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Ga2O3 has been found to exhibit excellent radiation hardness properties, making it an ideal can-
didate for use in a variety of applications that involve exposure to ionizing radiation, such as in
space exploration, nuclear power generation, and medical imaging. Understanding the behaviour
of Ga2O3 under irradiation is therefore crucial for optimizing its performance in these applications
and ensuring their safe and efficient operation. There are five commonly identified polymorphs of
Ga2O3, namely, β, α, γ, δ and ε structures, among these phases, β-Ga2O3 is the most stable crystal
structure and has attracted majority of the recent attention.

In this thesis, we used molecular dynamics simulations with the newly developed machine learned
Gaussian approximation potentials to investigate the radiation damage in β-Ga2O3. We inspected
the gradual structural change in the β-Ga2O3 lattice with increasing doses of Frenkel pair implan-
tations. The results revealed that O-Frenkel pairs have a strong tendency to recombine and return
to their original sublattice sites. When Ga- and O-Frenkel pairs are implanted to the same cell, the
crystal structure was damaged and converted to an amorphous phase at low doses. However, the
accumulation of pure Ga-Frenkel pairs in the simulation cells might induce a transition of β to γ-Ga,
while the O sublattice remains in the FCC crystal structure, which theoretically demonstrated the
recent experimental finding that β- Ga2O3 transfers to the γ phase following ion implantation.

To gain a better understanding of the natural behaviour of β-Ga2O3 under irradiation, we utilized
collision cascade simulations. The results revealed that the O sublattice in the β-Ga2O3 lattice is
robust and less susceptible to damage, despite O atoms having higher mobility. The collision and
recrystallization process resulted in a greater accumulation of Ga defects than O defects, regardless
of primary knock-on atom type. These simulations further revealed that it is difficult for displaced
Ga ions to return to the β-Ga lattice, while the FCC stacking of the O sublattice has very strong
tendency to recover.

Our theoretical models on the radiation damage of β-Ga2O3 provide insight into the mechanisms
underlying defect generation and recovery during experimental ion implantation, which has signifi-
cant implications for improving the radiation tolerance of Ga2O3, as well as optimizing its electronic
and optical properties.
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1. Introduction

The development of wide bandgap semiconductors is of great importance in modern
technology as they offer many advantages over traditional silicon-based semiconductors.
Wide bandgap materials have a larger energy gap between the valence and conduction
bands, which allows them to operate at higher temperatures, higher frequencies, and
with greater efficiency than traditional materials. One such wide bandgap semicon-
ductor that has recently gained attention is Gallium Oxide (Ga2O3). The development
of Ga2O3-based devices could revolutionize power electronics, enabling higher power
densities and reducing the size and weight of power conversion systems. Meanwhile,
Ga2O3 has been found to exhibit excellent radiation hardness properties, making it an
ideal candidate for use in a variety of applications that involve exposure to ionizing
radiation, such as in space exploration, nuclear power generation, and medical imaging.
Understanding the behavior of Ga2O3 under irradiation is therefore crucial for optimiz-
ing its performance in these applications and ensuring their safe and efficient operation.
Besides, studying the irradiation effects also provide insights into fundamental aspects
of materials science, such as defect formation and diffusion mechanisms, as well as the
relationship between atomic structure and material properties.

Molecular dynamics (MD) simulations provide a powerful tool for gaining a deeper
understanding of the physical mechanisms that dictate the behavior of materials sub-
jected to radiation damage. By simulating irradiation damage at the atomic scale,
researchers obtain critical insights into the behavior of materials under conditions that
may be challenging or impossible to replicate experimentally.

The aim of the thesis is to investigate the structural stability of β-Ga2O3 under
irradiation using MD simulations equipped with recently developed machine-learning
potential [1]. The thesis is organized into six chapters. Chapter 1 introduces the
motivation of the research. In Chapter 2 and 3, we describe the structural properties
of Ga2O3 and its outstanding potential for industrial applications, basic concepts of
primary radiation damage and basic principles of MD simulations. In Chapter 4,
we describe the Frenkel pairs simulations to investigate the impacts of Frenkel pair
defects on the structural stability of β-Ga2O3. To better understand the formation
and migration of defects caused by radiation, in Chapter 5 we use collision cascade
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2 Chapter 1. Introduction

simulations to analysis the radiation damage progress. In chapter 6, we summarize
our results on the different radiation tolerance of Ga and O sublattices, and provide
perspective of future work. The specific details related to the simulations presented in
Chapter 4-6 are given in the first sections of the corresponding chapters.



2. Ga2O3 Material

2.1 Property and Crystal Structure

Wide-bandgap (WBG) semiconductors (bandgap > 3 eV) are extensively utilized in
power electronic devices owing to their ability to reduce energy loss. So far, Silicon (Si)
has been the primary material used in high-power device applications. Nonetheless,
Silicon Carbide (SiC) and Gallium Nitride (GaN) have made remarkable progress in
emerging domains like power controls, autonomous vehicle sensors, and multilevel con-
verters. The development of next-generation electronics and photonics devices requires
the use of semiconductors with ultra-wide bandgaps (UWBG), which are much wider
than those of established materials. Fig. 2.1 shows the critical properties of usually
reported WBG semiconductors materials. Ga2O3 is a better candidate for high voltage
applications because of its large bandgap and lower cost. There are five commonly
identified polymorphs of Ga2O3, namely, the monoclinic (β), rhombohedral (α), de-
fective spinel (γ), cubic (δ), or orthorhombic (ε) structures, Table 2.1 illustrates their
properties. Among these different phases of Ga2O3, the monoclinic (β-Ga2O3)phase
structure is the most stable crystal structure and has attracted most of the recent at-
tention. It has a wide band of about 4.8 eV with a high breakdown field of 8 MV/cm,
exceeding traditional wide band materials such as SiC (3.3 eV) and GaN (3.4 eV) with a
high predicted Baliga’s merit value (BFOM) about 3444. BFOM is a crucial metric for
assessing semiconductor materials that can be used in power devices [2][3]. Moreover,
β-Ga2O3’s high electron mobility and high transparency in the UV-visible range make
it attractive for optoelectronics applications such as UV photodetectors and solar-blind
photodetectors. This thesis is mainly focused on the research about β-Ga2O3, wishing
to contribute for its further applications.

The monoclinic crystal structure of β-Ga2O3 is shown in Fig. 2.2, denoted as
C2/m. The angle between a and c axes is 104◦, and a ⊥ c, b ⊥ c[18]. As listed in
the Table 2.1 the lattice parameters area = 12.12 ∼ 12.34 Å, b = 3.03 ∼ 3.04 Å, and
c = 5.80 ∼ 5.87 Å. One unit cell contains four Ga2O3 polyhedrons, with two crystal-
lographically different Ga (Ga1,Ga2) atoms and three distinct sites of O (O1,O2,O3)
atoms. Ga1 atoms are bonded to four neighboring O atoms in a tetrahedral arrange-
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4 Chapter 2. Ga2O3 Material

Figure 2.1: The pentagon diagram showing the critical material properties important to power
semiconductor devices. A larger pentagon is preferred. The figure are taken from Refs.[4][5]

Table 2.1: Polymorph Properties of Ga2O3

Polymorph Structure Space Group Bandgap Energy (eV) Reference
α Rhombohedral R-3c 5.2-5.3 [6][7][8]
β Monoclinic C2/m 4.4-4.9 [6][9]
γ Defective spinel, cubic Fd-3m 4.5-5.0 [7][10][11][12]
δ Body-Centered Cube Ia3 Not available [13][14]
ε Orthorhombic Pna2_1 4.6-4.91 [10][15][16][17]

ment. Ga2 atoms are in an octahedral environment and bind to six neighboring O
atoms. O1 and O2 have threefold coordination, while O3 has fourfold coordination.
The average distances between ions are listed as follows: Ga-O in a tetrahedral ar-
rangement at 1.83 Å, Ga-O in an octahedral arrangement at 2.00 Å, O-O at the edge
of a tetrahedron at 3.02 Å, and O-O at the edge of an octahedron at 2.84 Å[18][19].

