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Crystallization Instead of Amorphization in Collision Cascades in Gallium Oxide
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Disordering of solids often leads to amorphization, but polymorph transitions, facilitated by favorable
atomic rearrangements, may temporarily help to maintain long-range periodicity in the solid state. In far-
from-equilibrium situations, such as atomic collision cascades, these rearrangements may not necessarily
follow a thermodynamically gainful path, but may be kinetically limited. In this Letter, we focus on such
crystallization instead of amorphization in collision cascades in gallium oxide (Ga,03). We determine the
disorder threshold for irreversible f — y polymorph transition and explained why it results in elevating
energy to that of the y polymorph, which exhibits the highest polymorph energy in the system below the
amorphous state. Specifically, we demonstrate that upon reaching the disorder transition threshold, the Ga
sublattice kinetically favors transitioning to the y-like configuration, requiring significantly less migration
for Ga atoms to reach the lattice sites during postcascade processes. As such, our data provide a consistent
explanation of this remarkable phenomenon and can serve as a toolbox for predictive multipolymorph

fabrication.
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Although amorphization in cascades is common in many
materials, a few reports in literature confirm radiation-
induced polymorph transitions [1,2]. Nevertheless, until
recently, interest in such crystallization instead of amorph-
ization phenomenon was primarily maintained within the
specialized radiation effect research community, despite
great options for tuning functional properties, however in
reality limited by challenges to demonstrate the well-
defined structures commonly required in technology.
This was the status quo until Azarov et al. [3] demonstrated
a regularly shaped new polymorph thin film on the top of
the initial polymorph substrate, as a result of the radiation-
induced disordering in gallium oxide (Ga,0;). This work
attracted significant attention of a broader research com-
munity, inspired by this novel opportunity to design new
functionalities out of Ga, O3 polymorph stacks, potentially
useful in a range of Ga,0; technologies from power
electronics [4,5] to solar-blind ultraviolet optoelectronics
[6,7]. In the majority of Ga,O; polymorph transition
studies thus far, monoclinic f — Ga,05 (12, C2/m) was
used as the initial material, being selected as the thermo-
dynamically stable form of Ga,0;. Additionally, four
metastable Ga, O3 polymorphs (sorted as f <k < a < 0 <
y with respect to the ascending order of the zero-strain
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potential energies) have been reported in the literature
[8-13]. The amorphous Ga,O; phase was proven to be
synthesized via several methods [14,15], whereas its
amorphization under irradiation is suppressed by phase
transitions in cascades.

Initial reports [2,3] identified the disorder-induced poly-
morph as the orthorhombic x-Ga,05 (33, Pna2,) account-
ing for its second lowest energy also supported by the
electron microscopy identification but at that time per-
formed along one zone-axis only. Later works [16-20]
unambiguously identified the newly formed polymorph as
cubic defective spinel y-Ga,O; (227, Fd3m) based on
multiple zone-axis microscopy investigations. Thus,
although there is a consensus in the literature that the
disorder-induced f# — y phase transition in Ga,O5; occurs
instead of amorphization, no clear explanation exists for
why the transition lifts the system energy to that of the
highest among Ga,O; polymorphs, suggesting a kinetically
limited process. Moreover, despite the considerable data
already collected on radiation-induced polymorphism in
Ga,05, the disorder thresholds enabling the transition
remain imprecisely determined, hindering predictive mod-
eling for potential applications. Here, we show that the f —
y phase transition occurs remarkably swiftly, governed by a
sharp disorder threshold. By leveraging machine-learning
molecular dynamics [21], we pinpoint this narrow thresh-
old range of disorder that triggers the irreversible f — y
phase transition during postcascade evolution.
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Swift # — yGa,O5 phase transition controlled by a disorder threshold. Bright-field STEM images showing fully implanted

regions of the § samples irradiated with (a) 1.2 x 10, (b) 1.6 x 10", (c) 2.0 x 10, and (d) 1.0 x 10" 400 keV **Nitcm™2
corresponding to 0.50, 0.65, 0.85, and 4.15 displacements per atom (dpa) at the depth of the maximum disorder. The cyan curves show
the corresponding damage levels in dpa unit, derived from SRIM simulations. The dashed lines in (b)—(d) mark the positions of the
established top f#/y and bottom y/f interfaces The colored boxes highlight the exact positions of the corresponding atomic-resolution
STEM images in (h)—(1). (e)~(g) The SAED patterns of the y phase collected along the [110], [111], [112] zone axes, respectively.
(h)—(1) Atomic-resolution STEM images obtained from the samples in (b)—(d), linked by the box colors. (h),(j),(m) Focus on the

p regions, while (i), (k), and (1) focus on the y regions.

