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a b s t r a c t

Molecular dynamics (MD) simulations were conducted to investigate the temperature effects on the
primary damage in gallium nitride (GaN) material. Five temperatures ranging from 300 K to 900 K were
studied for 10 keV Ga primary knock-on atom (PKA) with inject direction of [0001]. The results of MD
simulations showed that threshold displacement energy (Ed) was affected by temperatures and at higher
temperature, it was larger. The evolutions of defects under various temperatures were similar. However,
the higher temperature was found to increase the peak number, peak time, final time and recombination
efficiency while decreasing the final number. With regard to clusters, isolated point defects and little
clusters were common clusters and the fraction of point defects increased with temperature for vacancy
clusters, whereas it did not appear in the interstitial clusters. Finally, at each temperature, the number of
Ga interstitial atoms was larger than that of N and besides that, there were other different results of
specific types of split interstitial atoms.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As a direct-bandgap semiconductor, GaN is commonly applied
in optoelectronic and microelectronic devices. Compared with
other semiconductors, such as silicon (Si) and silicon carbide (SiC),
GaN has a larger direct band gap (3.4 eV) and higher electron
mobility (2000 cm2/V$s). Because of its low sensitivity to ionizing
radiation, it is a promisingmaterial for satellites and spacecrafts [1].
However, protons, a-particles, heavy ions and other particles which
produce radiation effects in materials or devices widely exist in the
whole space environment. There are three main radiation effects in
semiconductor devices: single event effect, total dose effect, and
displacement damage effect. Displacement damage, hard to
recover, can severely influence the electrical properties and cause
performance degradation in semiconductor devices. For designing
and the reinforcement of devices, it is necessary to understand and
assess the displacement damage in GaN material.

Studies on the displacement damage in GaN have been per-
formed experimentally for several decades. Karmarkar et al. [2]
reported a phenomenon that, due to high nonionizing energy loss
He), liuwenbo@xjtu.edu.cn

by Elsevier Korea LLC. This is an
(NIEL) of protons, 1.0 MeV protons could cause greater degradation
than 1.8 MeV protons in GaN Schottky diodes. They also reported
that annealing could help the recovery of displacement damage.
Khanal et al. [3] carried out some experiments exposed to the
100 keV protons with different fluences and performance degra-
dation was observed with increasing fluences.

Although some modern experimental facilities can observe or
identify certain defects in semiconductors, such as transmission
electron microscopy (TEM), deep level transient spectroscopy
(DLTS), whereas, they have some limitations on observing the
whole irradiation process. However, computer simulations are
good tools to understanding the displacement damage in semi-
conductor devices. Compared with experiments, the simulations
about the displacement damage in GaN were relatively fewer and
most of them were discussing the defect properties by ab-initio
calculations [4e6] or directly focusing on the devices by finite
element methods [7]. Whereas, displacement damage is a multi-
scale problem which spans from the primary damage at the
atomic-level and 10�15 s to electrical properties at the device-level
and 106 s.

MD simulations were applied commonly in some studies to
accurately describe primary damage in materials. However, there
were a few researches about the primary damage in GaN. Nord et al.
[8] proposed an empirical potential of GaN. It is an analytical bond-
order potential which provides a good fit to some critical properties
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including defects of GaN. Based on this potential, they reported that
most of the damage was isolated point defects or small clusters for
the recoils between 200 eV and 10 keV [9] and they also found that
under the same radiation condition, GaN was less damaged
compared with Si. Besides the recoil atoms, swift heavy ions were
also used in some simulations. Ullah et al. [10] investigated the
optical properties under F, P, and PF4 irradiation by experiments
and simulations. They found that the lighter ions were easier to
produce isolated point defects and the number of defects produced
by PF4 was similar to the sum of one P and four F ions separately. In
recent development of potentials for primary damage simulations
[11e13], previous classical potentials had some limitations on
simulating accurately in high energy as they lacked enough short-
range interactions. Thus, Ziegler-Biersack-Littmark (ZBL) screened
potential which gives a good representation of the short-range
interactions is required to connect with them. Based on the work
of Nord et al. [8], an improved potential [12] was put forth to solve
this problem. In their studies, they presented the details about how
to obtain the hybrid potential and they also studied defects and
clusters for energies ranging from 500 eV to 40 keV. Their results
showed that NIEL in GaN was smaller than the classic model.