2.2 Radiation-Induced Defects

Defects generated during the growth of materials or induced due to external exposure
such as irradiation, ion implantation in semiconductors play a crucial role and sig-
nificantly affect the material properties and device characteristics[20]. According to
research, Si, Ge, and Sn on the Ga site, as well as F and Cl on the O site, have the
potential to act as shallow donors, contributing to the intrinsic n-type conductivity of
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Figure 2.2: Crystal structure of β-Ga2O3

β-Ga2O3[21][22][23]. Furthermore, Ga vacancies play a compensatory role in this con-
ductivity. Additionally, studies have shown that both O vacancies and Ga vacancies
can cause Fermi-level pinning and adjust the work function of β-Ga2O3 in conditions
of both O deficiency and O abundance[24][25].

The strong bonding in WBG materials makes them highly resistant to radiation.
Ga2O3 has potential applications for photoconductors and electronics to be used in low
earth orbit satellites or radiation-hard nuclear systems, which means devices could be
subject to intensive fluxes of high energy protons, alpha particles and electrons, neu-
trons or gamma rays. At high incident energies, collisions between incoming particles
and lattice atoms can lead to the creation of primary recoils with extremely high en-
ergies. These recoils can generate a cascade of collisions, resulting in the formation of
heavily disordered regions or domains within the core [26][27][28][29]. When an ener-
getic particle such as a neutron or proton collides with the nucleus of a lattice atom, it
can displace the primary knock on atom from the from the lattice site. Fig. 2.3 shows
atomic displacement damage in crystalline solid before and after exposure to radiation
particles. The impact of an incoming ion on a lattice atom results in the displacement
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of the atom from its original position, leading to the creation of vacancies, interstitials,
and complexes of both in Ga2O3 .

Different forms of radiation produces different types of crystal lattice dam-
age on the crystalline materials, which could critically influence properties of the
device[30][31]. There are already multiple studies of the irradiation effects in Ga2O3

using alpha particles, neutrons, electrons, protons, swift heavy ion and gamma radia-
tion with varying energies [32][33][34][35]. In addition, primary defects may recombine,
and form complexes with each other. This may be more complicated in the case of
β-Ga2O3 with the five different atomic sites atoms[36]. There is a larger number of
possible defect complexes that could form in it upon irradiation. In order to ensure
successful application, it is crucial to understand the mechanisms underlying the for-
mation of radiation defects. This understanding can pave the way for future research
aimed at controlling the defects.

Figure 2.3: Schematic of atomic displacement damage in crystalline solid before and after exposure
to radiation particles

2.3 Phase Transformation under ion irradiation

At room temperature and atmospheric pressure in air, the β-Ga2O3 is the thermody-
namically stable polymorph, while other metastable polymorphs also possess favorable
properties and can be stabilized using various methods. These methods include soft
chemical synthesis techniques, high temperature and high pressure solid state synthesis,
strain engineering in thin films, and ion implantation[37][38][39][40].

Among the aforementioned methods, ion implantation, which is irradiation of a
material with energetic ions is a widely applied effective method to modify properties
of materials, particularly in selective doping during the processing of electronic devices.
Naturally, the energetic impacts inevitably create defects in the irradiated semiconduc-
tors by displacing the atoms from their equilibrium positions. Long irradiation with
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Figure 2.4: High radiation tolerance of the double γ-Ga2O3/β-Ga2O3 polymorph structures. (a)
The Rutherford backscattering spectrometry in channeling mode (RBS/C) spectra of β-Ga2O3 sam-
ples implanted with 400 keV 58Ni+ ions to the different doses as indicated in the legend. (b) low
magnification high-angle annular dark field -the scanning transmission electron microscopy (HAADF
-STEM) image of the 1 × 1017 Ni/cm2 sample showing full implanted region, (c) high resolution
annular dark field - transmission electron microscopy (ADF-TEM) and corresponding FFTs of the
areas with (blue) and without (red) Ni precipitates. γ-Ga2O3 planes are indicated in yellow, metallic
Ni in green and double diffraction spots are indicated with a pink arrow; (d) relative disorder as a
function of DPA for easily amorphizable and radiation tolerant semiconductors for Au implants at
room temperature, as well as for Ga2O3. The figure is taken from Refs.[41].

energetic ions results in defect accumulation, which triggers local amorphization by
creating localized regions of disordered structure and eventually, at high fluences (i.e.
at sufficiently high number of ions per unit area), these lead to full amorphization of
the irradiated material [42][43]. Sometimes, the formation of secondary phases is more
gradual and is characterized by apperance of nanoscale inclusions[44][45]. Fig. 2.4d [41]
evolution of structural disorder in typical semiconductors with dose. In the graph, the
latter is another measure of irradiation in terms of so-called displacements-per-atom
(DPA). This unit is used as a universal measure of irradiation which does not depend
on energy or type of irradiating ions. On the left side of this graph we see disorder
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evolution in common semiconductor materials, such as Si, SiC and InP, which are also
known as easily-amorphizable. In some cases, however, the materials show high resis-
tance to irradiation, remaining crystalline up to very high fluences. These materials
are known as radiation-resistant and are considered for applications in particularly
demanding environments. Particularly promising behavior is exhibited by AlN and
GaN, which can be irradiated to fairly high doses before they turn fully amorphous.
The mechanisms of such high radiation resistance are not fully understood yet, this is
why, a thorough comprehension of the mechanisms behind defect formation and defect
evolution due to ion irradiation is critical for advancement of modern electronic devices
and the expansion of their capabilities.

A surprisingly high resistance of Ga2O3 to ion irradiation has been recently re-
ported by Azarov et al.[41]. The authors saw that during irradiation of β-Ga2O3 by
Germanium (Ge), Nickel (Ni), Gallium (Ga), or Gold (Au) ions to high fluences a new
crystalline phase emerged instead of full amorphization as it would have been expected,
if one follows the behavior of disorder evolution in this material shown by the red half-
filled circles in Fig. 2.4d. At first, the authors saw the signature of high resistance of
Ga2O3 while analyzing the Rutherford Backscattering Spectra in Channeling regime
(RBS/C) from the irradiated β-Ga2O3 samples at different fluences. They noticed the
significant difference between the spectra from an amorphous (random) and the dam-
aged but still crystalline structures (compare blue thin and thick curves) at the same
fluence of 1017 cm−2, which is too high for a material to remain crystalline. The TEM
analysis of the sample irradiated with Ni ions to this high fluence revealed high qual-
ity crystalline phase, which was different from crystalline Ni precipitates also formed
during irradiation (see Fig. 2.4(b-c)).

