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ABSTRACT

Ion implantation induced phase transformation and the crystal structure of a series of ion implanted b-Ga2O3 samples were studied using
electron diffraction, high resolution transmission electron microscopy, and scanning transmission electron microscopy. In contrast to
previous reports suggesting an ion implantation induced transformation to the orthorhombic j-phase, we show that for 28Siþ, 58Niþ, and
stoichiometric 69Gaþ/16Oþ-implantations, the monoclinic b-phase transforms to the cubic c-phase. The c-phase was confirmed for implanta-
tions over a range of fluences from 1014 to 1016 ions/cm2, indicating that the transformation is a general phenomenon for b-Ga2O3 due to
strain accumulation and/or c-Ga2O3 being energetically preferred over highly defective b-Ga2O3.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0120103

Gallium sesquioxide, Ga2O3, which can exist in several polymor-
phic forms, has attracted considerable attention in the last few years
due to its potential applications for power electronics and UV devi-
ces.1,2 The monoclinic b-phase (b-Ga2O3) is the thermodynamically
stable polymorph at room temperature and atmospheric pressure in
air,3 but other polymorphs also display attractive properties and can
be stabilized using soft chemical synthesis methods,4 high temperature
and high pressure solid state synthesis,5 strain engineering in thin
films,6 or ion implantation.7 For example, the orthorhombic j-phase
may exhibit spontaneous polarization,8 while nanoparticles of the
cubic defective spinel c-phase can be suitable for catalyst uses.9 The
other known polymorphs, the rhombohedral a-phase, and the cubic
d-phase also exhibit attractive features for solar-blind UV detection
applications or MIS diodes with a high breakdown voltage.10,11

Ion implantation produces complex changes in the microstructure
of the exposed material. It can lead to disorder, formation of secondary
phases in the form of nanoscale inclusions12,13 and, for sufficiently
high fluences, amorphization commonly occurs.14,15 Recently, it was
shown that ion implantation of bulk b-Ga2O3 samples could lead to a
polymorphic transformation, forming a continuous, although defective
layer.7,16 This intriguing observation may open up possibilities to
stabilize metastable polymorphs on top of bulk b-Ga2O3, forming
either an active layer or acting as a template for further growth. The
polymorphic transformation is noteworthy, since high-fluence ion
implantations normally yield amorphization in the implanted material.
However, b-Ga2O3 is not unique in displaying such transformations.

In fact, similar effects occur in ZrO2,
17,18 HfO2,

19,20 Cu2O/CuO,
21 GaN

nanowires,22 TiO2,
23 and Co nanoparticles.24

Anber et al.,7 and later Azarov et al.,16 reported on the formation
of j-phase after implantation with Ge, Ni, Ga, and Au ions in b-
Ga2O3. The proposed assignment of the j-phase was based on selected
area electron diffraction (SAED) patterns obtained by transmission
electron microscopy (TEM). However, no SAED or high-resolution
TEM or scanning TEM (HRTEM/STEM) images could unambigu-
ously confirm the j-phase. Here, we propose an alternative assign-
ment of the phase transformed layer by indexing it as the c-phase.
c-Ga2O3 has a defective cubic spinel structure with the space group
Fd-3m (227), a lattice parameter of a¼ 8.23 Å, with gallium being tet-
rahedrally and octahedrally coordinated to oxygen atoms.25 This
metastable c-phase has attracted appreciable attention as its physical
and chemical properties, such as wide band gap (�4.7 eV), are of
interest for diverse applications including photonics (ultraviolet photo-
detectors), solar devices, and photocatalysis.26–28 A detailed investiga-
tion of the c-phase by STEM was conducted by Yoo et al.29

discovering that Sn ion implantation induces the phase transformation
from the b-phase to the c-phase with high density of defects.

In the present work, we have carefully evaluated the structural
evolution and phase transformations of (201) and (010) oriented b-
Ga2O3 implanted with 28Siþ, 58Niþ, and 69Gaþ/16Oþ ions using SAED
and HRTEM and STEM imaging. We have implanted with 28Siþ, since
it is an effective donor dopant in Ga2O3.

30,31 69Gaþ/16Oþ and 58Niþ

implantations are used to evaluate the influence of the implanted ion
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and to relate our work to previous reports.7,16 The SAED patterns com-
bined with HRTEM and STEM images unambiguously show a phase
transition from b-Ga2O3 to c-Ga2O3 which is independent of the
implanted species.