However, there are still some problems less understanding,
especially the relationship of temperature with primary damage is
not yet known. Thus, this study mainly discusses this factor and the
results will be helpful in the researches of multi-scale modeling of
displacement damage and future researches.

2. Methods

Primary damage in GaN was performed by, Large-scale
Atomic/Molecular Massively Parallel Simulation (LAMMPS) [14].
This code has been widely used in modeling the primary damage
of materials including metals [15,16] and semiconductors
[17e19]. In MD simulations, atomic interactions among atoms,
which are often defined as interatomic potentials, should be
carefully applied due to their essential influence to simulation
results. The potential was introduced from the work of Nord et al.
[8] and Chen et al. [12]. What is more, the electronic effect was
not considered in this research.

At ambient temperature and pressure, GaN always presents a
wurtzite crystal structure. The simulation cell was created based
on an orthogonal unit cell which was converted from two hex-
agonal unit cells. Primary damage was always modeled by
providing kinetic energy to a specific atom, which is defined as
PKA. In this study, Ga PKA was only considered because the
damage of Ga is more severe than N at same energy due to its
heavy mass. Ga with 10 keV kinetic energy was chosen from the
top-center of the simulation cell. 50 � 50 � 50 unit cells which
contain 1 million atoms were established in a simulation box to
prevent PKA from moving out. Thermostat region which controls
the temperature on five sides except the top side was 8 Å in
length and periodic boundary conditions were applied on all
sides [17e19]. The simulation model was shown in Fig. 1(a).

Since semiconductor devices always work at room tempera-
ture and the maximum operated temperature of GaN material
was reported to be about 1000 K [1]. Five different temperatures,
300 K, 450 K, 600 K, 750 K, and 900 K, were applied in this study.
It also was reported that the inject direction of PKA truly affects
the evolution of primary damage in UO2 [20] and LiAlO2 [21].
Therefore, the inject directions of PKA in the present simulations
are mainly around [0001] which is a high symmetry direction.
Thirty different random directions with a little angle around
[0001] direction were used to obtain statistical results. PKA di-
rections were illustrated in Fig. 1(b) and the little angle is added
to avoid the channeling effect. Multiple-phase timestep
procedure which was applied successfully in the researches of
primary damage of 3CeSiC [17,18] were also adopted. The time
step varies from 10�5 to 10�3 ps and the total time from PKA
excitation to the end is 12.4 ps.

Six types of point defects, i.e., vacancies (VGa and VN), inter-
stitial atoms (IGa and IN) and antisite atoms (GaN and NGa), were
investigated. Defects were defined by Wigner-Seitz cell method
[22] which is constructed by the Voronoi method. An empty site
is a vacancy whereas a site with two more atoms corresponds to
an interstitial atom. Since there are few sites containing three or
more atoms in a lattice site, two atoms in a site were only
considered in this study. In addition, the antisite atom is iden-
tified with the comparison of previous atom type and the present
one. As far as clusters, defects within the cutoff distance which is
one and a half times lattice constant (3.186 Å) [10] in GaN are
regarded as a cluster and the number of defects contained in a
cluster refers to the size of clusters.
3. Results and discussion

3.1. Threshold displacement energy of Ga

Ed, which plays a significant role in the primary damage calcu-
lations, is often applied in some damage related models, such as
Norgett, Robison, and Torrens (NRT) equation [23] or arc-dpa
models [24]. There are several definitions about Ed depending on
the situation [25]. In our simulations, Ed of Ga was defined as the
lowest energy of PKA Ga which causes permanent displacement off
the initial lattice site at a certain direction. Since Ed is a statistical
value which is averaged by enough directions, the following ap-
proximations were adopted to obtain more accurate results. The
system of 2304 atoms was applied for modeling Ed and binary
search algorithm was conducted to determine the final energy. 1)
One designated Ga atom in the center of the system was chosen as
the PKA. 2) Azimuthal angles and polar angles were chosen
randomly in each simulation. 3) the total time of 8.2 ps was chosen
to avoid the recombination of defects.

