yellow arrows in (i) point to Ga interstitials.
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at higher temperatures.44 We also focus on the fact that samples A1
and A2 have low Al concentrations (x < 20%), yet they both showed
inclusions of the γ-phase, while Ref. 26 did not observe inclusions of
the γ-phase below (x < 27%). This suggests that the γ-(AlxGa1−x)2O3
formation could bemore dependent on the growth conditions rather
than the Al composition.

The formation of γ-(AlxGa1−x)2O3 in the growth of
β-(AlxGa1−x)2O3 is not yet fully understood. Bhuiyan et al.26
suggested that the Al substitution may create a strain to rotate
β-Ga2O3 [001] into [010] and that the strain can then further
trigger the transformation of β-Ga2O3 [010] into γ-Ga2O3 [110].
We also observe regions of β-(AlxGa1−x)2O3 [010] phases nearby
γ-(AlxGa1−x)2O3 [110], but given the authors’ challenges in Ref. 26
distinguishing the overlap of multiple faulted β-(AlxGa1−x)2O3 [010]
structures from that of γ-(AlxGa1−x)2O3 [110], a careful analysis still
needs to be done to understand the extent of strain effects caused by
Al substitution.

While sample A1 shows only a small fraction of γ-Ga2O3 inclu-
sions uniformly distributed within the film, sample A2 shows the
localized growth of γ-Ga2O3 inside the V-shaped regions. The edges
of the V-shapes form either 54○ or 33○–37○ with the (010) sur-
face, which are quite close to that of (412) and (310) planes in
β-(AlxGa1−x)2O3. These planes resemble the planes forming etch
pits in bulk β-Ga2O3, as previously reported by Hanada et al.,53
suggesting that these planes have preferably lower surface energies.
Along these planes, β-(AlxGa1−x)2O3 [001] is either seen to rotate
to β-[010] or transform into γ-(AlxGa1−x)2O3 [110]. In particular,
along the β-(310) planes, we see the formation of γ-(AlxGa1−x)2O3,
as shown in Fig. 7(e) and also in Fig. 8, showing an enlarged area
inside the white boxed region in Fig. 7(e). The (110) plane of the

FIG. 8. Observation of angled γ-(AlxGa1−x )2O3 formation directly on sample A2
(600 ○C), β-(Al0.16Ga0.84)2O3. This shows an area enlarged from the white box in
Fig. 7(e). The bottom right corner is slightly out of focus in the ABF-STEM image
due to sample tilt. The lower left side shows the crystal structure of β-Ga2O3 [001].
γ-(AlxGa1−x )2O3 is observed to grow directly on the angled surface of sample
A2, as shown by red arrows and orange dotted line. Because the nucleation of
γ-phase happens out-of-phase at different sites, several layers of γ-(AlxGa1−x )2O3
[110] with different lattice shifts become superimposed, as can be seen inside
the red boxed area. This results in different intensities of Ga atomic sites in
γ-(AlxGa1−x )2O3. The white outline of the γ-phase repeat unit is overlaid in the
HAADF-STEM image to aid the comparison of atomic intensities with that shown
in Fig. 1(c).

γ-phase is observed to start on the (310) plane of β-(AlxGa1−x)2O3
(red arrows), which then rotates 107○ to form a cluster of [110]-
projected structures.

Although the atomic column intensities of a region in sample
A2 shown in Fig. 8 are different from what we expect for a sin-
gle γ-Ga2O3 [110]-projected structure, the ABF-STEM image clearly
shows that the region is dominated by the γ-phase. The different
atomic column intensity is due to several out-of-phase formations
of the γ-phase on the surface of β-Ga2O3 (310), leading to superpo-
sition of γ-Ga2O3 [110] sheets with different combinations of lattice
shifts. The boxed area in red shows the lattice shifts happening in
the ABF-STEM image. As a result, HAADF-STEM images taken in
projection suffer from different atomic column intensities from that
of the original single-grain lattice structure. Here again, we note that
determining the crystal structure by depending on the atomic col-
umn intensity in HAADF-STEM images is not recommended as the
image intensity can be affected largely by the superimposed crystal
structure as well as the concentration of Al and the actual position
of Al along the column that can affect the channeling of the electron
probe. Rather, by ABF-STEM imaging, we can identify the phases by
obtaining the full crystal structure, with all lattice sites including the
oxygen, visible.

