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ABSTRACT

We report the detailed mechanism behind the f§ to y phase transformation in Sn-doped and Si-implanted Ga,O; that we determined based
on the direct observation of the atomic scale structure using scanning transmission electron microscopy (STEM). Quantitative analysis of the
STEM images revealed that the high concentration of impurity atoms favored the formation of interstitial-divacancy complexes, which then
leads to the secondary relaxation that creates additional interstitial atoms and cation vacancies, resulting in a local structure that closely
resembles y-Ga,0s. We explain the mechanism of how the impurity atoms facilitate the transformation, as well as the detailed sequence of
the local y phase transformation. The findings here offer an insight on how the lattice respond to the external stimuli, such as doping and
strain, and transform into different structures, which is important for advancing Ga,O; but also a variety of low symmetry crystals and

oxides with multiple polymorphs.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0156009

Beta-gallium oxide (-Ga,O;) has emerged as the next genera-
tion ultrawide bandgap (UWBG) semiconductor material, and it has
extensively been studied recently as a potential candidate for high
power electronics and deep ultraviolet photodetector applications.”
Its main advantages include a high breakdown electric field strength of
8 MV/cm,” a bandgap of ~4.8eV,'"” and optical transparency into the
ultraviolet region.'' Utilizing the properties of -Ga,Os requires
understanding and controlling defects, especially the point defects.'”
These defects can be induced, for example, by doping“ and alloying,'4
and they may result in various alterations of the local atomic structure,
including the formation of defect complexes' that may have a wide
range of electronic properties, which can critically influence the mac-
roscopic character of the material. Another important aspect of f-
Ga,O; thin film growth is the formation of local y phase, which has
been observed in various types of epitaxial /-Ga,O5 films. For exam-
ple, the formation of y-Ga,O; was experimentally observed in the
films grown on different substrates (sapphire,'*"” MgA1204,2”’25 and
MgO™) and with various growth methods, such as mist chemical
vapor deposition (mist-CVD),”***" pulsed laser deposition
(PLD),'*'**"*? molecular beam epitaxy (MBE),”*”" metal organic
vapor phase epitaxy (MOVPE),”” sol-gel,'*” hydrothermal,”” > sono-

chemical,”® and solvothermal®” " processes. The formation of y-

Ga, 05 has also been observed in alloys and heterostructures, including
-(ALGa, _,),05 thin films”""*"* and Ga,O; nanostructures, such as
quantum dots,”**””’ nanorods,”' and nanoparticles.””

7-Ga,0s itself has its own unique characteristics, such as the tun-
able photoluminescence’””"”* and different band gaps,”** " which
can be the subjects of separate research. However, for the f-Ga,0;
thin film growth, it is important to understand the exact mechanism
of the unintended formation of y phase, which has remained unclear.
In general, y-Ga,Os is considered metastable, which intrinsically con-
tains some amounts of disorder and local distortion due to both the
ratio of tetrahedral to octahedral Ga sites and ratio of spinel to non-
spinel sites.” " Density functional theory calculations suggest that the
monoclinic f-phase (C2/m) is the most stable and that the y-phase
(Fd 3 m)"""*"" is metastable. The calculated thermodynamic stability
of the polymorphs is in the following order: f < ¢ < & < & < 79,”
which assumes an equilibrium growth condition. Interestingly, how-
ever, in non-equilibrium conditions, such as in thin film growth of -
Ga, 03, the local formation of y-Ga,Os, which is the least stable phase,
has been shown to be prevalent, while the formation of the other
phases (o, & and 6) was not commonly observed in the previous
works. While the exact reason for this y-Ga,O; formation has been
unclear, and the fact that the y-phase tend to become more stable
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when -Ga,O; is either doped™*” or alloyed”** ** suggests that there
may be an atomic scale mechanism of point defects somehow facilitat-
ing the formation of y phase. Surface diffusion dunng the film growth
may also be related to the formation of y phase.”