Ion implantations of (201) oriented b-Ga2O3 single crystal wafers
were performed in an NEC Tandem Accelerator. All samples were
implanted at room temperature and at 7� from the surface normal.
28Si-implantation was performed with a fluence of 1� 1014 Si/cm2

and 1� 1015 Si/cm2 at an energy of 300 keV. An additional 28Si-
implantation was performed in (010) oriented b-Ga2O3 single crystal
wafers with a fluence of 2� 1016 Si/cm2 and at the same energy.
Detailed characterizations by x-ray diffraction (XRD) and Rutherford
backscattering spectrometry in the channeling mode on these samples
were performed in our previous work.32 For the stoichiometric
implantation, the energies of 69Gaþ and 16Oþ ions were selected to
achieve the same projected range as for the Si-ions, yielding implanta-
tion energies of 715 keV for 69Gaþ and 182 keV for 16Oþ. The ratio of
69Gaþ and 16Oþ fluences was fixed at 2/3, to match the stoichiometry
of the sample. The total implantation fluency was selected to obtain
the same number of defects at the defect peak for 28Siþ and stoichio-
metric implantation, this means fluence values of 2.85� 1014 Ga/cm2

and 4.28� 1014 O/cm2. For 58Niþ-implantation, we used an implanta-
tion energy of 400 keV and a fluence of 1� 1015 Ni/cm2 in order to
correlate our work to previous reports on phase transformation in b-
Ga2O3 after ion implantation.16

Electron transparent cross-sectional TEM samples were prepared
by mechanical grinding, polishing, and final thinning by Ar ion mill-
ing in a Gatan PIPS II (Model 695). Plasma cleaning (Fishione Model
1020) was applied immediately prior to the TEM investigations. A
JEOL JEM-2100F microscope operated at an acceleration voltage of
200 kV was used for initial sample investigations using SAED and
HRTEM. Additionally, SAED and HRSTEM imaging were conducted
using a Thermo Fisher Scientific Cs-corrected Titan G2 60–300 kV
microscope operated at 300 kV. High angle annular dark field
(HAADF) STEM images were recorded using a probe convergence
semi-angle of 23 mrad, a nominal camera length of 60mm, corre-
sponding to an inner and outer collection semi-angle of 100 and 200
mrad, respectively. Annular bright field (ABF) STEM images were
simultaneously acquired at the same camera length, with collection
semi-angles of 10 and 20 mrad. SAED simulations were performed
using the JEMS software package33

Starting with the Ni-implantation, the implantation parameters
were similar to those used in previous work by Azarov et al.,16 where

the j-phase was reported. Contrary to the previous work, our results
show that the transformed layer is c-phase rather than j-phase. We
base this on the SAED patterns shown in Figs. 1(a)–1(c). These pat-
terns are fully indexed as c-phase (space group Fd-3m, lattice parame-
ter a¼ 8.36(2) Å) observed along the [110], [111], and [112] zone
axes, respectively. The measured interplanar distances are shown in
Table S1 of the supplementary material. Our lattice parameter is
slightly higher than reported previously.25 If this is a real feature of the
sample, it may be a consequence of implantation-induced strain.

Looking closely at the SAED patterns reported by Anber et al.7

and Azarov et al.,16 we believe that the pattern indexed as [001] zone
axis of j-phase is actually the c-phase along the [111] zone axis. These
results shed a new light by confirming that the transformation that
occurs is from the b-phase to the c-phase, in good agreement with
recent reports by Yoo et al.29 In order to confirm this, we have per-
formed simulations of j-Ga2O3 along [001] zone axis, a superposition
of 3 SAEDs of j-Ga2O3 [001] rotated 120� as reported by Cora et al.34

as a consequence of twinning resulting in a diffraction pattern with
sixfold symmetry, and a simulated SAED of the c-Ga2O3 phase along
[111] zone axis. All these simulated SAEDs are shown in the supple-
mentary material [Figs. S1(a)–S1(c)] together with the experimental
SAED of c-Ga2O3 phase along [111] zone axis in Fig. 1(b) [Fig. S1(d)]
for better comparison. As can be seen, there is a close agreement
between our experimental SAED and the simulated one for c-Ga2O3.

For Si-implantation, XRD showed that for the samples implanted
with 1� 1014 Si/cm2 only small peaks and shoulders attributed to the
implantation-induced strain were observed, as reported previously.32

However, SAED pattern recorded at the top area of the sample [Fig.
S2(a) in the supplementary material] along the [102] zone axis of
b-phase shows the presence of an extra weak and diffuse contrast
(indicated by blue arrows) where the (220) plane of the c-phase along
the [112] zone axis should be [see Fig. 1(c) for a c-phase SAED in this
projection]. Figure S2(b) in the supplementary material shows an
intensity profile along the line marked with yellow dashed dots in Fig.
S2(a) for a better visualization. This intensity could indicate the pres-
ence of a very small fraction of c-Ga2O3 (and, thus, the beginning of
the transformation) in the sample, which was undetectable by XRD.
For the fluences of 1� 1015 Si/cm2 and above, new XRD peaks were
observed and HRTEM showed that the upper 400nm of the sample
had transformed. Here, we also find that the upper 400nm of the sam-
ples has undergone a change in the crystal structure. Henceforth, we
call this layer the transformed layer. Similar observations are made for
all of the implanted samples in this work. Figure 2(a) shows a TEM