The new phase was initially identified as a κ-Ga2O3 phase, based on the analysis
of electron diffraction (SAED) patterns of selected areas in TEM. Later on, García-
Fernández et al.[46] and Azarov et al.[41] revisited the experiment and alternatively
identified the new phase as γ-Ga2O3 (see also Fig. 2.4a). The difference between two
phases in greater detail is seen from the figure in Ref. [46] Fig. 2.5 shows the TEM
image of the interface between the (201) oriented β-Ga2O3 and the transformed layer in
the sample implanted with Silicon (Si). In conclusion, these experiments [41] show that
initially β-Ga2O3 becomes disordered very similarly to other semiconductor materials,
but at a certain dose of irradiation, the transformation to a new crystalline phase
occur, which is highly tolerant to the much higher doses which none of the known
materials were able to tolerate (see Fig. 2.4). This observation poses challenging
question of mechanisms of such exceptional tolerance of Ga2O3. On the other hand,
it is very attractive to develop a method to engineer formation of a metastable phase
by controlling the atomic displacements that can lead to strain accumulation, but
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experimental methods are too slow and expensive to look deep into atomic scale of the
mechanisms that take place in this process. Hence atomistic dynamic simulations can
become essential to study the resulting phase transformation in this complex modified
for they may shed light on the precise mechanisms governing this process.

Figure 2.5: (a) Cross-sectional TEM image of the interface between the transformed layer and the
(201) oriented β-Ga2O3 of the Si-implanted sample. SAED pattern of the transformed layer indexed
according to γ-Ga2O3 along the zone axes (b) [100], (c) [110], (d) [111], and (e) [112]. The figure is
taken from Ref.[46].





3. Radiation Damage Simulation

3.1 Primary Radiation Damage

Immediately following the impact of high-energy particles, primary damage is formed
through atomic collision processes and intense material heating resulting from the non-
equilibrium state of the colliding atoms. Scientific understanding of primary damage is
the starting point in describing and predicting the radiation effects in materials[47][48].
When collisions occur during irradiation, a target atom may be displaced from its
original position permanently if the transferred energy exceeds a certain threshold
value, referred to as the threshold displacement energy (Ed). This value, which depends
on the material, typically falls within the range of 20 to 100 electron volts (eV) [49].
Several computer simulations and experimental studies indicate that the time required
for atom collision processes is approximately 0.1 ∼ 1.0 ps. Additionally, the time
needed for the collisions to reach thermal equilibrium is around 1 ∼ 10 ps[50][51][52].
The typical stages of a collision cascade are shown in Fig. 3.1. The process begins with
the initiation of the collision cascade by the primary knock-on atom (PKA), resulting
in the formation of a region with an underdense core and dense fringes through the
collision of atoms. During this stage, the atoms are in a disordered state, resembling a
liquid phase. Subsequently, the dense outer regions initiate the recrystallization process
into the low density core left behind. However, despite the recrystallization process,
some defects remain within the system. The surviving displacements can take various
forms, and some defects, along with their formation mechanisms, are discussed below.

• Frenkel pairs: Frenkel pairs (FPs) are formed when an atom is displaced from
its normal lattice site and becomes an interstitial defect, leaving behind a vacant lattice
site, which is a vacancy defect. These vacancy and interstitial defect are situated near
each other while unable to recombine[53]. FPs are common in ionic crystals, where
the cations and anions are of significantly different sizes, and cation vacancies and
interstitials are prevalent[54]. They can play a critical role in the transport of ions
through a crystal, as well as in the material’s response to external stimuli such as
radiation or temperature changes.

• Vacancy clusters: Vacancy clusters are formed when multiple adjacent vacan-
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12 Chapter 3. Radiation Damage Simulation

cies preferentially agglomerate due to the migration of vacancies, which move towards
the recrystallization front during the recrystallization process. The size and shape of
vacancy clusters can vary depending on the crystal structure and the conditions of the
recrystallization process[55].

• Interstitial clusters: Interstitial clusters are formed when more than one inter-
stitial atoms group together in the crystal lattice. Interstitial clusters can be generated
during the collision cascade process, as the displacement of atoms can create inter-
stitials. They can also be formed during the recrystallization process as the crystal
lattice reforms and the displaced interstitial atoms meet and bond together. During a
collision cascade, if the melted region assumes an elongated shape, the recrystallization
process can prevent the recombination of excess interstitials which remain in the tip,
while vacancies remain in the center. As a result, the excess interstitials are trapped,
and interstitial clusters are formed. This mechanism is known as the "liquid-isolation"
mechanism [56]. The size and shape of interstitial clusters can vary depending on the
crystal structure and the conditions during the formation process[57].

• Dislocation loops: Dislocation loops are formed when a dislocation line forms
a closed loop within the lattice[58]. In high-energy collision cascades, such as in some
materials tungsten (W) or iron (Fe), both interstitial-type and vacancy-type dislocation
loops can form[59][60].

• Amorphous clusters: Amorphous clusters are clusters of atoms or molecules
that lack a long-range ordered structure, and are instead arranged in a disordered,
or amorphous, manner[61]. Observations of amorphous clusters have been made in
semiconductors such as silicon (Si) and germanium (Ge) [56]. This is attributed to
weaker defect annealing in semiconductors compared to metals, which is caused by
different types of bonds [62].

Figure 3.1: Example cascade in β-Ga2O3 with 1.5 keV PKA-energy: Kinetic energy of atoms during
a collision cascade

As the collision cascades of atoms is extremely fast and far from equilibrium,
the experiment observation of primary damage at the time scale is nearly impossible.
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Computer simulations become the most promising method for the research of primary
radiation damage during the past decades. In Fig. 3.2, multiscale physics and mod-
elling of radiation effects in materials are listed. The boxes provide a rough indication
of the suitable range of application for each method. In a perfect scenario, density
functional theory (DFT) calculations would offer an accurate portrayal of the primary
damage and subsequent development of collision cascades within simulation methods.
Nonetheless, due to the current computational limitations of the DFT approach, it is
impractical for addressing large-scale problems that require models capable of provid-
ing realistic, explanatory, extensible, or predictive insights into defect generation. As a
result, molecular dynamics simulations employing analytical potentials have emerged
as the predominant approach for simulating primary damage in materials, as they offer
access to considerably larger time- and length-scales than those achievable with DFT.

Figure 3.2: a) Multiple scales of physical phenomena b) Multiscale modeling to address this. The
figure is taken from Ref.[48] and Ref.[63]

3.2 Molecular Dynamics

Molecular Dynamics (MD) is a powerful computational technique that utilizes New-
ton’s equations to simulate the motion and interactions of atoms and molecules. Over
recent years, MD has emerged as an essential tool for scientific research across multi-
ple fields, including physics, chemistry, materials science, and biology. By providing a
detailed depiction of molecules and atoms’ behavior under various conditions, such as
temperature, pressure, and concentration, it offers insight into the underlying princi-
ples governing chemical and physical processes. Here, a brief introduction is given on
the basic concepts of MD simulation.

Fig. 3.3 shows the typical MD algorithm. In the beginning of the simulation, the
initial positions, velocities of all atoms or molecules in the system are set according
to a given starting configuration. This can involve reading in a file with the starting
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Figure 3.3: Simplified schematic of the MD algorithm

positions, randomly generating positions, or using experimental data. To initiate the
evolution of the system, the force acting on each atom is calculated. The force acting
on each atom is calculated from the gradient of potential energy. The relationship
between the force ( Fi), and the interatomic potential ( V (ri)) for each atom is:

Fi = −∇ri
V (ri)

where ∇ri
is the gradient operator with respect to the position vector of the i-th

atom ( ri). Each atom’s acceleration be calculated according to Newton’s equation
of motion with a suitable integrator algorithm like Velocity Verlet[64]. MD becomes
quickely expensive with increasing system size. Periodic boundary conditions (PBC)
is employed to simulate the behavior of materials inside the bulk. This means that an
atom leaving the cell from one side (+x/y/z) will come back from the opposite side
(-x/y/z)

The time step ∆t is essential to any numerical solver algorithm for the integration
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of motion equations. It should be chosen carefully to make it small enough that the
system can represent physically properties reliably and large enough that the simulation
does not become too slow. In case of irradiation simulations, an adaptive time step is
used. When the system contains energetic particles, ∆t tends to decrease, and as the
temperature decreases, ∆t tends to increase[65][66]. In the adaptive time step, ∆t is
chosen according to following equation:

∆tnew = min(∆xmax

vmax
,

∆Emax

Fmaxvmax
, 1.1∆t,∆tmax)

Here, xmax is the largest distance allowed to move during ∆t, Emax is the maximum
energy change, Fmax and vmax is the maximum force acting on any atom and highest
speed, respectively. ∆tmax is the maximum time step allowed.

