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Disorder-induced ordering and remarkably high radiation tolerance in y-phase
of gallium oxide is a recent spectacular discovery at the intersection of the
fundamental physics and electronic applications. Importantly, by far, these
data were collected with initial samples in form of the thermodynamically
stable [3-phase of this material. Here, we investigate these phenomena starting
from metastable a-phase and explain radically new trend occurring in the
system. We argue that in contrast to that in B-to-y disorder-induced transitions,
the O sublattice in a-phase exhibits hexagonal close-packed structure, so that
to activate o-to-y transformation significant structural rearrangements are
required in both Ga and O sublattices. Moreover, consistent with theoretical
predictions, a-to-y phase transformation requires accumulation of the sub-
stantial tensile strain to initiate otherwise impossible lattice glides. Thus, we

explain the experimentally observed trends in term of the combination of
disorder and strain governed process. Finally, we demonstrate atomically
abrupt o/y interfaces paradoxically self-organized out of the stochastic

disorder.

Recently, gallium oxide (Ga,O3) has attracted the attention of a broad
audience spreading from those dealing with fundamentals of the
phase transitions'™ to device application experts®'°. Among the rest of
the highlights, there was a discovery of disorder-induced ordering in
Ga,03" ™ and high radiation tolerance of the formed structures”.
Specifically, it was shown that even though its thermodynamically
stable monoclinic polymorph (3-Ga,03) could be swiftly disordered, it
did not amorphized under irradiation but converted to a cubic
defective spinel polymorph (y-Ga,0s), remaining crystalline indepen-
dently of subsequent irradiation®. Moreover, electronic radiation tol-
erance tests performed by comparing Schottky diodes fabricated out
of B- and y-polymorphs showed that the y-Ga,Os-based diodes
remained functional, while [-Ga,0s-based diodes lost their

rectification under identical irradiation conditions'. As explained
recently, the rationale behind this remarkable 3-to-y Ga,05; polymorph
transformation is because the oxygen sublattice in these polymorphs,
exhibiting face-centered cubic (fcc) structure, as shown in Fig. 1a,
demonstrates strong recrystallization trends, while the Ga sublattice is
susceptible to disorder’®, Very recently, this idea was exploited to
demonstrate multiple y/p polymorph repetitions by adjusting spatial
distributions of the disorder levels as a function of the irradiation
temperature and ion flux'; as such, demonstrating “polymorph het-
erostructures” not being realized by conventional growth methods
otherwise.

Meanwhile, understanding of the radiation phenomena in other
Ga,0; polymorphs is much less mature. For instance, for the
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Fig. 1| Structural relationship between different Ga203 polymorphs. The
orthogonal supercells of (a) y-and (b) a-Ga,O5; polymorphs. Ga atoms are repre-
sented as big blue (color-coded by coordination numbers), and O atoms are small
red spheres. Notably, the y phase adopts a defective spinel structure, where, in a
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simplified two-Ga-site model, the Ga site occupation is reduced from 1 to maintain
the stoichiometric ratio of Ga,0s. The purple hexagon and green rectangle high-
light typical Ga patterns observed in the y and « phases, respectively (refer

to Fig. 4).

metastable rhombohedral polymorph (x-Ga,03, Fig. 1b), there are only
a few studies devoted to the radiation defect formation®**; however,
indicating that a-phase is more radiation resistant at the range of the
nuclear stopping power maximum as compared to that of 3-Ga,05%.
Concurrently, the disorder buildup in «-Ga,Os; involves surface
amorphization, somewhat resembling the features observed in
GaN*?*, Nevertheless, if disorder-induced polymorphism is realized in
«-Ga,0,, its impact on the device applicability may be even more
interesting than that in -Ga,05; since a-Ga,03 exhibits the widest
bandgap among the rest of the Ga,05 polymorphs family*?, making it
more likely to anticipate higher band offsets in, e.g., y/a interfaces”.

Thus, in the present work, we undertake a systematic investiga-
tion of the radiation phenomena in a-Ga,0; and determine conditions
sufficient for igniting a-to-y polymorph transition. We argue that in
contrast to that in B-phase, the O sublattice in a-phase possesses a
hexagonal close-packed (hcp) structure (Fig. 1b) so that to activate a-
to-y phase transformation, significant structural rearrangements are
required in both Ga and O sublattices. Moreover, consistent with
predictions from the energy diagram, o-to-y phase transformation
requires the accumulation of the substantial tensile strain to initiate
otherwise impossible lattice glides. Thus, we explain these fascinating
phase transformation trends in terms of the combination of disorder
and strain-governed process. As a result, we demonstrate atomically
abrupt o/y interfaces paradoxically self-organized out of the stochastic
disorder.

