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Diamond is a promising semiconductor material for future space exploration, owing to its unique atomic and electronic
structures. However, diamond materials and related devices still suffer from irradiation damage under space irradiation in-
volving high-energy irradiating particles. The study of the generation and evolution of point defects can help understand
the irradiation damage mechanisms in diamond. This study systematically investigated the defect dynamics of diamond
in 162 crystallographic directions uniformly selected on a spherical surface using molecular dynamics simulations, with
primary knock-on atom (PKA) energies up to 20 keV, and temperatures ranging from 300 K to 1800 K. The results reveal
that the displacement threshold energy of diamond changes periodically with crystallographic directions, which is related
to the shape of potential energy surface along that direction. Additionally, the number of residual defects correlates pos-
itively with PKA energy. However, temperature has dual competing effects: while it enhances the probability of atomic
displacement, it simultaneously suppresses the probability of defect formation by accelerating defect recombination. The
calculation of sparse radial distribution function indicates that the defect distribution shows a certain degree of similarity in
the short-range region across different PKA energies. As the PKA energy increases, defect clusters tend to become larger in
size and more numerous in quantity. This study systematically investigates the anisotropy of displacement threshold energy
and elucidates the relationship between various irradiation conditions and the final states of irradiation-induced defects.
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1. Introduction

Diamond possesses unique physical properties, includ-
ing high thermal conductivity, ultrawide band gap, high car-
rier mobility, and excellent radiation resistance.["101 Due
to the radiation resistance, diamond has extensive applica-
tions in irradiated environments, including radiation detec-
tors for particle accelerators and nuclear detection,'!! medi-
cal dosimeters,!!?] x-ray mirrors,!'*!5 and windows in high-
power optics. However, despite its inherent radiation resis-
tance, diamonds can still experience property degradation due
to strong irradiation, which introduces various defects during
exposure to high-energy particles such as protons and heavy

5.[16-18] Therefore, it is necessary to study the irradiation

ion
damage mechanisms of diamonds to guide the application of
diamond devices.

When diamond devices are exposed to a radiation envi-
ronment, displacement cascades are induced by incident en-
ergetic particles.!'>?% These cascades lead to the production

of point defects, such as interstitials and vacancies, which
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can further aggregate into clusters or voids. As defects ac-
cumulate, carrier mobility diminishes, indicating that struc-
tural damage can impair the performance of the device.!]
To ensure the long-term reliable performance of diamonds in
a radiation environment, it is essential to understand the de-
fect generation and residual conditions in detail. Experimen-
tally, photoluminescence technology,??! cathode lumines-

(23] transmission electron microscopy,[24]

[27]

cence technology,
Raman spectroscopy,!2>?%! scanning electron microscopy,
and x-ray diffraction!! can be employed for structure anal-
ysis. However, experimentally observing defects in real-time
is extremely challenging since displacement cascades occur
over nanometer-length scales and picosecond (ps) timescales.
Fortunately, molecular dynamics (MD) simulations provide a
complementary approach to tracing the atomic movement in
materials under external forces, such as laser or pressure. [28,29]
Owing to the rapid advancement of computing power, irradia-
tion damage has been investigated using molecular dynamics
simulations. 30-3¢]