The simulation cell is coupled with a heat bath to remove excess energy from the
system deposited by an incoming ion or an energetic recoil or maintain the initial system
to some equilibrium temperature. It is done by applying a thermostat algorithm, for
instance Nosé-Hoover thermostat which was introduced by William Graham Hoover
and Anderson Rossini Nosé in 1984[67]. The algorithm uses an extended system of
equations of motion to maintain a constant temperature by adjusting the system’s
energy fluctuations.

3.3 Machine-Learning Interatomic Potentials

As forces are calculated based on the interatomic potential energy function, the inter-
atomic potential which defines the interactions between atoms and molecules within
the system is a critical component of MD simulations. The choice of potential depends
on the specific system being studied and the level of accuracy required. For exam-
ple, simple potentials like the Lennard-Jones potential may be sufficient for studying
simple liquids[68], while more complex potentials such as the CHARMM force field or
AMBER force field are often used for studying biomolecules[69][70]. Accurate poten-
tials are essential for reproducing experimental observations and providing insight into
the underlying physical and chemical processes governing the system’s behavior. In
an ideal situation, interatomic forces would be calculated using quantum mechanical
models. However, these models can become computationally impractical very quickly.
Therefore, to create an efficient MD model, the interatomic potential should be as sim-
ple as possible without compromising its physical accuracy in describing the system’s
effects.

Machine-Learning (ML) interatomic potentials are a class of computational mod-
els that utilize machine learning algorithms to approximate the interatomic potential
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Figure 3.4: An overview of the DFT database. The fractions of the configuration-type-specific atom
numbers to the total number (108,411) of atoms in the database are shown in the central part of
the donut chart. For different configuration types, representative structures are shown as examples.
In the panels (i) and (ii), the colored polyhedral within the crystalline structures show the 4-fold
(blue)/5-fold (purple)/6-fold (green) Ga sites. Note that the isolated Ga and O (not shown here) are
also included in the database as the global references of potential energies. The figure are taken from
Ref.[1]

of a given system. By leveraging large amounts of data generated from density func-
tional theory, ML interatomic Potentials can capture complex non-linear relationships
between atoms and molecules’ positions and their corresponding forces. Unlike tradi-
tional interatomic potentials, ML Interatomic Potentials can capture system-specific
behavior without requiring explicit functional forms, making them versatile and adapt-
able to a wide range of materials and conditions. However, the accuracy of data-driven
ML interatomic potentials is highly dependent on the consistency and comprehensive-
ness of the input data.

A general-purpose tabulated low-dimensional ML gaussian approximation inter-
atomic potentials (tabGAP) was recently developed by Zhao, Junlei et al.[1]. Fig. 3.4
illustrates training database and the corresponding structures utilized for the develop-
ment of their potential. The input data sets composed of energies and forces of a range
of configurations which generated by DFT calculations. To ensure the generality of
the potential, a wide range of Ga-O structures are included. In this thesis, the newly
developed potential was employed for all the MD simulations about β-Ga2O3.
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4.1 Simulation Method

MD simulations are commonly employed to investigate radiation damage. Tradition-
ally, these defects are obtained in MD simulations by emulating primary knock-on
atoms (PKAs) and simulating collision cascades, followed by examining the overlap of
these cascades to observe the evolution of defects[71][48]. However, this approach can
be computationally expensive if high irradiation doses are needed, as the numerical
evaluations in MD simulations require small timesteps to ensure stable behaviors of
atoms with high velocities. In this chapter, radiation-induced defects in MD cells were
created using the Frenkel pair implantation method. This approach involves introduc-
ing Frenkel pair defects, directly into the system, bypassing the need to simulate a
collision cascade. The classical MD code LAMMPS[72] was utilized to run the simu-
lations, with the newly developed ML interatomic potential (tabGAP) for the Ga2O3

system[1] being employed.
In this chapter, we used Frenkel pairs accumulation (FPA) simulations, to investi-

gate the impact of irradiation damage on the cation and anion sublattices in β-Ga2O3.
A β-Ga2O3 simulation cell with the periodic boundary conditions and 1280 atoms was
used for these simulations, and various numbers of Ga and Oxygen (O) FPs were im-
planted in the cell. The study comprised of three separate simulations. In the first two
simulations, the pure Ga and O FPs were created iteratively by randomly displacing
an ion of the corresponding type in a direction determined randomly with a distance of
approximately 6 Å. In the last simulation, FPs were introduced iteratively in another
cell by displacing an ion without considering its atom type to examine the influence
of the mixed damage between sublattices. After each Frenkel pair was introduced, the
simulation cell was relaxed to reach the local energy minimum and to prevent possible
atom overlap. Subsequently, NVT-MD was performed using an adaptive timestep for
a duration of 5 ps at a temperature of 300K to thermally equilibrate the system.

17
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4.2 Analysis Methods

4.2.1 Radial Distribution Function

The radial distribution function (RDF) is listed bellow:

g(r) = ρ(r)
Nat./V

where ρ(r) is the density within a thin spherical shell of radius r, Nat. is the total
number of particles, and V is the system cell volume. When the system is amorphous,
the function plot is close to 1 at long-range distances. Crystals have regular, periodic
structures, with atoms fluctuating near their lattice positions. Discrete peaks occurred
in RDF function plot are determined by the structure of the crystal[73]. Thus, the
partial radial distribution functions (PRDF) can be used to characterize the structure
of type-specified sublattice structures in a multispecies system[74].

Pearson correlation coefficient (Pr) was used to measure the similarity in terms
of strength and direction of the linear correlation between two RDF curves, according
to the formula:

Pr =

n∑
i=1

(xi − x̄)(yi − ȳ)√
n∑
i=1

(xi − x̄)2
n∑
i=1

(yi − ȳ)2

Where xi and yi are the variable samples of the two curves, respectively. x̄ and ȳ are
the means of x and y respectively.

4.2.2 Defects Analysis

The Wigner-Seitz method partitions space around each atom into Voronoi polyhedra,
which are used to identify point defects such as vacancies, interstitials, and FPs [75].
Ovito [76] was used to analyze simulation results and identify defects using the Wigner-
Seitz method.

4.2.3 Lattice Visualization

The β-Ga2O3 lattices that contained accumulations of FPs are visualized with
Ovito[76]. The crystal structures of the O sublattice in β-Ga2O3 lattices were ana-
lyzed using Ovito’s common neighbor analysis tool during the visualization process.
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Figure 4.1: The snapshots show modifications of the pristine β-Ga2O3 lattices after introducing
different amounts and types of FPs. (The ions located in five distinct sites in β-Ga2O3 are colored
separately. Ga1 ions are shown in red, Ga2 ions are shown in blue, O1 ions are shown in yellow, O2
ions are shown in pink, O3 ions are shown in green.)