Results and discussion

Figure 2 provides a survey of the experimental data, including sys-
tematic measurements of the samples crystallinity as a function of
displacement per atom (dpa) obtained by (a) Rutherford back-
scattering spectrometry in channeling mode (RBS/C) and (b) x-ray
diffraction (XRD) in combination with scanning transmission electron
microscopy (STEM) cross-sections of the selected samples in panels

(c)-(f), associated with characteristic process stages as illustrated in
cartoon insets in the middle of the figure. Indeed, already for low dpa
conditions, i.e., <4 dpa, the RBS/C spectrareveal - consistently with the
literature’®” - a surface disorder peak (see Fig. 2a), specifically at
dpa =4 corresponding to a 6 nm thick amorphous layer, as confirmed
by TEM data in Fig. 2c. In addition, there is a broader “bulk” disorder
peak localized far beyond of the maximum of the primary defect
generation (R,4=105nm) according to the SRIM code”® simulations.
This stage is accompanied by a tensile strain accumulation, as clearly
seen from the appearance of a shoulder on the left-hand side of the a-
Ga,03 (006) reflection in the XRD 20 scans (Fig. 2b) for dpa=4. Fur-
ther, at the 20 < dpa <120 range, the surface disorder peak broadens
and eventually reaches the random level, while the magnitude of the
bulk peak saturates at a much lower disorder level, see Fig. 2a. For
example, at dpa =120, ~-130 nm thick amorphous layer is revealed by
TEM asillustrated in Fig. 2d. Notably, this disorder accumulation stage
does not reveal much of changes in the XRD spectra, except of the
strain release, as seen from the evolution of the left-hand side parts of
the (006) diffraction peak in Fig. 2b.

Spectacularly, an additional relatively tiny dpa increase - just by a
few tens of percent - dramatically changes the structure. Indeed, at
dpa=140, RBS/C intensity increases right behind the surface amor-
phous layer, see the 100-170 nm range below the surface in Fig. 2a.
This prominent transformation is accompanied by the appearance of a
new diffraction peak centered at -37.7°, see Fig. 2b, which is identified
as y-Ga,0; (222) reflection”, in agreement with TEM data in Fig. 2e.
Further dpa increase improves the crystallinity in this region as clearly
seen from the decreased the RBS/C yield at dpa =160 as compared to
that at dpa =140, see Fig. 2a. Simultaneously, the width of the phase-
modified layer expands with increasing dpa. Notably, the y-layer
expands both into the crystal bulk in the form of a-to-y transition and
towards the surface, so that the amorphous layer converts into y-phase
too, as schematically shown in the corresponding cartoon inset. Thus,
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Fig. 2 | Phase transformations in a-Ga,0; as a function of dpa. a Rutherford
backscattering spectrometry in channeling mode (RBS/C) spectra and (b) corre-
sponding x-ray diffraction (XRD) 20 scans of the a-Ga,03 samples irradiated with
400 keV Ni ions. The doses and corresponding dpa values are indicated in legends
in panels (a) and (b), respectively. The maximum of the primary defect generation
(Rya) is indicated by the arrow in panel (a). Panels (c-f) show low magnification

dpa =140

dpa =400

bright field (BF) scanning transmission electron microscopy (STEM) cross-sections
of the selected samples for dpa values highlighting characteristic trends, in cor-
relation with cartoons in the middle of the figure, where the primary defect gen-
eration profiles obtained by the SRIM code® simulations are shown by the dashed
lines. The red arrows in the cartoons indicate the expanding of the amorphous layer
and y-phase with increasing dpa value.

the surface amorphous layer broadens as a function of dpa until the a-
to-y phase transformation starts, while further dpa increase leads to
the shrinkage of the amorphous layer due to the y-film expansion.
Notably, dpa increase beyond 140 dpa has practically no impact on the
crystallinity of the newly formed y-phase, confirming its remarkable
radiation tolerance consistently with literature®. Moreover, comparing
it to B-phase, a-Ga,0; itself can be indeed classified as a higher
radiation tolerant material, since a-to-y phase transition starts at much
higher dpa levels (N.B. dpa =1 was shown to be sufficient to start -to-y
transition®). In order to exclude the possible role of the implanted Ni
atoms on the observed a-to-y phase transition, we performed an
additional implantation with chemically inert Au ions. According to
RBS/C and XRD data shown in Supplementary Note 3 the a-to-y phase
transformation is clearly observed also for Au implantation, indicating
that the observed phenomena are related to the accumulated disorder
rather than to the chemical effects of the implanted ions.

Meanwhile, another spectacular observation indicated already by
the data in Fig. 2e and f is an ultimate abruptness of the y/a interfaces
resulted out of colossal disordering process having a stochastic nature.
To investigate this phenomenon in detail, we performed high-angle
annular dark field (HAADF) STEM analysis of the interfaces obtained in