Previous studies have suggested various factors that potentially
influencing the 7y phase formation within f-Ga,0s. For example, the
coexistence of  and y phases in homoepitaxial’' and heteroepitaxial’
films suggested that the metastable y phase can be a kinetically pre-
ferred configuration®””” that depends on the processing parameters,
for example, doping,”’ ion implantation,””"* '[emperature,'r’('l‘(‘3 and
impurity concentrations.”’ Other factors, such as strain,” intrinsic
vacancies,”” and the structural similarity of [010] -Ga,O5 and [110]
7-Ga,05," have also been considered potentially contributing to the y
phase transformation. Transmission electron microscopy (TEM) stud-
ies on 7-Ga,O; nanocrystals™ and thin films’**"***” have also been
performed to understand the f to y phase transition. Nevertheless, the
atomic scale mechanism of the f to y phase transformation has not
been experimentally confirmed, leaving the exact nature of the transi-
tion largely in question.

In this Letter, we present an atomic scale mechanism of f to y
phase Ga,O; transformation directly observed using scanning trans-
mission electron microscopy (STEM). We show that the previously
observed interstitial-divacancy complex, " ®’ when existing in high
concentration, can lead to secondary relaxation of the lattice which
creates additional interstitial atoms and vacancies nearby, resulting in
a local structure that closely resemble y-Ga,05;. We point out that this
atomic scale relaxation process is essentially the f to y phase transfor-
mation. This mechanism of y phase transformation was observed in
f-Ga,05 doped with different dopants (Sn and Si) and different dop-
ing methods (bulk doping and ion implantation), which suggests that
the mechanism can be generally applicable in various synthesis and
growth of $-Ga,Os. Our work, therefore, shows the detailed structure
of point defects (0-D defects) and their complexes and how they can
further relax the local structure to form local y phase phases (3D
defects), providing a way to understand the phase transformation in
Ga, 05 under external stimuli, such as doping, alloying, ion implanta-
tion, and strain accumulation.

First, we performed the STEM investigation on the interstitial
defects in (201) Sn-doped f-Ga,O; bulk crystals. The samples were
fabricated by edge-defined, film-fed growth’””' with the doping
concentration of 8.5 x 10'®cm™ and carrier concentration of 8.2
x 10" cm . The TEM foils were prepared using a dual beam focused
ion beam (FIB). We then used a 500 V ion mill (Fischione Nanomill)
to further thin the foil and clean the surface. STEM was performed
using the aberration-corrected Thermo Fisher Scientific Themis
STEM (Cs3 =0.002 mm, Cs;=1.0mm, o=20.0 mrad, 300kV). f-
Ga,0; is a monoclinic crystal structure, comprising of two inequiva-
lent sites with tetrahedral (Ga,) and octahedral (Ga,) coordination,
and three inequivalent O sites with threefold (O;, O,) and fourfold
(Os3) coordination. Figure 1(a) shows a [010] f-Ga,O; crystal that
includes five cation interstitial sites predicted by theoretical calcula-
tions (i,_c)""*” and experimental observation (i, .)."” The high angle
annular dark field (HAADF) STEM image of Sn-doped f-Ga,O; is
shown in Fig. 1(b), revealing a defect-free region (inset) with high
intensity from Ga columns and much weaker intensity from O col-
umns as their atomic numbers dominate the contrast in the image. In
contrast to the defect-free region, a significant amount of interstitial

1,66
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FIG. 1. (a) Crystal structure of 5-Ga,03 along the [010],, direction with five possible
interstitial sites (i,¢). Colors of atoms represent the different cation and oxygen
sites, and the color of X marks represents different interstitial sites. (b) HAADF
STEM image of Sn-doped [010] -Ga,0; bulk crystal from a defect free region
(inset) and other areas with clustered interstitial defects. Magnified regions from
image in (b) reveal the combination of interstitial atoms with the configurations of
(c) 2i—ig and (d) 2iy—ie. Similar clustering of (e) 2i—iy and ( 9 2|b—|e observed in Si
implanted 5-Ga,0 with the average Si concentration of 10?° cm™>. Images [Figs.
1(b)-1(d)] were acquired from the same sample that we used to produce the
images in Johnson et al.'® However, the current images show different areas of the
sample.