4.3 Defects Visualization

Long-range periodicity is exhibited by crystal phases and the crystal structure deter-
mines many of the physical and chemical properties of the crystal, including its density,
melting point, optical properties, and electrical conductivity. Fig. 4.1 shows the pris-
tine β-Ga2O3 lattices changes with increasing number of FPs of different types (from
top to bottom): pure Ga FPs, mixture of Ga and O FPs (Ga/O) and pure O FPs,
respectively. We see very little change in the structure of β-Ga2O3 after introducing
10 FPs independently of the type. When introducing 10 O FPs, we observe fewer
surviving defects than in the cell with other types of FPs. Increasing number of FPs
exhibits interesting behaviour in the simulation cells with different types of FPs. In the
simulation cells with 200 and 800 pure Ga FPs, we still observe an ordered structure,
and as the number of FPs increases, the unit cells become denser. However, it cannot
been identified as β-Ga2O3 crystal structure by the eye. Increasing the number of O
FPs to 800 does not notably change the original structure. The simulation cell with
800 O FPs closely resembles the original β-Ga2O3, except for the presence of defects.
For the lattices with O/Ga FPs, the crystal structure deteriorated rapidly with the
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number of randomly added Ga and O FPs increased. As more mixed type of FPs were
introduced, the pristine β-Ga2O3 lattice underwent a gradual transformation into an
amorphous phase.

4.4 Radial Distribution Function Analysis of the
Ga Sublattice

Figure 4.2: Analysis of the PRDFs of Ga sublattices with different amounts and types of additional
FPs in β-Ga2O3 lattices :(a) Ga-Ga PRDFs for the pristine β-Ga2O3 lattice (down); up from the
pristine Ga-Ga PRDFs, the same PRDFs for lattices with increasing numbers of pure Ga FPs, O/Ga
FPs and pure O FPs; Ga-Ga PRDFs for the pristine γ-Ga2O3 lattice (up). (b) The similarity of the
PRDF values of the β-Ga2O3 with 800 different types of FPs versus the PRDF of the pristine γ-Ga
within the 2nd shell.

PRDF can be described as a structural property fingerprint that captures the
characteristics of a sublattice. We applied successfully such an analysis to identify the
gradual changes in the β-Ga sublattice due to subsequent addition FPs already in Ref.
[41]. Now, we further analyze in Fig.4.2 (a) this effect by following the changes in the
Ga-Ga PRDFs versus the accumulation of FPs by a specific type, which was not yet
done previously. More specifically, Ga-Ga PRDF features can be considered separately
within so-called the 1st (2.2 - 4.0 Å) and 2nd shell (4.0 - 5.2 Å). By comparing the PRDFs
of the pristine β- and γ-Ga2O3 lattices, it becomes evident that a distinct feature within
the 2nd shell is only present in β-Ga2O3, which exhibits peaks at approximately 4.5 Å.
There are no peaks in the 2nd shell PRDF of γ-Ga2O3 (the topmost curve in Fig.4.2(a)
). Here we see similarly to our previous work[41] that with increase of the number
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of the Ga FPs in a pristine β-Ga sublattice, this feature gradually vanishes and the
PRDF of the β-Ga attains shape closer to that of the γ-Ga. When introducing only
O FPs, the peaks within the second shell remain visible, even with 800 O FPs. If
FPs are added randomly without considering the ion type, the feature also gradually
disappears. To quantitatively analyze the observed similarities in the curve, Fig.4.2 (b)
plots the PRDF values in the second shell of the damaged β-Ga with 800 FPs of three
different types: pure O, Ga, and a mixture of O/Ga FPs, against the PRDF of the
pristine γ-Ga within the same interatomic distance range. In these plots, we can see
that the PRDF of the damaged β phase is the closest to the γ-Ga, if only Ga FPs were
introduced in the simulation cell. Mixing the ion type of FPs is reducing the similarity
of the two curves, especially at the larger values of g(r) of the γ-Ga sublattice. This
deviation even stronger for the β-Ga sublattice, if only O FPs are introduced: two
curves clearly have their largest values at different distances. We conclude that the
transition from β-Ga to γ-Ga sublattices take place largely due to formation of Ga
FPs. Formation of O FPs does not trigger this transition even after large number
accumulation of these defects.

Table 4.1: Pearson correlation coefficients (Pr) within the 2nd shell for the PRDF of damaged β-Ga
and the pristine β-Ga

Amount of FPs Pr (O FPs) Pr (O/Ga FPs) Pr (Ga FPs)
10 0.978 0.975 0.969
200 0.960 0.267 0.219
800 0.886 0.097 -0.148

Table 4.2: Pearson correlation coefficients (Pr) within the 2nd shell for the PRDF of damaged β-Ga
and the pristine γ-Ga

Amount of FPs Pr (O FPs) Pr (O/Ga FPs) Pr (Ga FPs)
10 -0.042 0.093 0.063
200 0.039 0.851 0.918
800 0.175 0.881 0.942

Furthermore, to illustrate the similarities of the PRDF of the damaged β-Ga to
γ-Ga sublattices, the Pearson correlation coefficients (Pr) were computed between the
Ga-Ga PRDFs of the β-Ga with 10, 200 and 800 FPs of various types and those of
the pristine β- and γ- Ga. The resulting coefficients are listed in the Table 4.1 and
4.2. The Pearson correlation analysis of the PRDFs of the β-Ga with different Ga FPs
displayed high degree of positive correlation with the PRDF of γ-Ga. However, when
the same analysis was applied for the PRDF of β-Ga, notable deviations from the orig-
inal structure were observed. Comparable outcomes were observed when introducing
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mixed FPs. Upon the addition of 800 O/Ga FPs, the Pr value of the PRDFs for γ-
Ga is 0.881, which is smaller than the corresponding Pr value changed with 200 Ga
FPs (0.918). This means that if the β-Ga2O3 lattice has extra O FPs, the higher level
of the Ga FPs accumulation was required for the transformation of β- to γ-Ga. The
analysis of Pearson correlation on the PRDFs of β-Ga with O FPs indicated that O
defects have a lesser impact on the damage of the Ga sublattice.

Figure 4.3: The Pearson correlation coeffient, Pr, calculated within the 2nd shell for the PRDF of
the increasingly damaged β-Ga with respect to the pristine β-Ga and γ-Ga PRDFs as a function of
the number of the pure Ga FPs.

As Ga FPs trigger the phase transformation from β- to γ-Ga sublattices, we plot
the Pearson correlation coefficients for the PRDF of the increasingly damaged β-Ga
sublattice with the growing number of the pure Ga FPs, as compared to the pristine
β-Ga and γ-Ga PRDFs to study the phase transition threshold. The plots in Fig.
4.3 show that approximately 100 Ga FPs introduced into the cell, which corresponds
to the displacements of 0.20 (of Ga ions) per Ga atom (dpGa), triggers inevitable
transformation of the β-Ga sublattice into the γ-Ga sublattice. Upon surpassing the
threshold number of Ga FPs, the PRDF of the damaged β-Ga exhibits a significantly
greater similarity to the PRDF of the γ-Ga phase than that of the original β-Ga phase.
When 200 Ga FPs (0.4 dpGa) were introduced into the simulation cell, the damaged
β-Ga sublattice becomes noticeably similar with the γ-Ga. The results indicate that
β-Ga gradually transforms into a γ-like phase when the number of Ga FPs increases
to 200 (corresponds to the dose of 0.4 dpGa), and maintains the γ-like phase when the
number of Ga FPs is even higher.
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4.5 Radial Distribution Function Analysis of the O
Sublattice

Figure 4.4: Analysis of the PRDFs of O sublattices with different amounts and types of additional
FPs in β-Ga2O3 lattices :(a) O-O PRDFs for the pristine β- and γ-Ga2O3 lattice (down); up from
the pristine O-O PRDFs, the same PRDFs for β-Ga2O3 lattices with increasing numbers of pure Ga
FPs, O/Ga FPs and pure O FPs. (b) The snapshorts of structure analysis for the O sublattice in
β-Ga2O3 with 800 pure O, Ga and mixture O/Ga FPs (the green color is used for O ions belong to
Face Centered Cubic (FCC) crystal structure, grey is used for O ions belong to other structure which
are non-classified ions).

