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Comparative study of collision cascades and
resulting displacement damage in GaN, Si and Ge

Julien Parize, Thomas Jarrin, Antoine Fées, Damien Lambert Senior Member, IEEE, Antoine Jay,
Valentin Morin, Anne Hemeryck and Nicolas Richard

Abstract—To assess the sensitivity of microelectronic devices
to displacement damage, molecular dynamics simulations of
collision cascades in GaN, Si and Ge are performed. We compare
results on these three materials using a wide range of data coming
from a very large amount of simulations. The statistical analysis
of these data probes into the dynamics of cascades in terms
of generating defects, the healing process, and the formation
of defect clusters. In GaN, we observe that up to 90% of the
defects created during a collision cascade initiated by a Ga atom
disappear after a few tens of ps. In addition, the larger clusters
tend to decrease rapidly in size. At the end, only small clusters
remain in GaN, contrary to Si and Ge where large amorphous
pockets are present. This metal-like in-cascade defect annealing
seems to be closely related to the dense atomic structure of
wurtzite GaN. Results confirm that GaN is intrinsically more
resistant to non-ionizing radiation than Si and Ge at the studied
energies, and over the considered timescales.

Index Terms—Gallium Nitride, Silicon, Germanium, Radia-
tion, Displacement Damage, Molecular Dynamics, Defects, Clus-
ters

I. INTRODUCTION

WHEN penetrating the materials constituting electronic
and optoelectronic components, particles can inter-

act with electrons and nuclei producing ionization through
electron-hole pair generation and displacement damage (DD)
respectively. Ionization can be quantified via the ionizing
energy loss (IEL) and nuclei-nuclei elastic collisions producing
DD via the non-ionizing energy loss (NIEL). In this paper, we
focus on the latter contribution.

Following the non-ionizing interaction with an incident
energetic particle, some ions are ejected from their equilibrium
position. These moving ions interact with the electronic struc-
ture of the material and collide with neighboring nuclei, cre-
ating defects in the semiconductor layer of electronic devices
by breaking the symmetry and periodicity of the crystalline
structure. This succession of collisions can lead to a so-called
collision cascade generating numerous defects.

The basic bricks of created defects are Frenkel pairs where
an atom leaves its own lattice position and instead occupies
a normally vacant site. This creates a point defect called a
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vacancy, i.e., an empty crystalline lattice site, and a displaced
lattice atom. The displaced atom may have an initial kinetic
energy and is capable of further defect evolution, ending up
as an interstitial, i.e., an atom not located on a crystalline
lattice site or, in multi-atom compounds, another important
type of point defect, an antisite, i.e., an atom of a type “i” in
a crystalline lattice site of a type ‘j’̸=’i’ atom.

Those defects can aggregate to form clusters. Also, com-
plete amorphisation of the crystalline matter can be observed
as shown in [1] and [2]. In silicon (Si), the created defects are
known to have dramatic consequences in bipolar transistors [3]
and complementary metal oxide semiconductor image sensors
[4]. In the latter, the creation of defect energy levels in the Si
band gap increases the thermal generation of charge carriers
and results in an extra contribution of the output current called
dark current [4].

In recent years, aiming at improving the efficiency of power
and radio-frequency Si-based devices, interest has grown for
gallium nitride (GaN), which exhibits remarkable properties
[5] for these applications, such as a large band gap of
3.4 eV compared to 1.1 eV in Si, a high breakdown field
of 3.3 MV/cm, compared to 0.3 MV/cm in Si. GaN also
shows a remarkable temperature resistance [6]. Some studies
reported that GaN devices can be very sensitive to DD [7]–
[9]. However, the majority of studies investigating the response
of GaN devices to DD have observed low sensitivity of the
devices [10]. At the material level, the few studies carried
out have proposed that the resistance of the devices could
find its origin in the intrinsic properties of the GaN material.
In [11], [12], Nord et al. used Molecular Dynamics (MD)
to investigate the accumulation of damage during ion beam
irradiation of GaN. Collision cascades initiated by Ga and
N Primary Knock-on Atoms (PKA) between 200 eV and 10
keV are simulated. It is found that few thermally equilibrated
defects are created in GaN. Also the number of defects created
in the GaN material increases with temperature. Chen et al.
have also performed MD simulations [13] with Ga PKAs
ranging from a few hundreds of eV to 40 keV. They witness
a large number of atoms being displaced during the defect
peak of collision cascades, followed by a self-healing within
the cascades, resulting in a small quantity of defects remaining
only 20 ps after the beginning of the cascade. This drastic GaN
picosecond scale in-cascade self-healing is similar to what can
be observed in metals, but is very different from the known
defect recombination dynamics occurring in Si, Ge, or GaAs
[14], which take place on much longer timescales. This self-
healing has also been observed very recently, both in MD
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simulations and via transmission electron microscopy (TEM).
In the case of defects created following Swift Heavy Ion (SHI)
irradiation [15]. However, it has never been experimentally
observed for collision cascades. Actually, there are very few
TEM studies devoted to the structural analysis of collision
cascades in semiconductors [16], [17], especially in GaN.
Indeed, if the ion tracks produced by SHI irradiation are large
enough to be imaged [15], due to the inherent thickness of the
samples, the color contrast difference due to small clusters of
defects produced in collision cascades are hard to identify even
in high resolution TEM images.