Though more simulation times mean more accurate results, a
proper choice to reduce computing resource is significant. In a
recent research [26] about calculation of Ed of UO2, 100 simulations
were enough to obtain a converged result with a reasonable cer-
tainty. Therefore, a test to determine how the mean value was
affected by the number of simulations was carried out. In order to
obtain a more accurate conclusion, the number of simulations was
extended to 5000 at 750 K and the result was shown in Fig. 2. It can
be suggested that even though increase the number of simulations,
the mean value would not be affected a lot (less than 1 eV) after
1000 simulations. And this phenomenon indicated that 1000 sim-
ulations are enough to obtain an accurate result of Ed of Ga.

Consequently, 1000 times were simulated at each temperature.
The statistical results were shown in Fig. 3 and their error bars
referred to the standard error of the mean (SEM), which is the
standard deviation divided by the size of the sample. Although the
mean value of 750 K seems slightly lower than that of 600 K, it can
be clearly seen that temperature indeed affects the value of Ed
overall and the values of Ed are significantly larger for higher
temperatures, especially comparing values of 300 K with that of
900 K. In addition, the results under different temperatures are
close to the value which is 45eV obtained by previous reports [9].
Compared this value with some other semiconductors [27e29], Ed
of Ga is the largest one among b-SiC(C~40eV, Si~60eV), Si(~36eV)
and GaAs(G~a13eV, As~13eV). This provides a possible explanation
that GaN has a greater resistance to displacement damage than
other semiconductors.



Fig. 1. Schematic diagram of (a) the simulation model (b) PKA directions.

Fig. 2. The mean value of Ed of Ga as a function of the number of simulations at 750 K

Fig. 3. The mean value of Ed of Ga under different temperature (the error bars indicate
the SEM).
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3.2. Production of defects

There are two main stages in the collision by timescale. In the
first stage, defects are always produced and increase a lot during a
rapid time (~0.1 ps) induced by an energetic particle. The energetic
particle dissipates its most energy (more than 90%) by colliding
with atoms and thus displaces nearby atoms from their original
sites to form defects. While, in the subsequent stage (~1e10 ps)
which is often called a heat spike stage, the number of defects
decreases. The reason is that vacancies and interstitial atomswithin
certain distance spontaneously recombine with each other and
some other defect recombination reactions. Consequently, the
maximum number of defects always occurs at the end of the first
stage.

In order to get a better understanding of the primary damage in
GaN, Wigner-Seitz cell method was applied to distinguish defects
from normal atoms. Positions of different types of defects at four
typical time points were shown in one case at 300 K in Fig. 4. It can
be clearly seen that the number of defects increases rapidly within
0.4 ps and then decreases relatively slowly. Furthermore, most
defects tend to aggregate together in the whole process and they
seem to gather in the upper part which nears the position of PKA.

However, these snaps are too simple to understand the whole
processes clearly. To quantitatively evaluate the evolutions of the
number of defects in primary damage, plenty of time points was
chosen to obtain enough data under different temperatures. During
the whole primary damage, vacancies and interstitial atoms tend to
form Frenkel pairs which is a common type of defect appeared in
the irradiated crystal. Owing to this fact, the number of vacancies is
equal to interstitial atoms. Therefore, the number of Frenkel pairs
was used to represent the number of vacancies or interstitial atoms.