In our previous work [41], we focused on the Ga-Ga PRDFs of the damaged
β-Ga2O3 lattice. However, the behaviour of oxygen sublattice under higher dose ir-
radiation has not been studied in detail. In this section, we analyze the O-O PRDFs
of the damaged β-Ga2O3 lattice via introducing FPs and demonstrate the changes oc-
curring in the oxygen sublattice. The oxygen sublattices in both the β- and γ-Ga2O3

materials share the same face-centered cubic (FCC) crystal structure. Fig. 4.4 (a) ex-
hibits the O-O PRDFs of β- and γ-Ga2O3 shown as the bottom two curves, respectively.
The comparison of these curves immediately reveals a substantial resemblance between
them. The modifications observed in the O-O PRDFs, in relation to the accumulation
of various types of FPs, are depicted in Fig. 4.4 (a). To be more specific, the O-O
PRDFs are separated into two segments: the first shell (2.0-3.6 Å) and the second shell
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Figure 4.5: The Pearson correlation coefficient, Pr, calculated within the 2nd shell for the O-O
PRDFs of the increasing damaged O sublattice with respect to the pristine β-O PRDFs as a function
of the FP number.

(3.6-4.6 Å). As the number of pure Ga FPs increases in the β-Ga2O3 lattice, the peaks
in the O-O PRDFs become broader, the main peaks remain present. Upon the inclusion
of solely O FPs, the peaks observed in the O-O PRDFs exhibited a similar trend as
that observed in the presence of Ga FPs. However, the peaks retained their sharpness
more effectively than when the same quantity of Ga FPs was added. Following the
addition of 800 O FPs, the O-O PRDFs clearly exhibited the characteristic peaks of
the original FCC structure. With the introduction of random mixture O/Ga FPs, the
peaks present in the O-O PRDFs rapidly transition towards a drum-like shape and
approach the RDF curve of an amorphous structure when O/Ga 800 FPs are added.
Upon the artificial introduction of O FPs, small peaks were observed around 1.47 Å,
indicating the generation of O-O bonds. However, even with the generation of O de-
fects due to changes in the FCC structure after adding extra Ga FPs, the O ions did
not come closer to each other and thus avoided the formation of strong O-O bonds.
To improve comprehension of the structural alterations occurring in the O sublattice
due to the presence of the high number of FPs, Fig. 4.4 (b) illustrates snapshots of
the structure analysis conducted on the O sublattice of β-Ga2O3 with 800 pure O, Ga,
and O/Ga FPs (where green indicates O ions that belong to the FCC lattice, and grey
indicates O ions that cannot be identified as occupying the FCC sites, but as defects).
Despite the accumulation of the high number of the pure Ga and O FPs, the O sublat-
tice remains fairly ordered. However, in the presence of O/Ga mixture FPs, the FCC
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structure of O sublattice is completely destroyed, and the sublattice undergoes a phase
transition to the amorphous phase. It appears that Ga defects facilitate the movement
of O ions away from their original positions, resulting in the rapid destruction of the
crystal structure.

For quantitative analysis of the damage of the O sublattice, we plotted the Pear-
son correlation coefficient of the O-O PRDFs in the 2nd shell for the damaged structures
as compared to the pristine β-O structure with the increasing number of FPs in Fig.
4.5. When pure type FPs were added, the O-O PRDFs display a high degree positive
correlation with the β-O structure, indicating a high level of structural similarity. The
Pr values for pure O and Ga FPs implantation are fluctuating and close to each other
with increasing defect concentration. After approximately 700 Frenkel pair iterations,
Ga defects appear to cause more damage to O sublattice than O defects, and main-
tained a relatively high similarity to the perfect β-O structure, the corresponding Pr
value is around 0.73. In the case of introducing mixture of FPs, the Pr value dramati-
cally decreased to negative values, indicating complete damage to the O sublattice with
lower concentrations of mixed FPs. This further supports the idea that Ga interstitials
could block displaced O ions and prevent their recombination to the FCC lattice sites.





5. Single Cascade Simulations

5.1 Simulation Method

The previous chapter discusses the influence of various types of FPs on the Ga and
O sublattices. In natural irradiation scenarios, it is not possible to generate only
Ga or O FPs at the atomic scale. Therefore, to gain a better understanding of the
effects of irradiation on β-Ga2O3, this chapter presents the results of the single cascade
simulations.

The single cascades were run using LAMMPS [72] and the ML interatomic poten-
tial (tabGAP) developed by Junlei Zhao et al[69]. Cascades were initiated by giving to
a randomly chosen atom, which is known as primary knock-on atom (PKA), the recoil
energy. The initial momentum direction and position of a PKA was chosen randomly
from the center area of the simulation cell. As recoil energy increases, the cascades
become more extensive. For the cascade not to interact with the thermally controlled
border regions, the total number of atoms in the simulation cell is increased with the
recoil energy. Table 5.1 provides the recoil energy values and corresponding numbers
of atoms in the simulation cell.

Table 5.1: Simulation parameters. The variable EPKA represents the initial kinetic energy given to
PKA, natoms is the number of atoms in the simulation cell

EPKA(eV ) natoms

500 81920
750 81920
1000 81920
1500 160000
2000 276480

Periodic boundary conditions were applied in all directions, with a Nosé-Hoover
thermostat controlling the temperature along the borders of the simulation cell for
mimicking the heat dissipation of bulk materials. The high initial velocities of the
PKA decrease over time during cascade simulations. To ensure simulation efficiency
and system stability, an adaptive time step was employed. Electrons were not explicitly
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modeled in the MD simulations. However, they play a significant role in the energy
dissipation during collisions at the energies involved in the studied cascades[48][77]. To
account for the energy loss caused by electronic excitations during collisions, a friction
term was applied to atoms with kinetic energies above 10 eV in the form of electronic
stopping. The simulation time of the single cascades was 50 ps. Approximately 120
simulations were conducted for each recoil energy with varying PKA.

5.2 Analysis Methods

5.2.1 Cluster Analysis

It is fairly common that in the cascades initiated by recoils of keV energies, the defects
can agglomerate in defect clusters immediately after the cascade[78]. In the simulation
cell, following a cascade, a pair of defects were considered to be part of the same cluster
if the distance between them as within a certain cut-off radius. The cut-off radii for
interstitial and vacancy clusters are defined in the same way as described in Ref.[79].
Specifically, for interstitial clusters, the cut-off radius is calculated as the average of
the distances to the third and fourth nearest neighbors, rintc = (r3NN + r4NN)/2. For
vacancy clusters, the cut-off radius is computed as the average distance to the second
and third nearest neighbors, rvacc = (r2NN + r3NN)/2. Here, rkNN is the distance to the
kth nearest neighbor. The complex lattice structure of β-Ga2O3 makes it challenging
to identify its nearest neighbors. To address this issue, we define four nearest distances
as follows:

• r1NN as the length of the shortest Ga-O bond,
• r2NN as the shortest O-O distance,
• r3NN as the shortest Ga-Ga distance,
• r4NN as the shortest distance between a Ga ion and an O ion that are bonded

together via a single O and Ga ion.