Figure 1 summarizes scanning transmission electron
microscopy (STEM) data used to monitor the onset of
the disorder-induced 8 — y phase transition and to deter-
mine the required disorder threshold for this transition
[Supplemental Material (SM) [22], Appendix I for exper-
imental details]. Specifically, Figs. 1(a)-1(d) show STEM
images of samples implanted with four different fluences of
400 keV>8Ni* ions. Figures 1(e)-1(g) show selected-area
electron diffraction (SAED) patterns of the y phase col-
lected along the three different zone axes. Concurrently,
Figs. 1(h)-1(l1) show atomic-resolution images recorded
from different parts of the samples in accordance with the
frame color codes. Visually different orientations and scales
of the Ga planes in Figs. 1(h), 1(j), and 1(m) attribute sorely
to variations in observation angles and magnifications,
otherwise verifying the same atomistic structure of the f
phase. Atomic-resolution images in Figs. 1(i), 1(k), and 1(I)
are taken from inside the disordered layer of the samples in
Figs. 1(b)-1(d), respectively, clearly resolving y-Ga planes.

Figure 1 provides clear evidence that the f — y phase
transition is a function of disorder, consistent with the
dpa depth profiles. A careful inspection of the sample in
Fig. 1(a), exposed to 0.50 dpa in maximum, reveals only
the f-phase features throughout the irradiated sample. In
contrast, with a slight increase in fluence, reaching 0.65 dpa
in maximum, we detect the onset of the # — y phase
transition, featured by the formation of the -y mixed layer
[Fig. 1(1)] sandwiched between the remaining £ film
[Fig. 1(b)]. The -y mixed layer consists of approximately
50-50 proportion [Fig. 1(i)]. Increasing disorder toward
0.85 dpa in maximum leads to the broadening of the mixed

layer [Fig. 1(c)] and an increase of the y-phase fraction in
this layer to < 90% [Fig. 1(k)]. A further increase in dpa
results in the formation of the homogeneous y layer on top
of the p-phase substrate [Figs. 1(d), 1(m), and 1(1)],
consistent with the literature [16,18]. Additionally, local
stoichiometry is preserved with the maximum incorporated
Ni concentration of ~5 x 10! cm™ for the highest ion
dose [18].

Therefore, a 0.65-0.85 dpa level is sufficient to first
overcome the nucleation barrier and then stabilize the y
phase at the specific temperature and dose rate used in this
experiment (under conditions of the survival rate of primary
damage interconnected with dpa; see Ref. [50]). The
importance of postcascade defect reactions becomes ap-
parent when comparing the dpa values at the top f/y and
bottom y/f interfaces for the samples in Figs. 1(b) and 1(c).
A higher dpa value at the top f/y interface indicates that
the disorder required for the phase transition depends on the
proximity of the sample surface that acts as a sink for the
radiation-induced defects, correlating between the advance-
ments of the top f#/y and bottom y/f interfaces and the dpa
values. In the sample with the highest fluence [Fig. 1(d)],
the dpa value at the bottom y/f interface is significantly
higher than that at the same y/f interfaces in the samples
irradiated with lower fluences [Figs. 1(b) and 1(c)], con-
firming a nonlinearity in the defect survival rate as a
function of cascade density [51]. Nevertheless, the overall
trend is clear: the nucleation of the y phase starts upon
reaching a disorder threshold in the maximum of the
nuclear energy deposition region, corresponding to the
depth where the dpa value is maximal, leading to its
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expansion toward the surface and into the bulk with
increasing fluence.

In Fig. 2, machine-learning molecular dynamics simu-
lations reveal the atomic-level mechanism of the swift
f — y phase transition in the experimental dpa range.
Commencing with the pristine -Ga,0O5 lattice (see SM,
Appendix II, for computational details), stochastic over-
lapping cascades initially generate primary damage as
discrete point defect clusters [Fig. 2(a)]. These defect
clusters subsequently merge into a continuous disordered
matrix [Fig. 2(b)]. This evolution is clearly traceable
through changes in the f-lattice pattern viewed from the
B[010] orientation, which gradually disappears with the
increasing number of primary knock-on atoms (PKAs). A
distinct difference is observed between the f + 400-PKA
and f + 600-PKA cells [Figs. 2(a) and 2(b)] when the
accumulated disorder completely fills the cell.