It is to attain this atomic scale description necessary to
investigate the presumed intrinsic resistance of GaN material
to DD that, in this paper, we apply MD simulations.

To our knowledge, there is only one study taking into ac-
count N PKAs [11] in GaN, though N PKAs form a significant
part of the created PKAs following neutron irradiation [18]. In
the published literature on GaN collision cascades, a detailed
analysis of the dynamics of the cascades in terms of defect
creation and clustering is also lacking. Consequently, in this
paper, we study collision cascades in GaN initiated with both
Ga and N PKAs based on a larger number of simulations than
previously done at three energy levels: 1 keV, 10 keV and
25 keV. Moreover, cascade dynamics are closely tracked and
analyzed. In addition, to have a complete and clear idea of the
relative sensitivity of GaN to non-ionizing radiation compared
to other standard materials for microelectronics, results in GaN
are compared to those obtained in Si and Ge.

The work conducted in this article is part of a larger effort
to increase the fidelity of our understanding of DD effects,
and to link atomic scale modeling and experiments to device-
based observations. The methodology employed for achieving
this has already been extensively described and applied to Si
[19]–[22] and to some extent to Ge and Si-Ge alloys [23],
[24].

We emphasize that our results represent a snapshot in time
of the dynamic displacement damage effects that occur through
collision cascades. After that moment in time at the end of
the cascades, the ensemble of defects continues to evolve as
a result of atomic diffusion and drift over an extended period
of time. Those longer time effects are not included in this
analysis.

II. METHODS

MD collision cascade simulations are conducted using the
LAMMPS code [25]. MD allows the description of matter at
the atomic scale and enables the dynamic study of collision
cascades within a material. In MD, time is discretized, and at
each timestep, the Newton equation of motion (1) is solved
for each atom involved in the simulation:

mi
dv⃗i
dt

= F⃗i (1)

with mi the mass of atom i, v⃗i its velocity and F⃗i the force
acting on it. In order to update the velocity and position of
atom i at each timestep, the force F⃗i acting on it must be
known. In MD, this force can be analytically derived from

interatomic potentials [26]. These potentials take the positions
of each atom in the simulation as parameters, and compute
the forces based on those positions.

Through MD simulations of collision cascades, we want
to accurately simulate the ballistic aspects of the cascades,
and also the structure and global properties of the material,
since they have a major influence on the collision cascade,
and on the resulting state of damage [27]. This is what makes
MD more complete than the Binary Collision Approximation
(BCA), in which only ballistic aspects are considered. In order
to achieve this, an interatomic potential, calibrated according
to experimental data, and able to reproduce at the same
time general equilibrium properties of the material, such as
structure, cohesive energy, melting temperature among other
properties, and highly non-equilibrium high energy ion-ion
collisions must be employed. In previous studies focused on
Si [20], [24], the Stillinger-Weber (SW) potential was used.
However, for GaN, its use was very limited and confined to
structural studies [28]. Given that our objective is to compare
the results obtained for GaN, Si and Ge starting from the same
theoretical grounds, we choose to employ Tersoff potentials
coupled to repulsive ZBL potentials [29] for Si [30], [31], GaN
[11]–[13] and Ge [32]. For Ge, we had to define the coupling
parameters for the purpose of this study. More details are given
in the Supplementary Material.

In addition to the previously mentioned properties, it is
necessary to include non-adiabatic electronic effects to have
a complete picture of the process involved in the collision
cascade. Thus, we incorporate the electronic stopping power
[33] in our simulations by the insertion of a friction force in
(1).