atoms (X marks) can be seen in other regions of Fig. 1(b), especially at
i, 1o 1g, and i sites. As shown in the figure, these interstitial atoms
tend to cluster at the nanometer scale volume. The number of columns
with observable point defects was approximately 80 for the Sn-doped
f-Ga,O; [Fig. 1(b)]. By analyzing visible interstitials within the field of
view, the total concentration of defect complexes (Sn vs Ga) was calcu-
lated to be around 1.32x10?° and 2.63 x 10*° cm > which are close to
the reported defect density.'” More importantly, we observed a com-
pelling trend of iy interstitials accompanied by two adjacent i [Fig.
1(c)] and i, interstitials accompanied by two i, interstitials, respectively
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[Fig. 1(d)]. Similarly, the same type of i-—iq and iy—i. pairings, as well
as their local clustering was also observed in Si implanted f-Ga,0;
with the implantation concentration of 10*° cm >, as shown in Figs.
1(e) and 1().

Our previous study using a quantitative analysis of atomic col-
umn intensities in HAADF images] ° revealed that iy, and i. interstitials
involve two Ga vacancies nearby, forming an interstitial-divacancy
complexes that have been predicted by DFT calculations.”” The fact
that the current work, shown in Fig. 1, further revealed the convincing
evidence of i—i4 and i,—i. pairings suggests that there may be a sec-
ondary atomic scale relaxation occurring when multiple interstitial-
divacancy complexes are adjacent to each other due to clustering. To
understand the details of the relaxation, we performed the quantitative
analysis of the column intensities in the regions where we observed
clustered iy—i. interstitial atoms. Using the quantitative analysis of
atomic column intensities, ” we have detected measurable amounts of
cation vacancies within those regions. Figure 2(a) is an example image
showing presence of vacancies nearby i. and iy atoms. Since the atomic
column intensities are normalized by the incident beam intensity, ”
the column intensity can directly indicate how many atoms are within
the column. Similarly, the decrease in the column intensity indicates
the presence of the vacancies within the column.” We drew the line
profiles of the absolute column intensities along the colored (orange,
blue, green, and purple) lines and averaged them over 20 different
areas similar to the image in Fig. 2(a), which are shown in Figs. 2(b)
and 2(c). First, the intensity profile across the orange line in Fig. 2(a)
reveals almost an equal intensity for both Ga, columns [Fig. 2(b)] that

ARTICLE pubs.aip.org/aip/apl

matches the column intensities of regular (defect free) Ga, columns,
indicating these are regular Ga, columns and contain no additional
vacancies. On the other hand, the intensity profile across the blue line in
Fig. 2(a) displays a decrease in intensity of the right Ga, column [blue
arrow in Fig. 2(b)], suggesting that the column contains some amount
of cation vacancies. The intensity of the right column in the blue line
profile is in fact comparable to the column intensities in green and pur-
ple profiles [Fig. 2(c)], which we know contain vacancies since those col-
umns are part of the interstitial-divacancy complexes (2V¢,~Gaf) that
we identified in our previous work."” The effect of vacancies to the col-
umn intensities in HAADF images was also confirmed using multislice
image simulations” using the frozen phonon model (see the supple-
mentary material for details). Based on the experimental result, we
made a model of the local region corresponding to the area in Fig. 2(a)
to show the locations of the vacancies (circles with V) as well as the i,
and i4 interstitials, as shown in Fig. 2(d). The same analysis was per-
formed for the structure involving i, and i, interstitials [Fig. 2(¢)], which
resulted in the line profiles [Figs. 2(f) and 2(g)] and the structure with
the vacancy distribution shown in Fig. 2(h). The analysis shows the
equivalent trend as the case of i. and iy interstitials.