this study, see Fig. 3. Specifically, Fig. 3a and b show the high-
resolution images of the amorphous/a-phase and amorphous/y-phase
interfaces formed in the samples upon disordering with dpa=4 and
400, respectively. As expected from the stochastic nature of the dis-
order, these interfaces are not abrupt, and in the case of the amor-
phous/y-phase interface even rather rough. However, even it is
contraintuitive, polymorph interfaces formed out of the same sto-
chastic disorder, specifically y/a interface is atomically sharp as clearly
demonstrated by Fig. 3c, d showing high-resolution HAADF STEM
images of the interface region taken along different zone axes in the
sample subjected to dpa=400. The corresponding selected area
electron diffraction (SAED) patterns for each image and the schematic
unit cell and lattice stackings oriented as in the interfaces are shown in
the insets and at the right-hand sides of the corresponding images,
respectively. Note that both the schematic unit cells and the lattice
stacking were directly obtained from the indexing of the electron
diffraction patterns shown in the respective figures collected for each
phase. Specifically, the orientation relationships at the y/a interface
were determined from STEM as y[110] / «[1100] and y[112] / [1010]
and were used further in simulations to shed more light on the
mechanism of the y/a interface formation.
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Fig. 3 | Quality of interfaces formed out of stochastic disorder. Selected area
electron diffraction (SAED) patterns and high-angle annular dark field (HAADF)
scanning transmission electron microscopy (STEM) images of (a) non-abrupt
amorphous/a and (b) amorphous/y interfaces in the samples with 4 and 400 dpa,
respectively, in contrast to atomically sharp y/a interface imaged along the (c) [110]

y-Ga,05 / [1100] a-Ga,05 and (d) [112] y-Ga,03 / [1010] a-Ga,05 zone axes for the
sample with dpa=400. The projected structure model for each phase is depicted
on the right-hand side of the images, where the color code for spheres are tur-
quoise (amorphous Ga), dark blue (octahedral Ga), light blue (tetrahedral Ga), and
red (O). The interfaces in the insets are shown by the dashed black lines.

Thus, for that matter, we performed machine-learning-driven
molecular dynamics (ML-MD) simulations, and Fig. 4 summarizes the
atomic configurations and dynamic evolution of such an interface. The
initial local atomic configuration of the ML-MD interface [Fig. 4c] clo-
sely resembles the interface observed in high-resolution STEM images
[Fig. 4a and b]. The y-O and «-O sublattices follow fcc (AB'C-A’'B'C'...)
and hcp (AB-AB...) stacking orders, respectively, as indicated in Fig. 4d.
Consequently, the initial y/a interfacial transition region (cyan region
in Fig. 4b-d) exhibits a stepped edge with two horizontally mis-
matched (A’|B) and (C’'|A) O stacking layers and a vertically mis-
matched B’-B stacking order which is energetically unfavorable. The
dynamic evolution of the representative (A’ | B) O layers (black box in
Fig. 4d) is further detailed in Fig. 4e, and Supplementary Movie 1
illustrates the complete simulation. Within the first 5ps, the a-O B
stacking layer reconstructs into a y-O C*like stacking, accompanied by
overall vertical lattice distortion, leading to a transient local hcp-like
stacking. Further plane displacements follow typical hexagonal direc-
tions alone [110] or 110, as indicated by the blue arrows in Fig. 4e. These
plane displacements or “glides” complete at ¢=355ps, along with
simultaneously rapid local Ga rearrangement (see Supplementary
Movie 1, from frame 3450 to frame 3560, ¢ = 345 ~ 356 ps). The final y/a
interface presents a perfectly lattice-aligned O (B’ = B) single layer with
ultimate atomic sharpness.

Despite that B-to-y phase transformations also occurs under ion
irradiation, the mechanism of the disorder-induced transformations in
a-Ga,0; is dramatically different from that in B-phase®”. Indeed, pre-
viously it was demonstrated that B-to-y phase transformation occurs

due to accumulation of Ga disorder, while O sublattice having fcc
structure for both phases exhibits a strong recrystallization trend
within collision cascade™". In contrast, the O sublattice in the a-phase
possesses hcp structure, so the structural rearrangements in both
sublattices are required for the a-to-y phase transformation. Further-
more, out of the energy consideration, a-to-y phase transformation
requires an accumulation of the tensile strain in the system, see Sup-
plementary Note 1 and ref. 30. Literally, in order to realize the o-to-y
Ga, 05 phase transformation, the hcp a-O sublattice must transform to
fcc y-O sublattice. Both hep and fec stackings share efficient closed-
packing arrangements, suggesting that the transformation likely
occurs via a slip of closed-packed layers. However, the atomic volume
differences between the two phases are the biggest among all poly-
morphs. The smallest atomic volume of the o phase is around 10.1 A%/
atom while that of the y phase is around 11 A%/atom, see Supplementary
Note 1. This indicates that such phase transformation needs to be
assisted with an expansion of the system.