5.3 Defects Formation

Fig. 5.1 presents plots depicting defects formation and temperature variations in single
cascade simulations of β-Ga2O3 with 1500 eV recoil energy. According to Bacon [80]
and Brinkman [81], the development of the cascade can be divided into two distinct
phases: collision phase and thermal spike phase (also referred to as the heat spike or
displacement spike). During the collision phase, the energy from PKA is distributed
among the atoms through collisions, in a chain reaction that leads to displacement of
many atoms from their equilibrium positions. With time, the number of displacements
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Figure 5.1: Defect-formation and temperature plots for β-Ga2O3 1500 eV single cascade MD simu-
lations; (a) shows the temperature change caused by Ga and O PKA in the simulation; (b) shows the
amount of Frenkel pairs generated by Ga and O PKA changes respect to time.

increases dramatically, eventually reaching its maximum at approximately 0.3 ps. In
dense materials at high recoil energies (∼ a few keV), the initial ballistic phase, i.e. the
phase when the energy is transferred from an energetic atom to an atom in rest, can
turn into a thermal spike. During such the thermal spike the kinetic energies of atoms
involved in it equilibrate and the corresponding region rapidly heats to temperatures
above the boiling points for a very short time. The dissipation of energy from a thermal
spike proceeds via exciting lattice vibrations (phonons) in the structure. The random
thermal motion of atoms leads inevitably to local disorder of a crystal structure, which
can be partly or fully recovered or remain disordered (depending on the properties of
the material) after the rapid cooling of the thermal spike. The ionic structures have
a strong tendency to recrystallization[82] because of strong nature of ionic bonding.
In the recrystallization process, which is also referred to as recombination, majority of
the displaced atoms return to their regular lattice positions. As the disordered region
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regains thermal equilibrium with the bulk at the end of the thermal spike, only a
fraction of the initial displacements remain as stable defects. Fig5.1 (b) shows that the
collision phase yields a greater quantity of defects when a Ga ion is chosen as a PKA.
Nonetheless, in simulations with both Ga and O ions as PKAs, less than 30% of the
initial displacements survived after the lattice reached the equilibrium.

Figure 5.2: Amounts of Ga and O vacancies sites change with time in β-Ga2O3 1500 eV single
cascade MD simulations, with two types of PKA :(a) Ga ion , (b) O ion.

To comprehensively examine the movements of various defects, Fig. 5.2 illus-
trates the variation in the quantities of O and Ga vacancy with simulation time for the
different PKA types. The simulations with Ga PKAs reveal a slower recombination
progress, taking approximately 4 ps to achieve an equilibrium state, compared to the
corresponding 2 ps observed in the case of O PKA. Moreover, the maximum number of
vacancies in the simulations with the Ga PKAs is higher than that in the O PKA sim-
ulations. This phenomenon may be attributed to the fact that Ga PKA is heavier and
has larger momentum, enabling it to transfer energy more effectively to surrounding
lattice atoms through collisions. Consequently, more atoms are displaced to greater
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Figure 5.3: The snapshots of vacancies sites at the end of β-Ga2O3 single cascade MD simulations
in 1500 eV, with two types of PKA:(a) Ga ion , (b) O ion. (The five distinct sites in β-Ga2O3 are
colored separately. Ga1 sites are shown in red, Ga2 sites are shown in blue, O1 sites are shown in
yellow, O2 sites are shown pink, O3 sites are shown in green.))

Figure 5.4: Mean number of vacancies with respect to atom’s type for β-Ga2O3 single cascade MD
simulations in 1500 eV

distances from the impact sites and the time for generated defects recovery back to
regular lattice is longer. When PKA type is Ga, O vacancies recombined more effec-
tively, reducing from approximately 60 vacancies during the collision phase to less than
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10 vacancies. Meanwhile, Ga vacancies decrease from a maximum of approximately 85
to around 40 vacancies. In contrast, the simulations with O PKAs show that Ga and
O vacancies exhibit comparable recombination efficiency, with Ga vacancies decreasing
from a maximum of 55 to 20 and O vacancies decreasing from a maximum of around
42 to 10 after equilibrium. These results are consistence with the results of Frankel
pair simulations discussed in the previous chapter. When Ga is PKA, the majority of
knocked Ga ions have displacement distances that are too large to recombine, while O
FCC stacking is stable and the knocked-on O ions have strong tendency to recovery.
When O is PKA, the displacement distance for both types of ions in the lattice are
smaller and most of them tend to recombine to the regular lattice sites.

The final frames were analyzed using the Wigner-Seitz method, Fig. 5.3 displays
typical snapshots of the final frames with vacancy sites. When a Ga ion is a PKA,
the vacancies tend to form clusters. The vacancy sites in the O PKA simulations
are elongated and sparsely distributed. Meanwhile, most vacancies form in the Ga
sublattice sites, especially when the PKA is a Ga ion. This finding provides further
evidence that an O PKA of the same energy as a Ga PKA moves with higher velocity
than the Ga counterpart. It travels to greater distances, while the energy transfer from
an O PKA to Ga atoms is less efficient than from a Ga PKA to the Ga ions. Since that
it is more difficult to create a Frenkel pair by displacing the O ions ( as we saw in the
previous chapter), the less efficient energy transfer to Ga ions from an O PKA results
in overall lesser number of vacancies produced in the cascades started with an O PKA.
The same conclusion can be deduced from Fig. 5.4 , which illustrates the number
of vacancies analyzed with respect to the original type of the ion that occupied the
vacant site before the cascade. The results are obtained from the statistical analysis
of 100 simulations out of which 40 were started with a Ga PKA and 60 with an O
PKA. It shows that the amount of O vancany sites generated in Ga PKA simulations
is slightly lower than that in O PKA simulations, which is explained by more efficient
energy tansfer from the O PKA to a O ion in the lattice to produce a stable O FP. The
main factor contributing to the higher production of FPs by the Ga PKAs that is they
generated larger amounts of Ga FPs. Also we note that, there are five different atoms
types in β-Ga2O3. Our simulations show that both Ga1 and Ga2 sites (that indicate
that Ga ion to belong in an octahedral or tetrahedral site, respectively) have similar
chance to form a vacancy. Similarly, no significant difference is seen for the number of
vacancies produced for different types of O atoms. Clearly, the number of bonds per
atom does not play dramatic role in FPs formation in β-Ga2O3.
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5.4 Atoms Mobility

Figure 5.5: a) Mobility of the Ga and O ions during the collision cascades with 1500 eV recoil energy
plotted as the mean square displacement (MSD) found from the comparison of the atoms in the first
and the last frame after the cascade. The MSD is plotted as a function of the threshold displacement.
The error bars are the standard error of the mean collected in 120 MD simulations. b) The snapshots
showing the evolution of the oxygen sublattice at different time instances during the cascade. The
oxygen ions are colored according to the coordination number (the red color is used for the ions with
coordination number ≥ 11, to exclude coloring of atoms around single vacancies, which do not distort
the lattice.)