FIG. 1. SAED pattern from the transformed layer of the Ni implanted sample. The indexing is according to c-Ga2O3 along the zone axes (a) [110], (b) [111], and (c) [112].
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image of the interface between the (201) oriented b-Ga2O3 and the
transformed layer in the sample implanted with 1� 1015 Si/cm2. The
difference in contrast due to defects and strain in the transformed layer
compared with the b-Ga2O3 below is clearly observed in the image.
This corroborates that strain and defect formation are part of the
structural transition mechanism. Figures 2(b)–2(e) show the SAED
patterns from the transformed layer in various projections. The SAED
pattern along [100] zone axis [Fig. 2(b)] is acquired from the (010) ori-
ented b-Ga2O3 sample, and the others are from the (201) oriented b-
Ga2O3 sample. All the SAED patterns from the two samples can be
indexed unambiguously as c-Ga2O3, indicating that the orientation of
the b-Ga2O3 does not have any influence on the phase transformation.

It is important to note that in the SAED patterns published by
Anber et al.7 and Azarov et al.,16 some diffuse spots are observed. If we
enhance the contrast of the SAED pattern in Fig. 2(d), similar diffuse
spots become visible in our data, as shown in Fig. 3(a) and marked by
orange arrows. For comparison, Fig. 3(b) is a SAED pattern taken at

the interface, showing diffraction spots from both the transformed and
untransformed layer. All spots have been marked with circles. The dif-
fuse spots in Fig. 3(a) are indeed close to the position of the b-spots
that are not overlapping with those from the c-spots, but the arrange-
ment has lower symmetry than the sixfold rotational symmetry of the
[111] projection of the c-phase. If we superimpose three of the traced
blue patterns in Fig. 3(b), each rotated 120�, the diffuse spots are closely
surrounded by three of the spots from the b-phase [see Fig. 3(c)]. We,
therefore, boldly propose that the diffuse spots originate from very
small precipitates of the b-phase inside the c-phase. The three orienta-
tions would be expected if the orientation of the b-phase is dictated by
the threefold symmetry of the c-phase. Although we have not observed
these inclusions in the HRTEM or STEM imaging, such a reversion of
c-phase to b-phase should not be surprising. The b-phase is the ther-
modynamically stable polymorph at ambient conditions, and we have
earlier shown that the c-phase converts to b-phase during annealing.32

The atomic structures of the polymorphs were also studied by
atomic-resolution STEM imaging. Figure 4(a) shows an HAADF
STEM image of the interface between the b-Ga2O3 (displayed along
the [102] zone axis) and the transformed layer (along the [112] zone
axis). Figures 4(b) and 4(c) show representative simultaneously
acquired HAADF and ABF STEM images along the [112] zone axis of
the c-phase, respectively. In the HAADF image, the brighter spots are
associated with the arrangement of the heavy gallium cations in the c-
phase. In the ABF image, the locations of both gallium and oxygen
atoms are identified as dark spots over a white background. The
atomic arrangement of gallium (orange) and oxygen (blue) atoms are
schematically represented. The gallium atoms in the positions corre-
sponding to Wyckoff site 8a (Td) and 16d (Oh) in the ideal spinel
structure are clearly visible and marked in the insets of Figs. 4(b) and
4(c). However, according to the structure reported by Playford et al.25

using neutron diffraction, two more gallium positions are needed to
get a proper refinement of the diffractogram. These extra atomic posi-
tions are placed in 48f (Td) and 16c (Oh). In our images, the contrast

FIG. 3. (a) SAED pattern from the sample implanted with 1� 1015 Si/cm2 taken
along the [111] zone axis. This is the same pattern shown in Fig. 2(d) but has been
digitally modified to reveal weak diffuse spots (two of them marked with orange
arrows) that cannot be explained by the c-phase. (b) SAED pattern from the inter-
face, showing diffraction spots from both the b-phase (blue circles) and the c-phase
(red circles). (c) Superimposing three of the traced patterns, each rotated 120�,
onto (a) shows that each diffuse spot is surrounded by three small, blue circles.