To understand the expansion mechanism of a-to-y phase trans-
formation, we systematically compare O sublattice parameters of o
and y-Ga,0j3 phases, as analyzed in Fig. 5. Indeed, Fig. 5a illustrates the
stacking of the closed-packed planes perpendicular to the closed-
packed layers of the a-O sublattice (AB-AB-AB) and y-O sublattice
(A’'B'C’ -A’B'C’). These data indicate that the interlayer distances in the
«-O sublattice are smaller than those in the y-O sublattice (see the
corresponding levels marked by the black dashed lines in Fig. 5a).
Further, the PRDF curves of the single layer in the O sublattice which is
perpendicular to the close-packed layers (Fig. 5a), the A-A distances in
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Fig. 4 | Atomic configuration and dynamic evolution towards atomically sharp
y/ainterface. a Experimentally measured y/a interface as that in Fig. 3c. b Enlarged
interface image with the simulation template inset illustrating corresponding initial
configurations of the machine-learning-driven molecular dynamics (ML-MD) model
in panel (c, d) detailed configuration in terms of the O sublattice repetitions in

y-Ga,0; (y-0) and a-Ga,03 (a-0); Ga atoms are big blue (color-coded based on

coordination numbers) and O atoms are small red spheres. The y-phase, boundary,
and a-phase regions are colored in purple, cyan, and green, respectively. e Dynamic
evolution of the initially mismatched oxygen (A’ | B) stacking layer [labeled by the

black box in panel (d)] at 900 K, top-viewed from «[0001]/y[111] axis, demon-
strating the planar slip displacements relative to the initial positions, as indicated
by the blue arrows (note, that displacement magnitudes are scaled by a factor of 3
for clarity). The color-coding of oxygen atoms illustrates local stacking types, such
as fcc and hep. At ¢ =500 ps, the atomically sharp y/a interface forms with a per-
fectly matched oxygen (B =B’) stacking layer in accordance with the ML-MD
simulation (side-viewed from o [1100]/y[110] axis). See Supplementary Movie 1 for
the whole evolution process.

the o-O sublattice is the peak of Da.4 at 4.5 A, the A™-A’ distances in the
Y-O sublattice is Da.a at 7.1 A. Accounting these values, the average
interlayer distances in the closed-packed layer of a-O and y-O sub-
lattice is 2.25A and 2.37 A, respectively. This indicates an expansion
between the closed-packed layers of the a phase (alongside a[001]
orientations) during the phase transformation of ~5%. Within the
closed-packed layers, as shown in Supplementary Note 2, the PRDF
curves indicate negligible expansion, particularly at longer distances.
This implies that even though there are some deviations between the
arrangements of efficient packing, no prominent “isotropic” expansion
is observed within these closed-packed planes.

Meanwhile, the anisotropic expansion of a-Ga,0; may play a
prominent role in explaining the mechanism of a-to-y Ga,0O3 phase
transformation under irradiation. To investigate the expansion evo-
lution, we employ additional isothermal-isobaric ensemble (NPT)
relaxations with anisotropic barostat, after every 100 primary knock-
on atoms (PKAs) overlapping collision cascade simulations to provide
a sufficient degree of freedom for the system volume adjustment.
Figure 5c displays the strain in the three coordination directions,
revealing significant expansion along the z-axis, especially during the

early stages of the radiation defects accumulation. Conversely, the
system sizes in the x and y-directions show minimal changes before
300 PKAs, followed by a slight expansion. This anisotropic expansion
aligns with the lattice differences between o and y-Ga,05 phases. The
lattice experiences the strongest expansion along the z-axis, which is
perpendicular to the closed-packed plane on the oxygen sublattice,
while the x and y axes belong within the closed-packed plane, and the
expansion in these directions is very small. The structure in the left-
hand side of Fig. 5d shows the lattice of the pristine a-Ga,0O3. One can
see that one of each three octahedral sites within the hcp O sublattice
is vacant. After collision cascades, the defective a-Ga,05 (the right-
hand side of Fig. 5d) shows that the displaced Ga atoms readily occupy
the available octahedral interstitial positions, forming Ga-Ga pairs with
incredibly short distances of less than 2.4 A (visualized in Fig. 5d by
blue sticks). The appearance of the multitude of the short-distance Ga-
Ga pairs aligned with the z-axis in the defective a-Ga,03 (see Fig. Se)
demonstrates that Ga defects indeed primarily occupy available
octahedral sites in the hcp oxygen sublattice. These defects accumu-
late stress, which relaxes, straining the lattice in the z-axis direction, as
seen in the experiment. Indeed, after the NPT relaxation with

Nature Communications | (2025)16:3245


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58516-9

a D D b e A A S =/ s m e o = = = =y
a[001] OIS IS INGINGING 5 gD Ly e e ) g YT
@ & & ) S & ) o ——A Cc'— @ > & O &8
. & - @ @ - o—B A— & e > A % -
B B b 3 & —A - /
a[100] S S S IS N IS S - B K K K K R R yI112]

(o

PRDF,g,0-0(r)
(arb.u.)