Our MD collision cascade simulations take place in boxes
created from non-primitive orthorhombic unit cells composed
of 8 sites (4 Ga and 4 N) for which the lattice parameters are
a = 3.18 Å, b = 5.52 Å and c = 5.17 Å. To create the Si and
Ge simulation boxes, we use a diamond unit cell composed of
8 atoms and for which the lattice parameters are aSi = 5.43 Å
and aGe = 5.66 Å. Different types of PKAs are employed
(both Ga and N in GaN, Si in Si, Ge in Ge), with energies
of 1, 10, 25 keV. Due to the large difference in the size of
the cascades depending on the PKA types, we use simulation
boxes of different sizes: for 1 keV PKAs, box sidelengths
range from 150 Å to 200 Å, i.e., from 294 408 to 659 680
atoms, for 10 keV PKAs, box sidelengths range from 300 Å to
600 Å, i.e., from 2 398 880 to 19 016 576 atoms, for 25 keV
PKAs, boxes sidelengths range from 400 Å to 1000 Å, i.e.,
from 4 096 000 to 88 031 160 atoms.

The system is equilibrated for 20 ps at 300 K with a
timestep of 1 fs before the initiation of the collision cascade.
Collision cascades are started by attributing to an atom, chosen
as the PKA, a certain velocity vector corresponding to the
desired PKA energy. For each PKA type and each energy, 100
simulations are run, each one with a different direction in order
to obtain statistically relevant results [34]. The timestep is
chosen based on the distance covered by the PKA between two
timesteps, which does not exceed 0.025 Å in our simulations.
Additional detail about the chosen integration ensembles and
thermostat can be found in [24]. The maximum penetration
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depth of the PKA, the number of created defects and the spatial
distribution, diffusion and clustering of defects are analyzed.

The number of defects is defined as the number of Frenkel
pairs (number of interstitial-vacancy pairs created). There
exists different methods for counting defects, for example the
Lindemann criterion [35], previously used [23]. For Si and
Ge materials, the Lindemann and Wigner-Seitz methods are
known to give different absolute results but to scale very well
[27]. In this article, we chose to calculate the number of defects
with the Wigner-Seitz criterion [36], implemented in OVITO.
Data processing is performed using OVITO visualization soft-
ware and its analysis tools [37].

Considering that a quantitative comparison of our results
with experimental results is difficult to achieve, in the follow-
ing, our results are compared with simulations performed with
the Transport and Range of Ions in Matter (TRIM) program
[38], which is part of the Stopping and Range of Ions in Matter
(SRIM) tool. TRIM simulations are based on the BCA, and
matter is described as a continuous medium. Therefore, certain
effects that can be captured with MD (for example temperature
influences), and structure related information (clustering of
defects for example) are not accessible with TRIM. There-
fore, all our results cannot be compared to TRIM. However,
extensive calibration and comparison of TRIM/SRIM with
experimental stopping power and ion range results makes it a
trustworthy comparison point and a reliable reference for MD
simulations, especially for the range of the ions in matter,
which are compared to the maximum penetration depth we
report.

III. RESULTS

For all the studied materials, and all the investigated en-
ergies, cascades are simulated for 22.6 ps. In the following,
the term ”end” refers to the material structure at the end of
the simulations, i.e., after 22.6 ps. The peak of the cascade
designates the moment of the simulation at which the max-
imum number of defects is attained. The number of defects
represents the number of interstitial-vacancy pairs. The size
of a cluster designates the number of vacancies, interstitials
and/or antisites (for GaN only) it contains. Two constituents
(interstitials, vacancies or antisites) belong to the same cluster
if they are separated by less than twice the nearest neighbor
distance. In this section, results for all energies are included in
Table I and II but for the sake of conciseness, only graphs with
PKAs of 10 keV are shown. Graphs for the other studied PKA
energies, i.e., 1 keV and 25 keV, are given in supplementary
materials.

A. State of damage at the end of the simulations

Figure 1 shows the maximum penetration depth distribution
of PKAs at 10 keV for Ga and N PKAs in GaN, Si PKAs in Si
and Ge PKAs in Ge based on 100 MD simulations for each
case. The average values of both the maximum penetration
depth and the number of defects for 10 keV cascades are
summarized in Table I, alongside the average values for 1 keV
and 25 keV cascades as well. Following Fig. 1, for Ga PKAs in
GaN, the penetration depth distribution is very homogeneous,

with more than 90% of the simulated cascades having a depth
between 10 and 100 Å. On the contrary, for N PKAs, the
distribution seems very dispersed, ranging from a few Å to
more than 400 Å, with an average depth of 234 Å, much
deeper than that of Ga PKAs (56 Å). In agreement with our
previous studies on the subject, Si PKAs penetrate deeper than
Ge PKAs [23]. Figure 1 reveals that Si PKAs also penetrate
a lot deeper than Ga PKAs, but far less than N PKAs. Ge
and Ga PKAs display a similar distribution of their range
of penetration. The average values of Table I show that the
same trend can be observed at 1 keV and 25 keV. This is also
confirmed by Figs. S1 and S2, showing the same data as Fig.
1 but for 1 keV and 25 keV PKAs. These wide differences in
penetration can be explained by the difference in terms of mass
and size of PKA but also in terms of disparities in the density
of each materials, i.e., ρGaN = 6.15 g/cm3, ρSi = 2.33 g/cm3

and ρGe = 5.32 g/cm3.