Based on the atomic scale characterization of HAADF-STEM
interstitial and neighboring column intensities, we developed the for-
mation mechanism for the interstitial complexes, 2i.~i4 and 2i,-i. and
how they convert to the structure of y phase inclusion. Previous stud-
ies have shown the formation of point defect complexes, 2V1Ga—Ga?’c,
which are resulted from the migration mechanism of cation vacancies
that occupy the energetically favorable tetrahedral Ga; site.”*"” The
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FIG. 2. (a) Experimental HAADF image of the region in Sn-doped f-Ga,03 with two neighboring ZVE;a—GaiC complexes, with the positions of expected cation vacancies (indi-
cated with a blue arrow) according to the formation mechanism of 2i—iy complexes. (b) and (c) Line profile intensities across the same-colored lines in the image (a). The rela-
tively low intensity of the right Ga, column (blue arrow) of the blue line confirms the higher concentration of vacancies in that column. The column intensities in (c) are lower
than those of defect-free columns [orange line in (b)], indicating Ga, columns containing vacancies across both green and purple lines in (c). (d) The atomic model of the corre-
sponding area in (a), reveals the vacancies (circles with V) occupying Ga, and Ga, columns (blue arrow). (e)-(h) Similar analysis of cation column intensities for the formation

of 2i,—i, complexes.
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presence of the V. causes the neighboring Ga, atom to migrate into
the interstitial site (i) which is located halfway between the two Ga,;
sites. Here, we show the proposed sequence of the formation of 2i.—ig
[Figs. 3(a)-3(d)] and 2i,-ie [Figs. 3(e)-3(h)]. For 2i.—i4, when two
adjacent i sites are occupied [Fig. 3(a)], which is likely to occur when
the point defect concentration is high due to their clustering, two
2VL, -Ga$ complexes would form adjacent to each other [Fig. 3(b)].
From here, the fact that we observe both the iy atom and Véa suggest
that it is likely that the Ga atom originally sitting at the VZ, position
jumps to the iq site (blue arrow from the lower V&, to the iy site

pubs.aip.org/aip/apl

above), resulting in the formation of 2i.—ig complex structures [Fig.
3(c)]. An alternative relaxation of the Ga, atom is also possible (blue
arrow from the upper VZ, to the i4 site below) based on the site sym-
metry of the /-Ga,O; unit cell. Therefore, each i4 site in Fig. 3(c)
should have an equal probability of 50% occupancy. Figure 3(c) shows
the structure combining the two cases, with the i4 site occupancy of
50% represented by the split color of the atom (aqua/white). This
results in the creation of the structural motif outlined with the red-
dotted line in Fig. 3(d). Similarly, an equivalent mechanism is also sug-
gested for 2i,-i, and shown in Figs. 3(e)-3(h).

FIG. 3. (a)—(d) Schematic representation of the proposed mechanism for the formation of 2i.—iy complexes based on the STEM data. (a) A perfect lattice showinq the potential

i and i positions. (b) The migration of the adjacent Gay into the iy site (red arrow) induced by a V3, (green dotted circle), leading to a creation of an additional V/;