2 3
Cc o
0.10 lg,g—w
2-®
0.08 ,5’
/
; 0.06 - /| ——o-— X:a[100]
£ '
& 0.04 - I/ - - y0[1-10]
--o-— 7:a[001
0.02 1 %‘g_e-
000{ >0-6-08

® > W >

...'V'Gaoct. lShortGa-Ga

at

'..1??
1 1 u'y . :>
. '
! it

"v [y af001]

‘I
—

0 200 400 600 800 1000

PKA numbers

Fig. 5 | Anisotropic expansion of a-Ga,0; triggered by disorder. a Oxygen
sublattices of a-Ga,05 (left) and y-Ga,05 (right) shown as A-B planes in the hcp
stacking for a-Ga,03 and as A’-B’-C’ planes in the fcc stacking for y-Ga,05; stacked
perpendicularly to the close-packed direction for both lattices. b The corre-
sponding partial radial pair distribution function (PRDF) curves for the oxygen
slabs of a-Ga,03 (green) and y-Ga,05 (purple) shown in (a). Asterisks highlight the
peaks of the A-A and A’-A’ distances in both structures. ¢ The expansion fraction of
the a-Ga,03 along the x;, y, and z-axes during the collision cascade simulations, the
x, y, and z-axes correspond to a[100] (blue), a110 (green), and a[001] (red)

af1-101% [100]
orientations, respectively. The hollow and solid circles correspond to the system
before and after isothermal-isobaric ensemble (NPT) relaxation with anisotropic
barostat, while the dashed lines are to guide the eyes only. d Partial enlargement
images of the pristine (left) and defective (right) a-Ga,05 during the collision cas-
cade simulations. The Ga and O atoms are large blue and small red spheres,
respectively. The short-distance Ga-Ga neighbors (distance shorter than 2.4 A) are
highlighted with the blue sticks. e The evolution of the number of short-distance
Ga-Ga neighbors (purple sticks) randomly formed in a-Ga,Oj after 100 knock-on
atoms (PKA) collision cascades from before (left) to after (right) NPT relaxation.

anisotropic barostat, the system expands along the z-axis, and the
number of Ga-Ga short-distance pairs decreases significantly (see
Fig. 5e). In other words, our results suggest that the accumulation of Ga
defects generates the stress between the oxygen closed-packed
planes, leading to significant expansion. The fully relaxed stress in
our simulations within the NPT ensemble, the system expands by
approximately 10% in the z-axis. This expansion is greater than 5%
needed for the transformation of the hcp a-Ga,03 oxygen sublattice
into the fcc y-Ga,03 oxygen sublattice according to the mechanism
proposed in Fig. 3. A full relaxation of the accumulated stress can be
expected only near the surface. The large expansion of the lattice
allows for easier accumulation of the defects, which leads to faster
deterioration of the crystal lattice. This is why the lattice of a-Ga,0;
near the surface does not transform into the stable y-Ga,0; phase
under ion irradiation, but first becomes amorphous, see Fig. 2. How-
ever, in deeper regions, stress generated by octahedral Ga interstitials
is not easily released, controlling interplane distances to be closer to
the y-O sublattice. As stress increases, crystal plane slip becomes
highly likely, completing the phase transformation from « to y deep
beneath the surface. Finally, it should be noted that despite the surface
amorphous layer potentially affecting the a-to-y phase transformation,
the prime condition required for the phase transformation is a suffi-
ciently large anisotropic strain accumulated due to the radiation dis-
order. This is also supported by higher energy implants, as shown in
Supplementary Note 4, where the phase transformation region is
clearly separated from the surface.

In conclusion, disorder-induced ordering and unprecedently high
radiation tolerance in the y-phase of gallium oxide is a recent specta-
cular discovery at the intersection of fundamental physics and elec-
tronic applications. Importantly, before the present work, all these
amazing literature data were collected with initial samples in the form
of the thermodynamically stable B-phase of this material. Here, we
investigated these phenomena starting instead from the already
metastable a-phase and explained a radically new trend occurring in
the system. We argued that in contrast to that in p-to-y disorder-
induced transitions, the O sublattice in a-phase exhibits hexagonal
close-packed structure, so that to activate a-to-y transformation, sig-
nificant structural rearrangements are required in both Ga and O
sublattices. Moreover, consistently with theoretical predictions, a-to-y
phase transformation requires accumulation of the substantial tensile
strain to initiate otherwise impossible lattice glides. Thus, we explain
the experimentally observed trends in terms of the combination of
disorder and strain governing the process. Finally, and perhaps most
amazingly, we demonstrate atomically abrupt o/y interfaces para-
doxically self-organized out of the stochastic disorder. As such, the
present data broadens the research community interest in Ga,O;
polymorphs and paves the way for the generalization of such poly-
morphism phenomena toward other materials.

Methods

In the present work, we used rhombohedral ~ 1 pm thick a-Ga,O; films
grown on sapphire substrates by halide vapor phase epitaxy (see

Nature Communications | (2025)16:3245


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58516-9

details of the synthesis elsewhere™). The samples were implanted at
room temperature with 400 keV *Ni" ions in a wide dose range (1 x 10"
- 1x10" Ni/cm?), keeping the ion flux constant at 6 x 10”2 at.cm™s™. All
the implants were performed at 7° off-angle orientation from a normal
direction to minimize channeling. Simulations with Stopping and
Range of lons in Matter (SRIM) code”® were used to get the primary
defect generation profile and calculate dpa values. This computer
program simulates the interaction between energetic ions and target
materials using a binary collision approximation. According to the
simulations, the depth where the defect generation is maximal, which
corresponds to the maximum of the nuclear energy deposition, is
equal to R,;=105nm for Ni implant parameters used in the present
study. The dpa values were calculated for each ion dose using con-
ventional methodology®. Specifically, the quoted dpa values were
taken at the maximum of the SRIM vacancy generation profiles simu-
lated for a given ion dose and normalized to the atomic density of a-
Ga,0; (n,=10.35x10% at/cm®). The SRIM simulations were per-
formed in a full damage cascade mode with 28 eV and 14 eV as the
displacement energies for Ga and O atoms, respectively®’. Two control
samples were implanted at room temperature with 1.2 MeV Auionsto a
dose of 1x10"cm™ and 800 keV Ni ions to a dose of 5x10*cm™,