Results of the evolution of average number of Frenkel pairs and
antisite atoms were respectively shown in Fig. 5. It can be clearly
seen that the evolution trends of Frenkel pairs and antisite atoms
are similar under different temperatures. Specifically, from the
beginning to peak time, where it is about 0.5 ps, a number of de-
fects are produced and the number of defects increases continu-
ously. Following the peak time, the number of defects decreases
slowly due to the recombination and it keeps at a stable value after
about 7 ps in the end. Comparedwith the process of production, the
rate of recombination is a little lower. This evolution has a good
agreement with classic theory and previously reported simulations
[12,15,17,18]. However, a similar evolution does not represent the



Fig. 4. Snaps of distribution of all defects for 10 keV Ga PKA at 300 K.
(Blue atoms are vacancy, green atoms are interstitial atoms and red atoms are antisite atoms).

Fig. 5. Evolutions of average number of (a) Frenkel pairs and (b) antisite atoms under different temperatures.
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same phenomenon. It is clearly seen that at a higher temperature,
the peak number of Frenkel pairs and antisite atoms are both
higher. Hence, the specific properties of Frenkel pairs were
concentrated in the following discussions.

During the whole primary damage, there are two attractive time
points, peak time and final time. Peak time refers to the time of
maximum number of defects. However, there are no accurate def-
initions about final time because the number of defects fluctuates
around a value at the end of heat spike stage. Due to the criterion of
Wigner-Seitz method, therefore, if the standard deviation of
number of defects of a time point with its afterwards values is less
than 1, this time point was within the end of heat spike stage. And
the minimum time point was chosen as the value of final time. As
for recombination efficiency, it is defined as follows:

4¼Npeak � Nfinal

Npeak
(1)

Where Npeak is the peak number of defects and Nfinal is the final
number of defects. The peak number is the maximum number of



Table 1
Parameters about Frenkel pairs under different temperatures (the errors refer to the standard error of mean).

Temperature/K Peak number Peak time/ps Final number Final time/ps Recombine efficiency/%

300 798.37 ± 62.44 0.44 ± 0.01 51.30 ± 1.15 9.83 ± 0.44 92.48 ± 0.55
450 935.87 ± 98.08 0.48 ± 0.02 48.50 ± 1.01 10.03 ± 0.42 93.51 ± 0.53
600 1105.53 ± 115.87 0.50 ± 0.02 46.73 ± 1.20 10.52 ± 0.33 94.63 ± 0.45
750 1261.37 ± 148.96 0.52 ± 0.20 46.70 ± 1.74 10.53 ± 0.36 95.07 ± 0.46
900 1528.17 ± 157.95 0.58 ± 0.02 45.70 ± 0.82 11.20 ± 0.22 96.06 ± 0.38
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defects produced in the whole process and the final number refers
to the last number of defects. Detailed parameters were shown in
Table 1. All of the parameters in Table 1 are averaged parameters
from thirty simulations at a specific temperature.

Based on the data in Table 1, it can be inferred that temperature
indeed affects the properties of Frenkel pairs. With temperature
increasing, the peak number increases greatly. The reason is that at
higher temperature, the vibration of each atom is larger than at low
temperature region, which could weaken the bonding state of
GaeN, and thus easily displace these atoms, especially at the bal-
listic stage. In contrast, the final number of defects decreases a little
with temperature, which is due to the higher recombination rate at
high temperature. In addition, all of the recombination efficiencies
are larger than 90%. As for the peak time, the influence of tem-
perature is not clear, where the time is about 0.4e0.6 ps. However,
there is a large discrepancy in the final time, from 9.8 ps to 11.2 ps.
This discrepancy confirms that higher temperature could delay the
final time obviously in the primary damage. The reason is probably
more defects are produced at peak time at a higher temperature so
that it needs more time to recombine and reach the final stage.

Based on previous calculations of Ed under different tempera-
tures, our results were also compared with NRT equation and
another work [9] by J. Nord et al., in which the final number was
46.7 for 10 keV Ga PKA. NRT equation has been a standard model to
predict the final number of Frenkel pairs in the researches of ra-
diation effects for several decades. Its formulawas shown as below:

Nd ¼
0:8EPKA
2Ed

(2)

Where the Nd corresponds to the final number of Frenkel pairs and
the value Ed is adopted by previous calculations. The comparisons
were illustrated in Fig. 6.