Fig. 5.5 presents an analysis of the stability of the oxygen lattice during collision
cascades with 1500 eV recoil energy. The mean square displacement (MSD) for all
Ga and O ions that were displaced during the cascades is depicted in Fig5.5 a. By
increasing the threshold displacement, which is the minimal displacement distance
included in the calculation of MSD, we observe stronger mobility of O ions during
the cascades. The red curve displaying the MSD values for O atoms is significantly
higher than the blue curve, indicating more efficient displacement of O ions during
the cascades. This is also supported by the exemplary snapshots at different time
instances of the cascade evolution (0, 0.2, 2.5, and 50 ps), which show the formation of a
large number of coordination defects during the cascade that are practically completely
eliminated in the O sublattice, leaving only a few vacancy clusters. Given the long time
between ion impacts in standard ion accelerators, it is expected that these remaining
defects will recover further owing to the strength of the O sublattice, as observed in
our simulations.
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5.5 Recoil Energy Dependence of Defects

Figure 5.6: Mean number of Frenkel pairs with respect to PKA energy for single cascade MD
simulations.

According to the Norgett, Robinson and Torrens (NRT) model[83], the number
of defects can be calculated using the following equation.

〈Nd(E)〉 =


0, if E < Ed

1, if Ed ≤ E < 2.5Ed

0.8ν(E)
2Ed

, if 2.5Ed ≤ E <∞

Here, 〈Nd(E)〉 is the number of defects produced by the PKA energy E, ν(E) is the
damage energy which is available to produce a defect and not spent on electronic exci-
tation in the system, and Ed is the threshold displacement energy. Fig. 5.6 illustrates
the mean number of FPs as a function of PKA energy for both PKA types. The
obtained number of the FPs in the simulations of the both types of PKAs is linearly
related to the recoil energy, which is consistent with the NRT model. However, the
slope of the linear relationship between the number of FPs and recoil energy in the O
PKA simulations is smaller than that in the Ga PKA simulations. To elucidate the
cause of the observed disparity, we present a detailed breakdown of the types of vacan-
cies generated in each PKA energy simulations, as illustrated in Fig. 5.7. Specifically,
we observe a significant increase in the generation of the Ga vacancies in the Ga PKA
cascade simulations as compared to the O PKA simulations (Fig. 5.7 a versus b), with
the former exhibiting a greater sensitivity to increasing recoil energy. Conversely, we
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Figure 5.7: Mean number of Ga and O vacancies with respect to PKA energy for single cascade MD
simulations, with two types of PKA :(a) Ga ion , (b) O ion

note that O vacancies in both PKA types show only a slight increase with recoil energy.
Therefore, we surmise that the primary driver of the observed difference between the
defect production in the simulations with both PKA types, is the higher efficiency of
the Ga FPs formation in the Ga PKA simulations.

5.6 Defect Clustering

Fig. 5.8 displays the statistical distributions of interstitial and vacancy clusters result-
ing from 2000 eV cascade MD simulations involving Ga and O PKA. The number of
clusters with a size greater than 1 is higher when PKA is Ga ion , which agrees with the
observation of vacancy snapshots in Fig. 5.3, indicating that defects tend to aggregate.
When O is the PKA, the probability of generating relatively large size clusters is lower.
Meanwhile, we use the clustered fraction to assess the clustering efficiency of the formed
defects. Clustered fraction is defined as the ratio of the number of defects (vacancies
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Figure 5.8: Histograms of defect cluster size distributions for 2000 eV single cascade MD simulations
with Ga and O PKA :(a) mean number of interstitial clusters with respect to cluster size; (b) mean
number of vacancy clusters with respect to cluster size.

or interstitials) bound into clusters with a size greater than one. Fig. 5.9 shows the
clustered fraction for both PKA simulations as a function of recoil energy. It could be
observed from Fig. 5.9a that the clustered fraction of interstitials is significantly higher
in the Ga PKA simulations compared to the O PKA simulations. As depicted in Fig.
5.9b, the difference in the clustered fraction of vacancies between the two simulations
is not consistent. This observation could be attributed to the generation of numerous
small-size cluster vacancies in the O PKA simulations.
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Figure 5.9: Clustered fraction of defects for single cascade MD simulations with Ga and O PKA :
(a) clustered fraction interstitials with respect to recoil energy; (b) clustered fraction vacancies with
respect to recoil energy.





6. Conclusions

In this thesis, we used molecular dynamic simulations with newly developed machine-
learned potentials, tabGAP, to investigate the radiation damage in β-Ga2O3. We
showed the process of phase transformation from β- to γ-Ga2O3 due to accumulation
of radiation defects. Our theoretical findings are in a very good agreement with the
recent experiments [41] that revealed exceptional radiation tolerance of Ga2O3 crystal
structure owing to the rich polymorphism of this material. By transforming from the
β-Ga2O3 to the γ phase under ion implantation, the crystalline structure was able to
withstand the damage introduced by 100s of dpa. Moreover, we offered a comprehensive
analysis of the stability of Ga and O sublattices in β-Ga2O3, and tracked the progress
of defect formation under irradiation.

In simulations involving the accumulation of FPs, the introduction of Ga FPs
cause the β phase Ga2O3 lattice to transform into a phase similar to γ phase, with
the degree of similarity strongly dependent on the quantity of Ga FPs. Conversely,
if O FPs are introduced, the lattice structure is likely to stay close to its original
beta phase. The reason is that FCC stacking O ions are easily recombine in close
proximity to their regular lattice sites. Meanwhile, pure type FPs accumulation is
unlikely to damage O sublattice sites. However, when Ga and O FPs are implanted
simultaneously in the same cell, the O sublattice structure become disordered and the
cell transfer to amorphous phase. It appears that Ga interstitial ions act as "damage
anchors", preventing later displaced O ions from recombining at the FCC lattice site
by altering their surrounding electronic environment. Since the O sublattice in both
β- and γ-Ga2O3 lattices share the same FCC structure, the experimental finding that
β-Ga2O3 transfers to the γ phase following ion implantation [41] could be theoretically
demonstrated through Ga FPs accumulation simulations. Following the implantation
of 200 Ga FPs, the system keeps FCC structure for O sublattice, while containing
numerous displaced Ga ions. Upon relaxation, these displaced ions display a structure
similar to that of γ-Ga.

Our single cascade MD simulations have revealed a close relationship between
defects distributions and PKA type. Specifically, Ga PKA tends to generate more clus-
tered defects, with a higher number of Ga interstitials remaining after recrystallization.
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In contrast, O PKA produce sparsely distributed and elongated defects. Although sim-
ulations involving O PKA produce a higher number of Ga defects than O defects, the
difference in quantity is smaller than when PKA is Ga ion. This is primarily due to the
heavier mass of Ga ions, which can transfer their energy to surrounding atoms more
effectively through collisions. Consequently, Ga interstitials produced by Ga PKA are
displaced further from the collision sites than those resulting from O PKA, resulting in
lower recombination efficiency. In the case of the generated O defects, the majority of
them tend to revert back to the regular FCC lattice sites and remain similar amounts
after both O and Ga PKA cascade simulations. Our mean square displacement anal-
ysis revealed that, despite a lower number of O defects in the system, O ions exhibit
higher mobility than Ga ions, indicating that O defects are more likely to recover fully
due to the stability of the O sublattice. We observed that the number of Ga defects
increases linearly with recoil energy, with a higher rate in Ga PKA simulations. On the
other hand, the amounts of O defects show a gradual and consistent increase, without
any discernible correlation between the PKA type and the rate of increase. Finally,
our cluster analysis supports the visualization results, indicating that interstitals have
trend to clustered when PKA is Ga ion. The combined findings provide insights into
the mechanisms underlying defect generation and recovery in β-Ga2O3 during ion im-
plantation, which has significant implications for improving its radiation tolerance, as
well as optimizing its electronic and optical properties.

Study of the high doses radiation and investigation of the phase transformation
mechanism in Ga2O3 using dynamic simulations are highly demanded in the future.
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