Structural characterization of the implanted samples was per-
formed by a combination of RBS/C, XRD and STEM. The RBS/C
measurements were performed by 1.6 MeV He" ions incident along
[001] direction in the a-Ga,O; part of the structure and back-
scattered into a detector placed at 165° relative to the incident beam
direction. XRD 20 measurements were performed using the RIGAKU
SmartLab diffractometer with high-resolution Cu Ky, radiation and
Ge(440) four-bounced monochromator. For cross-sectional STEM
studies, selected samples were thinned by mechanical polishing and
by Ar ion milling in a Gatan PIPS Il (Model 695), followed by plasma
cleaning (Fishione Model 1020) immediately before loading the
samples into a Cs-corrected Thermo Fisher Scientific Titan G2
60-300 kV microscope, operated at 300 kV. The STEM images were
recorded using a probe convergence semi-angle of 23 mrad, a
nominal camera length of 60 mm using two different detectors:
HAADF (collection angles 100-200 mrad), and BF (collection angles
0-22 mrad). The structural model of different phases was displayed
using VESTA software.

The ML-MD simulations were conducted using LAMMPS
package®. The self-developed ML interatomic potential of the Ga,05
system was employed®’, which was designed with high accuracy for all
five experimentally known Ga,0O5; polymorphs and generality for dis-
ordered structures. Furthermore, the short-range repulsive interac-
tions are explicitly fitted to high-accuracy ab initio data, and their
reliability has been extensively tested in our previous studies™” ", The
evolution of y/a interface is simulated using an orthogonal cell com-
prising 15,360 atoms with side lengths of ~ 82.2 x17.8 x113.4 A>. The x,
y, and z-axes correspond to y[112]/a[100], y[110]/a110, and y[111)/
«[001] orientations, respectively. The cell is initially optimized to a
local minimum and is further run at 900 K and O bar in NPT ensem-
ble using the Nosé-Hoover algorithm®® for 500 ps with 1 fs per MD step.
The polyhedral template matching (PTM) method” is employed to
identify the local stacking structure of the O sublattice. The coordi-
nation number of Ga atoms are counted with the cutoff radius of 2.6 A.
The structural analyses and visualization are done with OVITO
software®,

A total of 900 overlapping cascades were conducted on the a-
Ga,05 cell, which contains 14,400 atoms in a ~51 x 53 x 55 A% box. This
scale of the simulation cell was taken to prevent cascade overlapping
the temperature-controlled borders and to minimize computational
time. In each iteration, the Ga or O atom was randomly selected as the
PKA. The PKA was assigned a kinetic energy of 500 eV with a uniformly
random momentum direction. To maintain consistency, the entire cell
was translated and wrapped at periodic boundaries, positioning the

PKA at the center of the cell. Each simulation iteration consisted of two
periods. During the first cascade period, the cell was thermalized using
NVE-MD for 5000 MD steps with an adaptive time step. Electron-
stopping frictional forces were applied to atoms with kinetic energies
above 10 eV***°, In the subsequent period, the simulations continued
in a quasi-canonical ensemble with a Langevin thermostat* applied to
border atoms (within 7.5 A of the simulation box boundaries, redefined
in each iteration) for 10 ps at 300 K, to mimic the heat dissipation from
the cascade area into the bulk materials. In addition, relaxation simu-
lations were periodically conducted after every 100 cascades. During
these relaxation simulations, the system was subjected to NPT
ensemble at 300 K and 0 bar for 100 ps, with temperature controlled
by the Nosé-Hoover thermostat and pressure controlled by the ani-
sotropic barostat™®.

Data availability

The data that support the findings of this study are available within the
paper and its Supplementary Information file. The machine-learning
potential parameter files used to run classical MD simulations are
openly available at https://doi.org/10.6084/m9.figshare.21731426. The
corresponding raw data of the classical MD of y/a interface published
in this paper are openly available at https://doi.org/10.6084/m9.
figshare.28236944. Source data are provided in this paper.

Code availability

The code and software used in this work are LAMMPS, VASP, OVITO,
and SRIM, which are openly available online from the corresponding
developers and maintainers.

References

1. Cora, |. et al. In situ TEM study of k>3 and k->y phase transforma-
tions in Ga,O3". Acta Mater. 183, 216-227 (2020).

2. Wouters, C. et al. Unraveling the atomic mechanism of the
disorder-order phase transition from y-Ga,O3 to 3-Ga,O3. APL
Mater. 12, 011110 (2024).