Fig. 1. Box plots of the maximum penetration depth of Ga PKAs in GaN
(blue), N PKAs in GaN (orange) , Si PKAs in Si (green) and Ge PKAs in Ge
(red) for 10 keV collision cascades. From lowest to highest, the horizontal
lines of a box plot represent the minimum value of the set, the first quartile
value, the median, the third quartile, and the maximum value of the set.

Figure 2 shows the distribution of the number of defects
obtained at the end of simulations of 10 keV collision cascades
initiated by Ga and N PKAs in GaN, Si PKAs in Si and Ge
PKAs in Ge. Large differences between the three materials
can be also observed here.

The distributions of the number of defects in GaN are
considerably lower than in Si and Ge: between 30 and 60 for
Ga PKAs in GaN, 20 and 50 for N PKAs in GaN compared
to between 150 and 230 for Si PKAs in Si and between 180
and 320 for Ge PKAs in Ge. The drastic difference between
the three materials is made even clearer in Table I: the mean
number of defects in Ge (243) and Si (185) is about five times
and four times that in GaN for Ga and N PKAs (42 and 36
respectively).

In addition to the observed discrepancies, it is also striking
that cascades initiated by Ga PKAs and N PKAs tend to
generate very similar numbers of defects (mean values of 45
for Ga PKAs and 36 for N PKAs). Indeed, previous studies
showed that the numbers of defects after a collision cascade
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TABLE I
COMPARISON TABLE OF AVERAGE MAXIMUM PENETRATION DEPTH AND AVERAGE NUMBER OF DEFECTS AFTER 1 KEV, 10 KEV AND 25 KEV COLLISION

CASCADES INITIATED BY GA PKAS IN GAN, N PKAS IN GAN, SI PKAS IN SI AND GE PKAS IN PKA. STANDARD DEVIATIONS ARE SHOWN IN
PARENTHESIS. TRIM DISPLACEMENT ENERGY THRESHOLDS ARE : EDGa : 25 EV, EDN : 28 EV, EDSi : 15 EV, EDGe : 15 EV.

Energy Data Method Ga N Si Ge

1 keV

Penetration depth (Å) MD 20 (8) 26 (15) 29 (16) 22 (12)
TRIM 19 30 36 23

Interstitials MD 5 (2) 4 (2) 22 (3) 22 (3)
TRIM 12 9 19 22

10 keV

Penetration depth (Å) MD 65 (32) 177 (106) 133 (38) 65 (40)
TRIM 63 180 181 84

Interstitials MD 42 (7) 36 (8) 185 (18) 243 (35)
TRIM 116 84 171 208

25 keV

Penetration depth (Å) MD 112 (55) 413 (183) 323 (140) 129 (56)
TRIM 118 393 402 160

Interstitials MD 105 (11) 71 (12) 403 (45) 640 (106)
TRIM 281 178 384 502

in binary materials can vary greatly depending on the type of
PKA, notably in Si-Ge alloys [23], [39]. Figures S3 and S4
which show the box plots of the number of defects for 1 keV
and 25 keV cascades confirm the trends derived from Fig. 2.
Also, at all the considered energies, Ga and N PKAs tend to
generate very similar numbers of defects.

To analyze in more detail the created defects in GaN, Table
II displays for all the considered PKA energies the average
number of each defect type (interstitial, vacancy, antisite), as
a function of the atom type. At all energies, antisites are
the minority defects. We find no clear trends regarding the
dominance of Ga interstitials or N interstitials (or vacancies).
Indeed, we observe that for N PKAs, at 1 keV and 10
keV, more Ga interstitials are created, whereas the inverse is
observed for Ga PKAs at all energies. Also, at 10 keV and 25
keV, regardless of the PKA type, there are more Ga vacancies.

Fig. 2. Box plots of the number of defects after 10 keV collision cascades
initiated by Ga PKAs in GAN (blue), N PKAs in GaN (orange), Si PKAs
in Si (in green) and Ge PKAs in Ge (in red). From lowest to highest, the
horizontal lines of a box plot represent the minimum value of the set, the first
quartile value, the median, the third quartile, and the maximum value of the
set. One hundred simulations are run for each type of PKA.