, (red dotted

22:6%:20 ¥20z Aenuged zo

circle). This results in the formation of 2V2;a—Gaic complex (yellow oval), and two of them can be adjacent to each other. Two i sites (green X) can be identified due to the site
symmetry of --Ga,Oj3 unit cell. In such a case, one Ga, atom relaxes into either the lower i4 site or the upper iy site (blue arrows in c) creating a Véa defect. (d) The localized
clustering of 2i—iy complex structures, with the colors of iy atoms (aqua/white) representing the 50% chance of occupancy. (e)—(h) Schematic representation of the equivalent
mechanism for the formation of 2i,—i. complexes. (i) Possible phase transformation mechanism of the y phase inclusion composed of two complex structures shown in (d) and
(h). The split interstitial configurations with a 50% chance of occupancy results in a smaller number of atoms in tetrahedral sites (indicated with light blue dotted circles) com-
pared to octahedral sites (indicated with red dotted circles) in the [110] y phase structure. (j) Perspective view of the structure presented in (i).
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In fact, when the two structural motifs (red-dotted rectangles) in
Figs. 3(d) and 3(h) are combined, it becomes very similar to y-Ga,Os,
as shown in Fig. 3(i). Because the occupancy of iy and i, atoms are
50% (atoms with aqua/white coloring), the combination of the two
structures will end up having 50% less Ga,; atoms (tetrahedrally coor-
dinated Ga atoms) at corresponding positions in y-Ga,O; (green
atoms within the red-dotted line). This connects well with the fact that
7-Ga,0O3 has 50% less Ga; atoms as compared to Ga, atoms, which
results in the zig-zag arrangement of the Ga, atoms shown in Fig. 3(j)
(green atoms with aqua-dotted outline). This transformation may also
involve some strain, as the position of the iy and i, atoms in f}-Ga,0;
and the corresponding Ga; atoms positions in y-Ga,O; are slightly dif-
ferent as shown in Fig. 3(i). This mechanism shows a case where the i.
(or i,) atoms are adjacent to each other, which is more likely to occur
when the formation of the interstitial-divacancy complex (e.g.,
2V{,-Gal) is facilitated by either doping'” or Si implantation.”
Therefore, it also implies that defect clustering may facilitate the lattice
structure of interstitial complexes to relax and transform to the y phase
at a higher concentration of point defects (or complexes).

Based on the result obtained, we provide further discussion of the
influence of impurities on the formation of the interstitial complexes
and the transformation to y-Ga,Os. For Sn-doped f-Ga,Os, previous
findings'” have demonstrated that high concentrations of Sn doping
in -Ga,05 crystals not only act as a substitutional dopant'” but also
facilitate the formation of the vacancy-interstitial complexes. Sn dop-
ing has been found to exhibit n-type behavior in -Ga,O; by acting as
a shallow donor.”””" As the material becomes more n-type, the energy
of Fermi level increases, leading to a decrease in the formation energy
of cation vacancies. This implies that Sn doping promotes the forma-
tion of the compensating acceptor species, such as 2V1Ga—Ga}”C com-
plexes, through an increase in vacancy concentration. In the case of Si
implantation, the Si dopant can also act as shallow donors and con-
tribute to the n-type conductivity of -Ga,O3, which suggests that Si
ion implantation may also stimulate the formation of the vacancy-
interstitial complexes. However, the effect of knock-on damage
induced by ion implantation can also create point defects, leading to
the formation of vacancy-interstitial complexes. Furthermore, the for-
mation of vacancy-interstitial complexes is associated with the strain
accumulation. Recent report confirmed that the y phase was observed
in implantations ranging from 10'* to 10'® ions/cm”. This suggests
that the phase transformation from y to f§ phase Ga,0O5 can result the
accumulation of strain and/or the preference of y-Ga,O5 over highly
defective f-Ga,0;%. Based on these findings, we hypothesize that
through the impurity incorporation (doping or ion implantation), the
formation of interstitial 2i_,~i4. defect complexes resulted from the
creation of cation vacancies. To maintain the strained crystal structure
with the high concentration of defect complexes, the atomic relaxation
mechanism occurs and forms the structure of y phase inclusions.

In summary, the atomic scale mechanism of f to 7 phase trans-
formation was investigated by STEM. We demonstrated the structure
of 2i.p-iq,. defect complexes, resulting from two adjacent interstitial-
divacancy complexes, which lead to the structure of y phase inclusions.
The formation of interstitial complexes have been quantitatively vali-
dated through column intensity analysis, and we further develop the
formation mechanism of defect complexes to y phase inclusion using
atomistic modeling of lattice relaxation. The phase transformation
implies lattice relaxation may occur at a higher concentration of point

ARTICLE pubs.aip.org/aip/apl

defects (or complexes). Our STEM analysis offers crucial information
on point defect identification in electronic materials, which is essential
to advance for future device applications.

See the supplementary material for multislice simulations (Fig.
S1), illustrating defect complexes involving with Ga interstitials in Sn-
doped f-Ga,0; and offering a more detailed description of the case
observed in Fig. 2.
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