It can be seen that our results are similar as the value in J.Nord's
work and the trend of NRT equation is also similar as our results.
Fig. 6. Final number of Frenkel pairs of our simulation, NRT equation. and data from
this work [9] under different temperatures (the error bars indicate the SEM).
Therefore, it can be assumed that the difference of final number of
Frenkel pairs under different temperatures probably is caused by
the Ed. However, it can be seen that NRTequation overestimates the
final number of Frenkel pairs compared to another two results.

3.3. Defect clusters

In the primary damage, there are not only isolated point defects,
but also clusters. Cluster also plays an important role in thematerial
mechanical and electrical properties, such as swelling behavior and
carrier migration.

By using the cluster analysis method presented in Section.2, the
cluster sizes and their numbers under different temperature were
shown in Fig. 7. The results indicated that the cluster size is inde-
pendent on irradiation temperatures. And in the primary damage of
GaN, isolated point defects and little clusters (size < 5) are more
likely to appear. This feature which enhances the damage recom-
bination probability was reported in this study [9]. However, there
are some differences between the clusters of vacancy and inter-
stitial atom. As for large clusters, it can be clearly seen that the sizes
of vacancy clusters are larger than that of interstitial atom clusters.
For instance, at 450 K, there are even some vacancy clusters’ sizes
larger than 15. Some other materials [30,31] were also reported the
similar results. Based on a model of temperature and clusters [32],
since interstitials and vacancies may be both mobile during this
temperature range, the formation of clusters are complex to cause
this phenomenon.

Since point defects are the most common defect in the primary
damage, the fraction of point defects in their corresponding clusters
under different temperatures were shown in Fig. 8. As for vacancy
clusters, the fraction was larger as temperature increases, from
66.8% to 72.3%. This phenomenon indicated that vacancy cluster
may be thermally unstable so that there are more isolated va-
cancies at a higher temperature. Nevertheless, this trend did not
appear in the interstitial clusters and interstitial clusters may be
thermally stable.

3.4. Split interstitial atoms

Interstitial atoms have interesting properties compared with
other point defects, especially in the binary material. Their high
mobility rate makes them possible to move long distance, even at
low temperature, and form different types of interstitial atoms,
such as split, octahedral or tetrahedral interstitial atoms. Owing to
the limitations of Wigner-Seitz defect analysis method, it can only
identify the interstitial atoms as the split interstitial atoms.
Therefore, a new perspective was presented here to investigate the
configurations of interstitial atoms further in molecular dynamics,
especially for the binary compound.

Based on our assumptions, there are two main types of split
interstitial atoms divided by the type of foreign interstitial atoms,
Ga and N interstitial atoms. Furthermore, for different original
lattice sites, we divided each into three types. The schematic dia-
gram was illustrated in Fig. 9. Take Ga interstitial atoms for
instance, there are two common interstitial atoms, GaeN (Ga) and



Fig. 7. Cluster sizes and their numbers under different temperatures.
(a) vacancy clusters, (b) interstitial atom clusters

Fig. 8. Fraction of point defects under different temperatures (the error bars indicate
the SEM).

Fig. 9. Schematic diagram of different split interstitial atoms.
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GaeGa (Ga) (the element in the bracket corresponds to the original
atom in lattice site) and one special interstitial atoms GaeGa (N).

By comparing the original type and the present type of atoms,
the number of six types of split interstitial atoms under different
temperatures were shown in Table 2.

Though there are no correlations of split interstitial atoms with
temperatures from this table, some other attracting properties of
them are founded at each temperature. Firstly, the number of Ga
interstitial atoms is larger than N interstitial atoms. The main
reason may be the difference of Ed of these two atoms. In our and
previous reported calculations [4,9], Ed of Ga atoms is far less than
N atoms. This property mainly causes Ga atoms are easier to
displace from their original lattice sites even produce defects than
N atoms. In addition, it can be seen that GaeGa (N) and NeN (Ga)
are very difficult to form, especially GaeGa (N). It may be deter-
mined by the mechanisms of them that these two types of defects
need to knock out the original atoms in a lattice site before forming
them, while the energy to knock out atoms may be a little large.