Alongside the mean values derived from MD, Table I
contains the average maximum penetration depth and average
number of defects obtained from TRIM after 1 keV, 10 keV

and 25 keV collision cascades initiated by Ga and N PKAs
in GaN, Si PKAs in Si and Ge PKAs in Ge. The averages
obtained using TRIM are calculated based on the results of
5000 simulations. Absolute values of penetration depth are in
very good agreement between MD and TRIM for Ga and Ge
PKA. For N and Si PKA penetration depths, quite important
discrepancies are observed (about 50 Å). The trends identified
with MD are verified with TRIM, except in the case of Si
and N PKAs, for which MD predicts a 40 Å discrepancy
at 10 keV between the two mean penetration depth values,
whereas TRIM predicts nearly no difference between the two,
whatever the energy.

Concerning the total number of defects, the absolute values
are hardly comparable between the two methods. Indeed, both
methods are so different in their nature, that the values given
by the method for counting defects in both cases cannot really
be set side by side. However, the trends in the evolution in the
number of defects depending on the PKA types and materials
can be analyzed and compared. On the whole, for all energies,
the average number of defects globally follows the same trends
between the two simulation methods, a Si PKA in Si or a Ge
PKA in Ge generates more defects than Ga and N PKAs in
GaN, with slightly more defects in GaN in a collision cascade
initiated by a Ga PKA. In more detail, with MD, at 10 keV it
is observed that about 5 times fewer defects are created by a
Ga PKA in GaN and a N PKA in GaN than a Si PKA in Si
and about 6 times fewer defects created than a Ge PKA in Ge.
With TRIM, at 10 keV, only about 2 times fewer defects are
observed for Ga and N PKAs in GaN compared to Si and Ge.
The trends thus are not completely similar, as TRIM tends
to overestimate the number of defects created in GaN and
underestimates the number of defects in Si and Ge compared
to MD simulations. The reasons for this underestimation will
be discussed in section IV.

B. Collision cascade dynamics and clustering

We focused in the previous paragraph on the final state
of the cascades only, but MD allows us to explore not only
static pictures but also the dynamic evolution of the cascades.
Figure 3 shows the evolution of the number of defects over
the entire MD simulation time, for 10 keV collision cascades
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TABLE II
PER ATOM TYPE AVERAGE NUMBER OF INTERSTITIALS (IGA AND IN ),

VACANCIES (VGA AND VN ) AND ANTISITES (GAN AND NGA ) IN 1 KEV,
10 KEV AND 25 KEV GAN COLLISION CASCADES INITIATED WITH N AND

GA PKAS. STANDARD DEVIATIONS ARE GIVEN IN PARENTHESIS.

IGa IN VGa VN GaN NGa
N PKA in GaN

1 keV 2 (1) 2 (1) 2 (1) 2 (1) 1 (1) 1 (1)
10 keV 19 (4) 18 (4) 21 (4) 15 (4) 5 (3) 3 (2)
25 keV 33 (12) 36 (13) 42 (12) 27 (13) 10 (5) 7 (4)

Ga PKA in GaN
1 keV 2 (1) 4 (1) 1 (1) 5 (1) 2 (1) 0 (1)

10 keV 20 (4) 23 (4) 23 (4) 19 (4) 8 (2) 6 (2)
25 keV 47 (6) 59 (9) 57 (6) 49 (8) 18 (4) 13 (4)

initiated by Ga and N PKAs in GaN, Si PKAs in Si and
Ge PKAs in Ge. Each data point in Fig. 3 results from an
average over the 100 performed MD simulations. A collision
cascade can be divided in multiple steps. First, the ballistic
phase occurs, during which fast moving Secondary Knock-On
Atoms (SKAs) are created following collisions with the PKA.
Those SKAs then create slow moving atoms and defects in
the materials. Those steps correspond to the increasing part of
Fig. 3. After a peak at which the maximum number of defects
is reached, heat excess is evacuated and the material starts to
recrystallize/heal. This step is sometimes called annealing. In
all four cases, the cascades reach their maximum number of
defects after a few tenths of a picosecond. The peak is reached
more quickly in Si cascades (0.25 ps), then a little bit later for
the N in GaN PKAs (0.30 ps) and the Ge in Ge PKAs (0.38
ps), and afterwards for the Ga in GaN PKAs (0.43 ps).