Evolution of potential energy, AE,,, is compared across
two independent simulations starting with - and y-Ga, 03
cells [Fig. 2(c)] (SM, Appendixes III and IV, Figs. S3 and
S4). Initially, the AE,, of y phase is ~0.031 eV/atom higher
than that of the § phase. The fast increasing trend in the /-
phase curve during the early stages of the overlapping
cascades (0-200 PKAs) signifies discrete primary damage
accumulation. However, this trend slows down as newly
generated defect clusters merge with the previously gen-
erated ones, leading to damage saturation. A similar trend is
observed in the y-phase curve, albeit with a significantly
smaller gradient comparing to that for § phase. This is
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FIG.2. Structural evolution of f-Ga, 05 exposed to overlapping
cascades classified as (a) below the reversible damage threshold,
and (b) above the irreversible transition damage threshold. The
O and Ga atoms are in red and brown, respectively. (c) AE,
versus PKAs relative to the perfect # phase’s potential energy as a
zero point. The dashed line is drawn at 550 PKAs, discussed later
in Fig. 3. See SM, Appendix VI, for the shared data of the
detailed molecular dynamics cells [22].

consistent with the high radiation tolerance of the defective
spinel structure of the y phase, which is insensitive to the
formation of new point defects in collision cascades [18].
The two curves intersect after 350 PKAs, prominently
correlating with the similarity analysis of the partial
radial distribution functions (PRDFs) (SM, Appendix IV,
Fig. S5). After the crossing point, the f-phase AE,, is higher
than the y-phase one, indicating that the consequent cascades
disorder the 8 phase more intensively than the y phase. At the
highest disorder level (800 PKAs), both cells still exhibit
significant energy differences (0.03-0.04 eV /atom) com-
paring to that of the amorphous Ga,O; [marked as green
zone in Fig. 2(c)]. Thus, for both phases, this disordering
effect does not cause transition to amorphization, otherwise
commonly observed in semiconductors under ion-beam
irradiation [52,53]. The analyses of the PRDFs and bond-
angle distributions confirm that the $-O sublattice retains
its face-centered cubic lattice after 800 PKAs (SM,
Appendix IV, Figs. S5 and S6).

Furthermore, we investigate the structural evolution in
the p-phase cells due to the recovery of the damage
accumulated at different dpa levels. Annealing simulations
at 1500 K and 0 bar are summarized in Fig. 3. Figure 3(a)
illustrates seven distinct configurations after the annealing,
as viewed from ]001] orientation. In Fig. 3(b), we display
the corresponding final AE, with respect to a zero-point
corresponding to the pristine f phase, and the brown line
indicating the pristine y phase under the same annealing
conditions (SM, Appendix IV, Fig. S9). The PRDFs of the
second Ga-Ga shell are used for a similarity analysis. In
Fig. 3(c), the Pearson correlation coefficients (Pr) are
calculated with respect to the pristine f-Ga (purple line)
and y-Ga (brown lines) PRDFs as a function of PKAs.

Combining the analyses of the lattice configurations, the
final AE,, and Pr data, the postannealing states exhibit a
sharp change starting in the range of 450-500 PKAs.
Consequently, in accordance with the analysis in Fig. 2, the
initial damage level of 0.25-0.3 dpa is interpreted as the
critical disorder threshold. Thus, the simulated dpa level
required for the irreversible  — y transition aligns remark-
ably well with the experimental and SRIM data in Fig. 1.
The mechanism of the irradiation-induced f§ — y transition
is illustrated in Fig. 3(d). The irradiation-induced disorder
primarily introduces Ga defect clusters that reorder during
postcascade periods. At low-dpa levels, these Ga defect
clusters are sparsely embedded in the $ phase and can
swiftly recover due to the rapid migration of Ga atoms
[54-58] and the recombination of Frenkel pairs [59].
Conversely, the critical damage level is reached when
the accumulated Ga defect clusters completely replace
the original §§ phase. The system with high potential energy
becomes rather unstable and can only exist transiently.
Instead of reverting to the monoclinic f lattice, the Ga
sublattice kinetically favors transitioning to the metastable
cubic y lattice, requiring significantly less migration of Ga
atoms to reach the lattice sites.
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FIG. 3. (a) Postannealing states starting from different f+ PKA states. The  + 500 PKA cell results in recovery of a fraction of the
phase (dashed circle). (b) Final AE,, and (c) Pr values versus PKAs. The irreversible transition damage threshold is pinpointed at 550
PKAs, ~0.275 dpa. See SM, Appendix IV, Figs. S7-S9 for additional analyses. (d) Schematics of the # — y phase transition mechanism

in collision cascades.