Meanwhile, the number of GaeN (N) (18.56) is founded a bit
larger than that of GaeGa (Ga) (7.21) whereas the number of GaeN
(Ga) (8.56) is a little less than that of NeN (N) (9.37). It is an
opposite result for themselves, since for Ga interstitial atoms, the
hetero-atomic pair (GaeN (N)) is easier to form than homo-atomic
pair (GaeGa (Ga)) however N interstitial atoms are in contrast. In
the previous studies of formation energy, some calculations [4,9]
reported the split-interstitial atoms in GaN. The results of Xiao et al.
[4] showed the formation energy of four types of split interstitial
atoms at Ga and N sites along the <1120> direction under N-rich
conditions. For Ga interstitial atoms, the formation energy of
GaeGa(Ga) is 12.34 eV, a bit larger than 10.99 of GaeN(N). While
for N interstitial atoms, the formation energy of NeN(N) is 4.57 eV,
a little less than 4.61eV of GaeN(Ga). The difference and its relative
value of formation energy agree well with that of the specific
number, whatever Ga or N interstitial atoms, though this method
surely has some deficiencies on identifying the more sophisticated
types.
4. Conclusions

MD simulations were carried out to investigate the primary
damage caused by 10 keV Ga PKA under five different temperatures
along [0001] directions. The effects of temperature on several
properties, including Ed, production of defects, clusters and split
interstitial atoms are given.

Based on the analysis, all the properties studiedwere affected by
temperature, but not all showed a clear trend. Ed is determined by
temperature and at higher temperature, it becomes larger. The ef-
fect of temperature on Ed may further affect the final number of
point defects at various temperatures. Under different tempera-
tures, the evolutions of defects are similar. However, higher tem-
perature increases the peak number largely and decreases the final



Table 2
Number of different types of split interstitial atoms under different temperatures, (Ga Int means the total number of Ga interstitial atoms, N Int as well).

Temperature/K GaeN(N) GaeGa(Ga) GaeGa(N) Ga Int GaeN(Ga) NeN(N) NeN(Ga) N Int

300 20.30 6.80 0.00 27.10 10.07 10.17 2.43 22.67
450 19.23 8.00 0.03 27.26 8.37 9.30 2.23 19.90
600 17.57 6.77 0.07 24.41 8.63 8.87 2.77 20.27
750 17.40 7.43 0.10 24.93 7.83 9.80 2.67 20.30
900 18.30 7.07 0.07 25.44 7.90 8.73 2.30 18.93

Mean Value 18.56 7.21 0.05 25.83 8.56 9.37 2.48 20.41
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number slightly. As a result, the recombination efficiency is larger
at a higher temperature. Temperature has little effects on the peak
time while delays final time evidently. It is due to larger amount of
defects is produced at peak time which needs more time to reach
the steady state. Our results were also comparedwith NRTequation
and another work. It consistent well with the value in their work
and the trend of NRT equation. It is assumed that the final number
of Frenkel pairs is affected by the change of Ed under different
temperatures and the NRT equation overestimates this value. As for
clusters, isolated point defects and little clusters are commonly
produced and vacancy are easier to form large clusters than inter-
stitial atoms.

Temperature could increase the fraction of isolated vacancy in
vacancy clusters, because vacancy cluster may be thermally un-
stable. And this phenomenon does not reflect in the interstitial
clusters. Finally, for interstitial atoms, the number of Ga is always
larger than N. The reason is that Ed of Ga is less than that of N.
GaeGa (N) and NeN (Ga) are very difficult to form due to the for-
mation mechanisms of them. In addition, there is also an inter-
esting point that the number of GaeN (N) is larger than that of
GaeGa (Ga) whereas the number of GaeN (Ga) is larger than that
of NeN (N). This is probably caused by the value of their formation
energy.
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