However, we observe very distinct behaviours in terms of
the evolution of the number of defects between the different
materials and PKAs. For 10 keV cascades, in GaN, the N
PKAs produce cascades with a peak of less than 200 defects,
in contrast to the Ga PKAs cascades which have a considerably
higher peak of more than 575 defects. At the end of the
simulations, the number of defects at 10 keV is only about
50 in Ga PKAs cascades, compared with 575 at the peak of
those same cascades, i.e., a reduction of 93%. For N PKAs, the
reduction is 83% (from 208 to 36 defects). In GaN, cascades
initiated by both Ga PKAs and N PKAs tend to almost entirely
heal on their own. In Si, at 10 keV, the peak number of defects
is of nearly 400 and that for Ge cascades is of about 500
defects. Although at the peak of the cascades in Si and Ge
a lower number of defects is created than in GaN with Ga
PKAs, the Si and Ge cascades end with a far greater number
of defects (about 200 for Si and 250 for Ge, compared to 50
for GaN at 10 keV). The recrystallization is a lot more efficient
and faster in GaN than in Si and Ge. This is what explains
the very low number of defects found in GaN. The same trend
can be observed for the other studied energies, and is even
made more blatant in S6 which displays the evolution of the
number of defects at 25 keV. Figure 4 shows the distribution
of the number of clusters as a function of their size (number
of defects) at the peak of 10 keV collision cascades and at
the end of same collision cascade simulations in GaN (PKAs
Ga and N), Si and Ge. In Si and Ge, clusters are defined
as aggregates of vacancies and interstitials, and in GaN, as
aggregates of vacancies, interstitials and antisites.

Fig. 3. Defects number evolution profile during 22.6 ps for 10 keV collision
cascades initiated by Ga PKAs in GaN (blue o), N PKAs in GaN (orange △),
Si PKAs in Si (green x) and Ge PKAs in Ge (red |). Defect data are derived
from averaging results across 100 simulations for each respective case.

At the peak of the cascades, very large clusters are present
in Ge, and even more in GaN in which regardless of the PKA
type, clusters of more than 103 defects are observed. In Si,
the clusters are smaller, not exceeding 500 defects. For all
materials, at the peak of the cascade and at the end, the point
defects are the dominant type of defects. Also, the smaller
the size of the cluster, the more frequently it is observed. The
largest cluster sizes mentioned above are rarely observed. The
most interesting features of Fig. 4 are the evolutions between
the distribution of clusters between the peak and the end. For
all materials, a recrystallization is observed, as already shown
Fig. 3. From the cluster point of view, it is characterized by
a reduction of the number of clusters, and a reduction of the
size of the clusters, with the end distributions of Fig. 4 shifting
to the left compared to the peak ones. The average number of
clusters at the peak of a cascade in GaN initiated by a Ga PKA
is 26, which reduces to an average of 15 at the end of the same
cascade simulation. Similarly, for N PKAs in GaN, the average
cluster number is 26 at the peak, decreasing to an average of
13 clusters at the end of the same cascade simulations. In
Ge, the average number of clusters at the peak of a cascade
reaches 50, dropping to an average of 43 at the end of the
same cascades. For Si, the peak cluster count is 55, which
averages at 47 clusters at the end of the simulation of the
same cascades. Those numbers tell us that a lot more clusters
are formed in Si and Ge compared to GaN. Moreover, it can
be easily noticed in Fig. 4 that the recrystallization and cluster
number decrease is far more important in GaN than in Si and
Ge. Indeed, the peak and end distributions of clusters are still
overlapping for Si and Ge, while they are almost completely
distinct in the case of GaN, regardless of the PKA, meaning
that the clusters have considerably healed. At the peak of the
cascade, the bigger clusters are observed in GaN, whereas at
the end, the bigger are found in Ge (above 100 in size) and
Si (nearly 100 in size). At the end of the simulations, in GaN,
clusters do not exceed 20 in size. This highlights the nature
of the strong recrystallization in GaN: big clusters disappear
and turn into small ones.

Figure 5 exhibits a visual representation of defects clusters
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Fig. 4. Distribution of the number of clusters as a function of their size at the peak of the 10 keV collision cascade (orange dots) and at the end of the same
collision cascade simulation (blue dots). Ga PKAs in GaN (top left), N PKAs in GaN (top right), Si PKAs in Si (bottom left) and Ge PKAs in Ge (bottom
right). Data are obtained from 100 simulations in each case.

at the peak and at the end of a 10 keV collision cascade
simulation, initiated by a Ga PKA in GaN, a N PKA in
GaN, a Si PKA in Si and a Ge PKA in Ge. The selected
cascades in Fig. 5 are representative of average cascades for
each PKA. They have been chosen because their average
penetration depth and average number of defects closely align
with the data provided in Table I. Notably, all four cascades
share the same direction. Figure 5 provides a complementary
visual representation of the cascades at 10 keV in the different
materials. It is made clear that in GaN, the defects present at
the peak have almost all disappeared at the end, whereas a lot
more remain in Si and Ge. Also, it can be seen that for the Ga
PKA case, the remaining clusters are of small size, whereas
big clusters are still present in Si and Ge. The cascades shown
in Fig. 5 correspond to average cascades; therefore, they do not
encompass the full diversity of all possible cascade natures.
This is for example why in the case of N PKAs in GaN, no big
clusters can be seen though some are present in the pool of the
100 simulations carried out according to Fig. 4. However, it
gives a fairly good visual representation of the cascade nature
in each material and of the evolution of the created clusters
of defects: at the peak, cascades are dense and localized in
Ge and in GaN with Ga PKA, with many defects; dispersed
in Si with clusters of all sizes; dispersed with mainly small
clusters in GaN with N PKAs, whereas at the end, only small
clusters remain in GaN; dispersed medium clusters in Si and
dense big clusters in Ge.