3. Wang, J. et al. Size-dependent phase transition in ultrathin Ga,03
nanowires. Nano Lett. 23, 7364-7370 (2023).

4. Zhu, S.-C., Guan, S.-H. & Liu, Z.-P. Mechanism and microstructures
in Ga,05 pseudomartensitic solid phase transition. Phys. Chem.
Chem. Phys. 18, 18563 (2016).

5. Gann, K. R. et al. Initial nucleation of metastable y-Ga,O3 during
sub-millisecond thermal anneals of amorphous Ga,O5. Appl. Phys.
Lett. 121, 062102 (2022).

6. Chen, X., Ren, F., Gu, S. & Ye, J. Review of gallium-oxide-based
solar-blind ultraviolet photodetectors. Photonics Res. 7, 381-415
(2019).

7. Pearton, S. J. et al. “A review of Ga,O3 materials, processing, and
devices”. Appl. Phys. Rev. 5, 011301 (2018).

8. Green, A. J. et al. “B-Gallium oxide power electronics”. APL Mater.
10, 029201 (2022).

9. Zhu, R. et al. Non-volatile optoelectronic memory based on a pho-
tosensitive dielectric. Nat. Commun. 14, 5396 (2023).

10. Tadjer, M. J. Toward gallium oxide power electronics. Science 378,
724 (2022).

1. Azarov, A. et al. Disorder-induced ordering in gallium oxide poly-
morphs. Phys. Rev. Lett. 128, 015704 (2022).

12. Huang, H.-L. et al. Atomic scale defect formation and phase trans-
formation in Si implanted B-Ga,Os. APL Mater. 11, 061113 (2023).

13. Yoo, T. et al. Atomic-scale characterization of structural damage
and recovery in Sn ion-implanted (3-Ga,Os. Appl. Phys. Lett. 121,
072111 (2022).

14. Anber, E. A. et al. Structural transition and recovery of Ge implanted
B-Ga,Oj3. Appl. Phys. Lett. 117, 152101 (2020).

15. Azarov, A. et al. “Universal radiation tolerant semiconductor,”. Nat.
Commun. 14, 4855 (2023).

Nature Communications | (2025)16:3245


https://doi.org/10.6084/m9.figshare.21731426
https://doi.org/10.6084/m9.figshare.28236944
https://doi.org/10.6084/m9.figshare.28236944
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58516-9

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Polyakov, A.Y. et al. Proton damage effects in double polymorph v/
B-Ga,0O5 diodes. J. Mater. Chem. C. 12, 1020 (2024).

Zhao, J. et al. Crystallization instead amorphization in collision
cascades in gallium oxide. Phys. Rev. Lett. 134, 126101 (2025).

He, R., Zhao, J., Byggmastar, J., He, H. & Djurabekova, F. Ultrahigh
stability of oxygen sublattice in 3-Ga,Oa. Phys. Rev. Mater. 8,
084601 (2024).

Azarov, A. et al. Self-assembling of multilayered polymorphs with
ion beams. Nano Lett. 25, 1637-1643 (2025).

Titov, A. I. et al. Comparative study of radiation tolerance of GaN
and Ga,O3 polymorphs. Vacuum 200, 111005 (2022).

Azarov, A., Park, J.-H., Jeon, D.-W. & Kuznetsov, A. High mobility of
intrinsic defects in a-Ga,03. Appl. Phys. Lett. 122, 182104 (2023).
Tetelbaum, D. et al. lon-beam modification of metastable gallium
oxide polymorphs. Mater. Lett. 302, 130346 (2021).

Kucheyev, S. O., Williams, J. S., Jagadish, C., Zou, J. & Li, G. Damage
buildup in GaN under ion bombardment. Phys. Rev. B 62, 7510
(2000).

Lorenz, K. et al. “Implantation damage formation in a-, c- and
m-plane GaN". Acta Mater. 123, 177-187 (2017).

Fujita, S., Oda, M., Kaneko, K. & Hitora, T. Evolution of corundum-
structured lll-oxide semiconductors: Growth, properties, and devi-
ces. Jon. J. Appl. Phys. 55, 1202A3 (2016).

Galeckas, A. et al. Optical library of Ga,O3 polymorphs. Preprint at
https://doi.org/10.48550/arXiv.2412.13987 (2024).

Wu, C. et al. Vertical a/B-Ga,O3 phase junction nanorods array with
graphenesilver nanowire hybrid conductive electrode for high-
performance self-powered solar-blind photodetectors. Mat. Today
Phys. 12, 100193 (2020).

Ziegler, J. F., Ziegler, M. D. & Biersack, J. P. SRIM—the stopping and
range of ions in matter (2010)”, Nucl. Instrum. Methods Phys. Res.
Sect. B 268, 1818 (2010).

Nikulina, O., Yatsenko, D., Bulavchenko, O., Zenkovets, G. & Tsy-
bulya, Sergey Debye function analysis of nanocrystalline gallium
oxide y-Ga,Qgs. Z. Kristallogr. 231, 261-266 (2016).

Zhao, J. et al. “Complex Ga,O3 polymorphs explored by accurate
and general-purpose machine-learning interatomic potentials”. Npj
Comput. Mater. 9, 159 (2023).