Correlation of Ga interstitials to the formation
of γ-Ga2O3

Both in doped and alloyed films, we have frequently observed
Ga interstitials in the β-phase structure near the region where transi-
tions from β to γwould occur. Thus, for doped films, the interstitials
were observed near the surface, while for alloyed samples A1 and A2,
the interstitials were found inside the film near the phase-transition
boundary. Sample A1 had excessive Ga interstitials as shown in
Fig. S6. Although sample A2 had a few Ga interstitials, they were
only found near the V-shaped regions. Sample A3 also had a high
density of Ga interstitials, but as there were no γ-phase, it was rather
uniformly distributed in the film.

Figure 9(a) presents the interstitial position in the crystal
schematic of β-Ga2O3 in the crystal zones [010] and [001]. Here,
the blue Ga sites are tetrahedral Ga sites, while the yellow Ga sites
are octahedral Ga sites. Both cross section [001] and plan-view [010]
TEM samples were prepared from Sn-doped β-(Al0.15Ga0.85)2O3
(DSn). As shown in Fig. 9(b), a high density of Ga interstitials along
a column is observed in plan-view [010]. As shown in cross section
[001], Fig. 9(c) shows highly occupied interstitial sites with the
intensity of interstitials comparable to that of the Ga atoms nearby.
However, the reason for having such a high density of Ga intersti-
tials along a single column and also the high density of occupied
interstitial sites, i.e., why the interstitials cluster, is not yet clearly
understood.

It is worth noting that β-Ga2O3 can support point-defect com-
plexes including a divacancy-interstitial complex where one cation
interstitial atom is paired with two cation vacancies, especially in the
presence of Sn dopants.54 Of the complexes studied, the 2VT

Ga–Gai
defect complex having a vacancy with a neighboring Ga displaced
from its tetrahedral site (to create a second Ga vacancy) and moved
to an octahedral interstitial site has the lowest formation energy. In
HAADF-STEM, we can easily identify interstitial atoms, while it is
difficult to image the vacancies on an otherwise occupied column.
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FIG. 9. High densities of Ga interstitials observed in the Sn-doped
β-(Al0.15Ga0.85)2O3 (DSn) sample. (a) Crystal structure of β-Ga2O3 in the [010]
and [001] crystal zones showing interstitial positions, as shown by the orange
atom. The blue atoms correspond to tetrahedral Ga, while the yellow atoms are
octahedral Ga.56 (b) High densities of interstitials are observed in plan-view [010]
DSn. The arrows are overlaid as guide to the eye. (c) In cross section [001] of DSn,
we can see the Ga interstitials in red-circled areas. The line profile of an atomic
row at the bottom shows considerable contrast from interstitial site compared to
that of the two Ga columns nearby, i.e., there are multiple interstitials viewed in
projection along the column.

Therefore, it is likely that the interstitials we observe are a part of this
split-vacancy 2VT

Ga–Gai defect complex, given their similar structure
to those imaged in Ref. 54. Sn-, Ge-, and Si-dopants can either stim-
ulate the formation of the 2VT

Ga–Gai defect complexes54 or form an
additional 2VT

Ga–Di (D: Sn-,54,55 Si-dopants55) complex. Either way,
dopants may provide another possible mechanism for increasing the
population of the observed interstitials.

To investigate the behavior of Ga interstitials and its rela-
tionship to γ-phase formation, we have performed ex situ heating
of TEM samples prepared from Sn-doped β-(Al0.15Ga0.85)2O3. The
samples used for the ex situ heating study were TEM lamellae hav-
ing dimensions of 10 μm (length) × 5 μm (height) and 100 nm in
average for the width. Such a small volume would pose restrictions
on the migration of interstitials compared to the bulk. This enables
us to detect the changes or movements of the interstitials more eas-
ily. In addition, the interstitials in our experiment would experience
more migration toward the surface than in bulk, leading to a much
larger formation of the γ-phase if interstitials do play a role.

After acquiring HAADF-STEM images at room temperature,
we heated the samples in an Ar atmosphere up to 200 ○C and imaged
it again. After seeing no changes, we once again heated up to 400 ○C
in Ar and then imaged it again after cooling. For accurate compari-
son, the same region was observed in each case. Figure 10 shows the
resultingHAADF-STEM images. At room temperature, we observed
the surface was terminated with the uppermost unit cell in the
γ-phase, as shown in Fig. 10(a). After being heated up to 200 ○C as
in Fig. 10(b), the surface in the same region is essentially unchanged.
However, after the 400 ○C anneal, as shown in Fig. 10(c), a 5–8 nm-
thick layer of the γ-phase had formed, which was grown above the
original surface. More images are shown in Fig. S7.