IV. DISCUSSION

In the Results section, we have observed that the quantity
and the characteristics of the defects formed can significantly
vary depending on the material and the PKA types. As
evidenced in Fig. 4 and Table I, in GaN, only a small
number of defects remain at the end of cascade simulations,
regardless of the PKA type. Also, the type of PKA has nearly
no influence on the total number of defects created at the
end. However, the spatial distribution of the defects varies
depending on the PKA type, lighter and smaller PKAs tend
to result in more dispersed cascades. In the cases of Si and
Ge, defects are sometimes contained in very large amorphous
clusters, and the number of defects surpasses that in GaN.
On a macroscopic scale, the much higher melting temperature
in GaN (TGaN ≈ 2800 K) than in silicon (TSi ≈ 1700 K)
and germanium (TGe ≈ 1200 K) [40], may explain those
discrepancies. Indeed the low melting temperatures of Si and
Ge allows the formation of amorphous zones of defects, well
known in semiconductors after irradiation [41], whereas in
GaN, it protects the material from the development of such
amorphous pockets. This aspect is enhanced by the high
thermal conductivity of GaN (1.3 W/cm·K [42]). However,
following Fig. 3, the peak number of defects for a Ga PKA
in GaN is even higher than in the case of Ge, meaning that
the difference between the two materials comes from the
recrystallization stage. This aspect can also be linked to the
thermal properties. Lots of atoms are displaced by a Ga PKA
in GaN, in a dense area (Table I), but the temperature attained
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Fig. 5. Visual representation of defect clusters at the peak of a 10 keV collision cascade (top images) and at the end of the same 10 keV collision cascade
simulation (bottom images) in GaN (PKAs Ga and N), Si and Ge. The blue spheres represent interstitial atoms, the red spheres represent vacancies and the
yellow spheres represent antisites without specifying the type (Ga in an N site or N in a Ga site).

may not be high enough or does not hold for a sufficient
time to melt the material and create amorphous pockets.
Consequently, it leads to the healing of those displaced atoms.
From an atomic scale perspective, according to [11], the
threshold displacement energy (TDE) of Ga and N atoms in
GaN (EGa

d ≈ 45 eV and EN
d ≈ 109 eV) are higher that for Si

in Si and Ge in Ge diamond structure (ESi
d = 20−35 eV) [43],

(EGe
d = 23 eV) [44]. This also offers an explanation for the

greater resistance of GaN compared to Si and Ge. Also, the
TDE is defined as the minimum energy to create a stable
Frenkel pair. At lower TDE values than that given for GaN,
atoms can be displaced for a short time, and thus be considered
as interstitials, but will go back to their equilibrium position.
This is very similar to what we observe in Figs. 3 and 4 in
GaN. Lots of defects are created at the peak of the cascade,
but the material recrystallizes and only a few defects remain
in the end.
Going deeper in the atomic scale analysis, Fig. 6 displays

the distribution of the distance the interstitials identified at the
peak of the cascade are displaced from their initial equilibrium
position (called displacement), at the peak of the cascade and
at the end of the simulation. Therefore, the displacements
plotted at the end are not all coming from interstitial atoms
as many of the atoms identified as interstitials at the peak
of the cascade are back to their initial position at the end of
the simulation. The comparison of the peak curves of Fig.
6 reveals interesting features. In GaN, only one very strong
peak arises at about 1.2 Å. In Si (Ge), two peaks can be clearly
identified, at about 2.3 Å (2.4 Å) and 4.9 Å (5.4 Å); At the