FIG. 2. (a) Cross-sectional TEM image of the interface between the transformed
layer and the (201) oriented b-Ga2O3 of the Si-implanted sample. SAED pattern of
the transformed layer indexed according to c-Ga2O3 along the zone axes (b) [100],
(c) [110], (d) [111], and (e) [112].
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from these atomic columns is not resolved. This is as expected due to
the low occupancy of both positions: 0.066 and 0.024, respectively.
Our own experimental observations are in good agreement with the c-
phase structure analysis by electron microscopy reported by Cora
et al.35 and Castro-Fernandez et al.36 when observed along the same
zone axis.

In order to study the effect of chemical factors specific to the
implanted ion on the phase transformation, a (201) oriented b-Ga2O3

sample was implanted with 69Gaþ/16Oþ in the stoichiometric ratio.
Ion implantation parameters were selected to give projected range and
defect generation similar to the Si-implantation. Figures 5(a) and 5(b)
show the SAED patterns and representative HAADF STEM images of
the transformed layer corresponding to the [112] and [111] zone axes
of the c-Ga2O3 phase, respectively. In both images, the positions of gal-
lium atomic columns are marked in orange.

Diffraction patterns acquired for multiple zone axes and multiple
implanted species clearly show that it is the c-phase that is formed in
this implantation-induced phase transformation. The formation of c-
Ga2O3 is also independent of the orientation of the implanted b-
Ga2O3 wafers. This indicates that the transformation and stabilization
by ion implantation is not driven by the chemistry of the implanted
ions, and also not by factors such as the ionic size of the implanted
species, since the transformation occurred even for stoichiometric
implantation.

Azarov et al.16 have previously interpreted phase transitions in
ion implanted b-Ga2O3 as a direct consequence of strain accumula-
tion. Although the present work shows that it is the c-phase rather
than the j-phase which is formed, we cannot rule out contributions
from strain in the transformation mechanism. Another possible mech-
anism behind the transformation might be that defect-rich c-Ga2O3

could be energetically preferred over defect-rich b-Ga2O3, even though
the b-phase is preferred for low defect concentrations.37 We note that
the energy transferred to the sample during implantation is highly
localized and that it could, therefore, be difficult to drive transforma-
tions which require long-range transport, such as precipitations of
phases with different crystal structures. We further find that the anion
sublattice stacking sequence is mostly conserved in the b-to-c

FIG. 4. (a) Atomic resolution HAADF STEM image of the interface between b-Ga2O3 (along [102] zone axis) and c-Ga2O3 (along [112] zone axis) of the 1� 1015 Si/cm2 sample.
(b) and (c) show HAADF and ABF STEM image of c-Ga2O3 along [112] zone axis, respectively. The insets show areas at higher magnification. Gallium and oxygen atoms are
schematically represented in orange and blue, respectively.

FIG. 5. SAED pattern and atomic resolution HAADF STEM images of the
69Gaþ/16Oþ implanted sample along the zone axes (a) [112] and (b) [111]. Gallium
is schematically represented in orange in both images.
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transformation, while it would not be conserved in a b-to-j transfor-
mation. To illustrate this, a schematic representation of the oxygen
sublattice of b-Ga2O3 and c-Ga2O3 at the interface is shown in Fig. S3
in the supplementary material, along with a schematic representation
of the potential interface between b-Ga2O3 and j-Ga2O3 for compari-
son. This structural similarity of the initial and final crystal structures
could lower the transition energy for transformation to the c-phase,
promoting transformation to this phase rather than the j-phase. This
warrants a thorough investigation of the structural stability and mech-
anism of why and how c-Ga2O3 has been stabilized but this is consid-
ered outside the scope of the present study.

In summary, we have systematically investigated the structural
evolution of b-Ga2O3 implanted with 28Siþ, 58Niþ, and 69Gaþ/16Oþ

ions using SAED and HRTEM/STEM over a range of fluences
from 1014 to 1016 ions/cm2 in surface orientations (201) and (010).
We demonstrate that the ion implantations resulted in b- to c-
polymorphic phase transformation. This process occurred indepen-
dently of the investigated implanted species, which suggests that the
transformation is an intrinsic feature of the implantation and is likely
unrelated to chemical effects. This opens up the possibility of design-
ing new devices and applications through customized “polymorph
engineering” in thin films and interfaces.

See the supplementary material for some interplanar distances
for the Ni implanted sample; SAED simulations of j-Ga2O3 along
[001] zone axis, a superposition of three SAEDs of j-Ga2O3 along
[001] zone axis rotated 120� as a consequence of twinning and c-
Ga2O3 along [111] zone axis; SAED analysis of the sample implanted
with 1� 1014 Si/cm2; and schematic representation of the oxygen sub-
lattice of b-Ga2O3 and c-Ga2O3 or j-Ga2O3 along the interface.
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