Figures 1-3 elucidate the f — y phase transition in
stochastic dynamical systems. However, it is instructive
to isolate two otherwise coupled processes, internal atom
migration and external stress release, to present the kineti-
cally minimized atomic migration pathways in the Ga
sublattice. An 80-atom orthogonal supercell is used as the
smallest cell to illustrate the overall symmetry transition of
the initial monoclinic #-Ga [Fig. 4(a)]. Short-range migra-
tions involving precisely half of the total Ga atoms (16 out
of 32) complete the internal atomic transition. These Ga
atoms are highlighted in Fig. 4(a) and indexed based on the
migration sequences in Fig. 4(d), resulting in a minimal
effective dpa of 0.20 (16 displaced atoms out of 80),
aligning excellently with the critical dpa level (0.25-0.30)
in Fig. 3(d). In total, 12 tetrahedral Ga (Gat) and four
octahedral Ga (Gag) atom displacements yield eight new
Gar and eight Gag. The Gar-Gag ratio changes from 1:1
to 3:5, with four unoccupied Gagy sites completing a
defect-free spinel Ga;O, lattice. The intermediate y’ phase
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[Fig. 4(b)] displays the typical hexagonal projected pattern
of the y-Ga sublattice viewed from the y[011] and y[011]
directions (SM, Appendix V, Fig. S10, and Video S1).
Nevertheless, the y’ phase retains the f-phase cell side
length, leading to a nonuniform external stress (and strain)
accumulating in the system. Thus, the phase transition is
further finalized via cell relaxation, associated with mar-
ginal internal atom rearrangement at local sites [Fig. 4(c)].
This scenario is supported by the experimental observation
of the strain release accompanying with the f — y phase
transition measured by SAED [3,16,18].

In a real material system, internal atom migration and
external stress release are naturally combined during phase
transition. Therefore, the energy evolution of the fixed (F)
and unfixed (U) cells is calculated using density functional
theory and the two machine-learning interatomic potentials
(SM, Appendix II) to map the potential energy landscape
[Fig. 4(d)]. The overall trends predicted by all three models
are comparable, with the highest energy increase reaching

59465A(3s4/)

(d) ~ 5,867 { = DFT-F —* 50apGAP-F = tabGAPF
£ -0~ DFT-U - s0apGAP-U - tabGAP-U
= 589 GaroGar g
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FIG. 4.

(a) An initial p-phase supercell with Gat, Gag, and O colored in light blue, dark blue, and red, respectively. The 16 migrating

Ga atoms are highlighted with the indices of migration sequence from 1 to 7, corresponding to the indices in (d). The green arrows are
the displacement vectors. (b) The y’ phase after Ga atom migration. (c¢) The final y phase after external stress release. (d) The potential
energy landscape of the pathways, probed using density-functional theory, soapGAP, and tabGAP, from f to y'/y phases with six
intermediate states (IS1-1S6). The systems are optimized with both fixed (F) and unfixed (U) cell side lengths.
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~0.12 eV/atom above the energy of the f phase. The
overall transition pathways can be divided into seven
migration sequences with six intermediate states [IS1-IS6
in Fig. 4(d)]. Each migration sequence involves two or three
Ga atom displacements, and significant stress release is only
observed after a majority of the Ga have been displaced
[from IS4 to y’/y in Fig. 4(d)]. The fact that the disorder
threshold required for f — y phase transition is consistently
close to 0.2 dpa is not a coincidence, but is a natural
consequence of the transition pathways allowing the min-
imal kinetics with the lowest disorder threshold. While
comparing with experiment, the defect recombination and
repetitive atom displacement can be the factors requiring
disorders larger than 0.2 dpa for making the f — y phase
transition sustainable.

In this Letter, we show that amorphization is suppressed
by the polymorphic # — y phase transition. We accurately
determine the critical disorder level that triggers the
transition from disorder state to y phase. Below this
threshold, the high-energy y-Ga,O; forms only transiently.
However, upon reaching the threshold, instead of reverting
to the f phase, the Ga sublattice kinetically favors tran-
sitioning to the y phase, requiring significantly less migra-
tion for Ga atoms to reach the y-lattice sites during the
postcascade processes. Moreover, we describe full atomic-
level migration pathways of § — y phase transition involv-
ing only short-distance f-Ga displacements together with
external stress release. Notably, this approach can be
generalized and used for studying lattice phase transitions
of other oxide systems.
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