The threshold displacement energy (Ey) is defined as the
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minimum energy needed to displace the primary knock-on
atom (PKA) sufficiently from its lattice site and form a va-
cancy and interstitial (Frenkel) pair,®’=° which is a funda-
mental parameter for determining the radiation tolerance of a
material. On the one hand, E4 correlates the kinetic energy of
an incident particle or PKA with the number of defects gen-
erated through cascade collisions./**! On the other hand, the
displacement threshold energy must be specified in advance in
the mesoscopic simulation of material radiation damage. *!]
Constrained by temporal and spatial resolution limita-
tions, experimental techniques are unable to accurately deter-
mine the displacement threshold energy along various crystal-
lographic directions. Currently, MD have been used to study
the Eq of low-index crystal directions in diamonds. Wu et
al. simulated that the E4 for (100), (110), and (111) crys-
tal directions in diamond is approximately 50 eV,*?! which is
higher than that of other semiconductors (about 25 eV).[43:44]
Erginsoy et al. explored the concept of displacement probabil-
ity, highlighting that exceeding the E4 does not ensure defect
formation.*! Considering the probabilistic nature of the Eg,
Delgado et al. carried out extensive simulations for three low-
index crystal directions in diamond and performed hundreds of
trials to construct the displacement probability curve,®! their
results indicated that the Eq4 of diamond along three crystal di-
rections ranges between 30 eV and 100 eV. However, since
the randomness of the cascade collision can cause atomic ve-
locities in any direction, it is crucial to systematically inves-
tigate the displacement threshold energy for a broader range
of crystal directions in diamond. With respect to the PKA en-
ergy effect, some studies on diamond cascade collisions re-
vealed that when the PKA energy reaches up to 5 keV, the
collision cascades are of short duration (femtosecond, fs) and
exhibit fractal trajectories.*>#7#8] In the temperature effect,
Liu et al. simulated that as the temperature increases, the num-
ber of defects in the final state of diamond cascade collisions

[49

decreases.[*! In the distribution of residual point defect, cur-

rent research primarily focuses on the distance between the

48,501 In summary, the displacement

farthest two point defects.|
threshold energies of diamond along various crystallographic
directions, as well as the interplay between broad PKA en-
ergy and temperature ranges and their influence on point de-
fect generation, evolution, residual defect numbers, residual
defect distributions, and defect clustering, remain underex-
plored. Further in-depth and detailed analysis is imperative
to fully elucidate these intricate relationships.

In this study, we explore the defect generation and resid-
ual condition of diamond under a broad range of irradiation
conditions, specifically across temperatures from 300 K to
1800 K and PKA energies up to 20 keV. By extending the sim-
ulation scenarios to a wider range of parameters, this research
substantially enhances our understanding of diamond behav-

ior under irradiation. To fully investigate the displacement
threshold energy of diamonds, we systematically studied 162
different crystallographic directions. The atom displacement
probability (DP) and defect formation probability (DFP) were
statistically calculated under various PKA energies and tem-
peratures. Additionally, we explored the mechanism of tem-
perature on the diamond cascade collision process by analyz-
ing how different temperatures affect the DP and DFP values.
The defect recombination rate and sparse radial distribution
function is used to analyze the final state of defects. The defect
cluster under different PKA energies and temperatures are also
discussed. The remainder of this paper is organized as follows.
Section 2 addresses the methodology of MD simulations and
data analysis, followed by results and detailed discussion on
defects in Section 3. Conclusions are presented in Section 4.

2. Theoretical methods

All molecular dynamics simulations were conducted us-
ing the large-scale atomic/molecular massively parallel sim-
ulator (LAMMPS) code. The Tersoff-ZBL potential has been
employed to describe the elasticity constant, interstitial forma-
tion energy, and vacancy formation energy of diamond, while
also accounting for the short-range interactions between car-
bon atoms during cascade collisions.!3!>?! The accuracy of
this potential is detailed in the supplementary information S1.

In the MD simulation, the energy of the system is
first minimized, followed by a relaxation period within the
isothermal—isobaric ensemble (NPT) for 2.5 ps, with a time
step of 1 fs. Notably, in the simulation of irradiation displace-
ment damage, the interaction of energetic particles with the di-
amond lattice is modeled as a sudden localized input of kinetic
energy into the PKA. Once the irradiated particle transfers its
energy to the PKA, its role can be neglected. Only the cascade
collision process initiated by the PKA within the lattice is con-
sidered. The system is then relaxed within the micro-canonical
ensemble (NVE) over 15 ps using variable time steps. The
maximum distance allowed for atomic movement in each time
step is limited to 0.018 A. This approach is necessary due to
the light mass of carbon atoms, which results in high velocities
when imparted with kinetic energy. The size of the simulation
system is listed in Table S3. To simulate the external ambient
temperature, a thermostat layer was modeled in a region at a
distance of 3.57 A from the supercell boundary and connected
to a Nosé—Hoover thermostat. To confine each collision cas-
cade within the cubic supercell, the location of the PKA were
selected such that the cascade would evolve towards the cen-
ter of the cell, and the displaced atoms will not move to the
boundary of the simulation cell. The atomic structure and de-
fect configuration are visualized using the Open Visualization
Tool (OVITO).!53! The Wigner—Seitz method was applied to
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identify the Frenkel pairs and cluster analysis modifiers were
used to analyze the clusters for these point defects.