peak of the cascade, interstitials have traveled further in Si and
Ge than in GaN. Looking at the end (blue) curves of Fig. 6 tells
us about the evolution of the atoms identified as interstitials. In
Si and Ge, several peaks are clearly visible. The first peak near
0 Å corresponds to the part of the interstitials that healed and
went back to their equilibrium position. A second peak can be
identified, at the first nearest neighbour distance (2.35 Å for
Si, 2.45 Å for Ge). A peak at the second-neighbor distance
is almost noticeable. Those peaks correspond to interstitial
atoms that found their place in the crystal in ejecting other
atoms from their equilibrium position. In GaN, two very large
peaks are clearly visible. The first one by 0 Å, just like for
Si and Ge. The second one corresponds to the second nearest
neighbour distance of the GaN material, which indicates that a
proportion of the displaced atoms have shifted to the distance
of the second nearest atom. The largest peak is close to 0 Å,
indicating that a large proportion of the displaced atoms have
returned to their original crystal sites, i.e., healing the material.
This peak is much more prominent in GaN than in Si and Ge,
which justifies the greater recrystallization. Finding precise
atomic displacement distances corresponding to the distance
between the first neighboring atom and the second neighboring
atom links the displacement dynamics to the crystallography of
the material. The manner in which Ga and N atoms are ordered
in GaN, and the way they move in the crystal, explains the high
degree of recrystallization present in this material, in contrast
to Si and Ge. The atoms making up the clusters formed in
GaN are thus displaced close to their original crystalline site,
promoting healing, i.e., their return to their crystalline site,
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Fig. 6. Distributions of the distance the interstitials identified at the peak of the 10 keV cascades in GaN, Si and Ge are displaced from their initial equilibrium
position (called displacement), at the peak of the cascades and at the end of the simulations. The first blue arrow represents the first nearest neighbour distance
(FNND), the second represents the second nearest neighbour distance (SNND). Data are obtained from the average of 100 simulations in each case. At the
peak of the cascades, the atoms selected to plot the displacements are all interstitials, whereas at the end, atoms identified as interstitials at the peak may have
healed back to their initial position, and are thus not all interstitials.

thus reducing the number of defects and the number/size of
clusters (Refer to Fig. 4)). The overestimation by TRIM of
the number of defects created in GaN compared to in Si and
Ge (see part I) can also be explained by the recrystallization
characteristics of GaN. TRIM uses the BCA, which simplifies
the picture of collision cascades by considering only two-
body interactions (collisions). Atoms are represented as hard
spheres that cannot interact directly with other atoms outside
of collisions. On the contrary, MD, as it takes into account
manybody interactions between all the atoms in the system
(see part II) can be used to simulate complex behaviors such
as melting, amorphization and defect and clusters reordering.
Therefore, it is no surprise to observe discrepancies between
MD and TRIM results when studying collision cascades in
GaN, where complex recrystallization phenomena taking their
origin in the thermal properties as well as in the crystal
structure of GaN occur.

V. CONCLUSION

To better understand the effects of radiation-induced dis-
placement damage in GaN, we ran 100 simulations for each
collision cascade, at three different energies, 1 keV, 10 keV
and 25 keV, in GaN, Si and also in Ge, for comparison.
The behavior of the different PKAs and the three materials

proved to be very different. N PKAs penetrate deeper into
GaN than Ga PKAs and create a lot fewer defects at the
peak of the cascade, i.e., at the moment of the cascade when
the maximum number of defects is reached. However, at the
end of the simulations, a very similar number of defects is
obtained with Ga and N PKAs in GaN. In Si and especially
in Ge, a lot of defects are formed at the peak, but less than
in GaN with Ga PKAs. Nonetheless, at the end, more defects
remain in Si and Ge than in GaN, regardless of the PKA type.
The clustering of the defects is also very different between
the materials and the PKAs employed. In Ge, and in GaN
with Ga PKAs, the concentration of defects is very dense at
the peak. However, at the end, only a few defects remain
in small clusters in GaN, whereas lots of defects mostly
contained in large amorphous pockets are present in Ge. In
Si, defects are contained in clusters of various sizes, including
amorphous pockets, and dispersed along the trajectory of
the PKA, which is longer than in Ge and in GaN with Ga
PKAs. In GaN with N PKAs, the clusters obtained at the
end are very few in number, and of very small size. Also,
they are widely dispersed along the N PKA trajectories. Those
intriguing observations come from the remarkable self-healing
properties of the GaN material. Indeed, the number of defects
dramatically and quickly decreases after the peak is reached.
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Also, the distribution of the cluster size changes a lot between
the peak and the end of the cascades, compared to Si and Ge.
If very big clusters are present at the peak in GaN, they quickly
heal, and in the end, only small clusters remain. Our study thus
confirms, at the considered energies, the enhanced intrinsic
resistance of GaN to displacement damage, compared to other
semiconducting materials. We attribute the strong dynamic
self-healing of GaN to its thermal properties, less favorable
than Si and Ge for the formation of amorphous pockets, and
also to very compact atomic structure of wurtzite GaN. Indeed,
due to the small interatomic distance in GaN, interstitials
rarely travel far from their equilibrium site, and are thus able
to easily go back to their initial site, thus healing the structure.
As part of our research initiative, we have planned irradiation
experiments on bulk materials (Si and later GaN) and their
characterization using a transmission electron microscope. The
aim will be to compare the results of our simulations with the
defects observed under the microscope in the samples tested.
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