Son, H. & Jeon, D.-W. Optimization of the growth temperature of a-
Ga, O3 epilayers grown by halide vapor phase epitaxy. J. Alloy.
Compd. 773, 631 (2019).

Titov, A. ., Azarov, A. Y., Nikulina, L. M. & Kucheyey, S. O.
Damage buildup and the molecular effect in Si bombarded with
PF, cluster ions. Nucl. Instrum. Methods Phys. Res. Sect. B 256,
207 (2007).

Tuttle, B. R., Karom, N. J., O'Hara, A., Schrimpf, R. D. & Pantelides, S.
T. Atomic-displacement threshold energies and defect generation
in irradiated (3-Ga,Oa: A first-principles investigation. J. Appl. Phys.
133, 015703 (2023).

Momma, K. & Izumi, F. VESTA 3 for three-dimensional visualization
of crystal, volumetric and morphology data. J. Appl. Crystallogr. 44,
1272-1276 (20M).

Thompson, A. P. et al. LAMMPS - a flexible simulation tool for
particle-based materials modeling at the atomic, meso, and con-
tinuum scales. Comput. Phys. Commun. 271, 108171 (2022).
Hoover, W. G. Canonical dynamics: Equilibrium phase-space dis-
tributions. Phys. Rev. A 31, 1695 (1985).

Larsen, P. M., Schmidt, S. & Schigtz, J. “Robust structural identifi-
cation via polyhedral template matching”. Modell. Simul. Mater. Sci.
Eng. 24, 055007 (2016).

Stukowski, A. Visualization and analysis of atomistic simulation data
with OVITO - the open visualization tool. Modell. Simul. Mater. Sci.
Eng. 18, 015012 (2010).

Nordlund, K. Molecular dynamics simulation of ion ranges in the
1-100 keV energy range. Comput. Mater. Sci. 3, 448 (1995).

40. Nordlund, K. et al. Defect production in collision cascades in ele-
mental semiconductors and fcc metals. Phys. Rev. B 57, 7556 (1998).

41. Dunweg, B. & Paul, W. Brownian dynamics simulations without
gaussian random numbers. Int. J. Mod. Phys. C 02, 817 (1991).

Acknowledgements

M-ERA.NET Program is acknowledged for financial support via the GOFIB
project (administrated by the Research Council of Norway project
number 337627 in Norway and the Academy of Finland project number
352518 in Finland). Additional support was received from the DIOGO
project funded by the Research Council of Norway in the frame of the
FRIPRO Program project number 351033. The experimental infra-
structures were provided at the Norwegian Micro- and Nano-Fabrication
Facility, NorFab, supported by the Research Council of Norway project
number 295864, at the Norwegian Center for Transmission Electron
Microscopy, NORTEM, supported by the Research Council of Norway
project number 197405. J.Z. acknowledges the National Natural Science
Foundation of China under Grant 62304097, Guangdong Basic and
Applied Basic Research Foundation under Grant 2023A1515012048;
Shenzhen Fundamental Research Program under Grants
JCYJ20230807093609019 and JCYJ20240813094508011. Computing
resources were provided by the Finnish IT Center for Science (CSC) and
by the Center for Computational Science and Engineering at the
Southern University of Science and Technology. The paper was also
supported by the “Strategic R&D program” funded by the Korea Institute
of Ceramic Engineering and Technology (KICET), Republic of Korea, in
2024 (KPP23004-0-02) The international collaboration was also ferti-
lized via INTPART Program at the Research Council of Norway project
number 322382 as well as UTFORSK Program at the Norwegian Direc-
torate for Higher Education and Skills project number UTF-2021/10210.

Author contributions

A.K. and A.A. conceived the research strategy and designed the meth-
odological complementarities. J.H.P. and D.W.J. contributed to the
crystal growth and provided the samples. A.A. and J.G.F. carried out
experiments and provided initial drafts for the description of the
experimental data. R.H. and J.Z. performed molecular dynamics simu-
lations. F.D., R.H., and J.Z. developed the theoretical models and com-
posed the theoretical part of the manuscript. A.K. and A.A. finalized the
manuscript with the input from all the co-authors. All co-authors dis-
cussed the results as well as reviewed and approved the manuscript.
AK., @.P., J.Z., and F.D. administrated their parts of the project and
contributed to the funding acquisition. A.K. coordinated the work of the
partners.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-58516-9.

Correspondence and requests for materials should be addressed to
Alexander Azarov, Junlei Zhao or Andrej Kuznetsov.

Peer review information Nature Communications thanks Yin Shiand the
other anonymous reviewer(s) for their contribution to the peer review of
this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Nature Communications | (2025)16:3245


https://doi.org/10.48550/arXiv.2412.13987
https://doi.org/10.1038/s41467-025-58516-9
http://www.nature.com/reprints
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58516-9

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Nature Communications | (2025)16:3245


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Phase glides and self-organization of atomically abrupt interfaces out of stochastic disorder in α-Ga2O3
	Results and discussion
	Methods
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