3. Results and discussion
3.1. Displacement threshold energy

The E4 along the low-index crystallographic directions
of diamond has been studied using various methods. Here,
we conducted a comprehensive calculation of the E4 in dia-
mond, taking into account both its probability and anisotropy.
For each direction, we performed three simulations where the
PKA energy was varied from 20 eV to 100 eV. Therefore, a
total of 240 simulations were performed for each PKA crystal
orientation. The displacement threshold energy was defined
as the minimum PKA energy required to form a stable de-
fect. For low-energy atomic cascade collisions, an 10x10x 10
supercell containing 8000 atoms was used. The simulation
was conducted at a temperature of 300 K, 900 K, and 1500 K.
The PKA was positioned at the center of the simulation box.
MD cascade collision simulations were performed along 162
unique directions, which were uniformly distributed across the
unit sphere. The energy of PKA was incrementally increased
during simulations.

The PKA directions were determined by the angles 6 and
¢, where 0 represents the angle between the PKA direction
and the c-axis, and ¢ denotes the angle between the projec-
tion of the PKA direction onto the a—b plane and the a-axis,
as shown in Fig. 1(a). 8 ranges from 0° to 180°, and ¢ ranges
from 0° to 360°, the PKA directions were taken at intervals of
20° across both angles. A total of 38880 cascade simulations
were performed.

Figure 1(b) shows the Eq4 of diamond as a function of the
PKA incident angle. The Ey for various crystallographic direc-
tions in diamond ranges from 31 eV to 72 eV, revealing a clear
correlation with the incident angle of the PKA. Our results are
within the range of experimental and calculated values (about
30 eV-100 eV) reported in the literature.[*%->#-56] From lattice
symmetry perspective, diamond has cubic symmetry and be-
longs to the Oy, point group, which means the reference a and
c-axis we selected are the C; rotation symmetry axis (Even
though the a-axis and c-axis are also C4 rotation symmetry
axis, the C4 in the diamond structure involves a combination
of rotation and translation, rather than pure rotation.). There-
fore, the Eq of the PKA on the spherical surface exhibits pe-
riodic behavior, completing a full variation cycle as 6 and ¢
ranges from 0° to 180° . From a static calculation perspective,
the displacement threshold energy is related to the shape of the
potential energy surface along that crystallographic direction.
Typically, the higher the potential barrier at the equilibrium
position, the greater the displacement threshold energy (see
supplementary information S3 for details).

¢ (%)

Fig. 1. (a) Schematic diagram of the unit cell illustrating the different
incidence directions of PKAs, (b) displacement threshold energy for
different incidence directions of PKAs at 300 K in diamond.

To further understand the relationship between the gener-
ation of point defects and the direction of the PKA as well as
temperature. We selected two directions, one with a higher E4
(60 = 60° and ¢ = 20°) and another with a lower E4 (6 = 60°
and ¢ = 100°), to calculate the potential energy of the system
as the PKA with an energy of 50 eV. The results are illustrated
in Fig. 2, in which the arrows in the inset indicate the displace-
ment of atoms relative to their equilibrium positions, and the
color of the atoms represents their atomic energy. After acquir-
ing kinetic energy, the PKA begins to move along a specific
direction, departing from its equilibrium position. During this
process, the PKA continuously consumes its kinetic energy to
overcome potential barriers, leading to a rapid increase in the
potential energy of the system, as shown from 0 to 0.02 ps in
Fig. 2. If the PKA encounters another neighboring potential
well before its kinetic energy is exhausted and the tempera-
ture is low enough that the thermal kinetic energy of the PKA
is less than the depth of the neighboring well, it can be cap-
tured and will vibrate within this potential well. Meanwhile,
the potential energy of the system decreases, as illustrated in
the direction with (6 = 60° and ¢ = 100°) in Fig. 2, eventually
leading to the formation of a (100) split interstitial defect (see
Table S1 and Fig. S1 for details). On the contrary, if no other
potential well is encountered before the PKA’s kinetic energy
is depleted, the PKA will return to its initial equilibrium posi-
tion under the driving of atomic forces, as shown in direction
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with (8 = 60° and ¢ = 20°). Compared to the scenario where a
defect is formed, the potential energy of the system decreases
more significantly in this case. The variation of the system’s
potential energy along more directions is shown in Fig. S5 in
the supporting information and these crystallographic direc-
tions also conform to the aforementioned physical picture. For
comparison, figure S6 shows the variation of the system’s po-
tential energy along the direction of (8 = 60° and ¢ = 20°)
when the PKA energy is 50 eV and 80 eV. As expected, only
the 80 eV PKA can overcome the potential barrier to form a
stable defect.