The likely origin of this extra γ-phase layer is the interstitials
observed in the bulk of the β-phase that have been migrated toward
the surface. The more open γ-phase is likely to allow faster dif-
fusion and growth kinetics at intermediate temperatures. Figure 4
suggests that by 650 ○C, the β-phase dominates again. To obtain an

FIG. 10. Ex situ heating results of the same region of a Sn-doped
β-(Al0.15Ga0.85)2O3 (DSn) TEM cross section. Both (a) the surface at room tem-
perature and (b) the surface after being heated up to 200 ○C show only a γ-like
surface termination. (c) After heating up to 400 ○C, we see the formation of a thick
(∼5–8 nm) γ-phase region above the original surface. The red arrows indicate the
approximate location of the original surface—i.e., the γ-phase has grown on top of
the β-phase, presumably from the out-diffusion of interstitials, some of which are
still present near the interface. Note the similar small island of the γ-phase on the
right in each image.

estimate of changes in the interstitial density, we turn to some sub-
tle details of our STEM imaging. In STEM, we use a finely focused
probe to scan across the sample in a raster pattern to obtain images.
However, imaging interstitials under an electron microscope with
a beam energy of 300 keV can be challenging as the energy of the
electron beam is sufficient to displace the interstitials, causing them
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to occasionally hop around from one interstitial site to another. We
maintained the same voltage, current, and dwell time each time we
imaged the samples so that the energy delivered to an interstitial site
remained the same. We were not able to see much evidence of hop-
ping of the interstitials in the sample before and after being heated up
to 200 ○C. However, frequent hopping was observed in the sample
after being heated up to 400 ○C.

In Fig. 9(b), we have seen that at room temperature there is a
high density of interstitials along a column as well as a high density of
occupied interstitial sites in the film, as shown in Fig. 9(c). As TEM
sees atoms in projection, if the interstitials are hopping to a nearby
interstitial site, where other interstitial sites in the same column are
already occupied, the contrast change would be low and we would
not be able to observe the hopping clearly. Even if one or two inter-
stitials left the original position, we would still detect the remaining
interstitials at the previous site, so the change in contrast would be
small. Imaging the sample after heating up to 400 ○C still showed
a similar fraction of occupied columns; however, the intensity
fluctuations from hopping were much easily observed. This implies
that after the 400 ○C anneal, we have a reduced density of interstitials
along any given column.

As the growth of the γ-phase occurred when the number of
interstitials decreased (i.e., 400 ○C) and it grew above the original
surface, rather than as a conversion of the existing β-phase, we sus-
pect that the γ-phase was constructed from the out-diffusion and
coalescence of interstitials. The growth of γ-phase at ∼400 ○C sug-
gests that some care must be taken to control local heating to avoid
the possibility of device degradation while in operation. Although
the typical operating temperature of a device is around 100–200 ○C,
the low thermal conductivity of β-Ga2O3 in combination with high
voltage, high current conditions for extended periods could raise the
temperature to a point where the γ-phase growth from interstitial
diffusion and coalescence could occur at interfaces such as metal
contacts. Therefore, all effort should be made to avoid the formation
of the γ-phase.

CONCLUSIONS

In summary, we have observed γ-phase inclusions in
MBE-grown Ge- and Si-doped β-Ga2O3 films, Sn-doped
β-(Al0.15Ga0.85)2O3, and a series of β-(AlxGa1−x)2O3 films grown
at different temperatures. The inclusion of the γ-phase in most
samples shows that it is a widely occurring structural defect during
the growth of β-Ga2O3. The formation of a surface γ-phase is
found in doped samples, especially at growth temperatures below
650 ○C. We also observed γ-(AlxGa1−x)2O3 formation between
nucleating islands of β-(AlxGa1−x)2O3 grown at temperatures below
650 ○C. From the trend observed in all our doped β-Ga2O3 and
β-(AlxGa1−x)2O3 films, increasing the substrate temperature leads to
a reduction in γ-phase inclusions and improved the film crystalline
quality and uniformity. The appearance of the γ-phase at lower tem-
peratures suggests that the γ-phase would be the early forming phase
in terms of kinetics. This idea is further strengthened by our obser-
vation of the γ-phase growth above the original surface of Sn-doped
β-(Al0.15Ga0.85)2O3 when heated up to a relatively low temperature
of 400 ○C, likely formed from the out-diffusion/precipitation
of interstitials, again suggesting that the more-open γ-phase
was kinetically favored over the more thermodynamically stable

β-phase. Further studies are required to understand and control the
energetics and the kinetics of the γ-phase through modeling and
simulation.
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