Figure 2 shows that atoms are displaced in both two di-
rections, but only one direction ultimately produces a stable
defect. Therefore, we emphasize that the displacement thresh-
old energy involves the displacement, diffusion, and recombi-
nation of atoms, which is a physical process spanning multiple
temporal and spatial scales. Meanwhile, the potential barrier
and well along the direction of PKA movement, as one factor,
can influence atomic diffusion and exhibits a certain correla-
tion with the displacement threshold energy.

~7.420 0=60°, ¢ =100° F . 1sdev
0=60% ¢ =20" & J& @\ NN
? o/ N/ v O "a
74221 R > &e o ) L ’Q‘QI
/><> \/‘E\/ \/&‘/ \/\/‘
7428k W NNy ST L T4V
’ N/ e

~7.426F H
~7.428 8
~7.430F \ \ r

—7.434 r

Potential energy (eV/atom)
3
bl
S
T

1 L L L L L L L
-0.10  -0.05 0 0.05 0.10 0.15 0.20 0.25 730 10.2 10.3 10.4

Time (ps)

Fig. 2. The potential energy of the system varies with time, in which PKA
direction is along 6 = 60°, 6 = 100°; 8 = 60°, ¢ = 20°. The moment when
the PKA acquires energy is set as time zero. The arrows in the inset indicate
the displacement of atoms relative to their equilibrium positions. Atoms that
have not deviated from their equilibrium positions are set to be transparent
and the color of the displacement atoms represents their atomic energy.

To understand the intrinsic randomness of Ey4 and the ef-
fects of temperature and PKA energy on defect formation,
the atom displacement probability (DP) and defect formation
probability (DFP)7! in 300 K, 900 K, and 1500 K were cal-
culated as shown in Fig. 3. The following methods were em-
ployed to obtain the DP and DFP. When the PKA energy is
40 eV, atomic displacements were observed in 97 PKA direc-
tions, and 68 PKA directions generate stable defects, there-
fore, DP = 97/162 = 0.5988, DFP = 68/162 = 0.4198. Each
PKA energy, direction, and temperature were simulated three
times independently, and each data point in Fig. 3 was an av-
erage across all PKA directions, representing 486 MD simula-
tions.

The DP captures both defect formation and atomic re-
placement events and as expected, it converges to unity much

more rapidly than the DFP as shown in Fig. 3. As the PKA
energy increases, both DP and DFP increase. Once the PKA
energy exceeds 50 eV, the energetic PKA will invariably cause
displacement, leading to the transient formation of point de-
fects. Consequently, the probability of atomic displacement
reaches 100%. This indicates that an energy of 50 eV is suf-
ficient to cause carbon atoms in diamond to leave their lattice
equilibrium positions.

Under the same PKA energy the value of DFP is consis-
tently lower than DP. This phenomenon can be attributed to the
fact that once atoms acquire sufficient energy to escape from
their equilibrium positions, and enter interstitial sites. How-
ever, there are no potential wells to trap atoms and form stable
defects, before the kinetic energy of PKA is exhausted. Con-
sequently, the interstitial atoms will return to its initial equilib-
rium position. Hence, not all displaced atoms will ultimately
lead to the formation of stable point defects.

Figure 3 illustrates that temperature affects both the DP
and the final DFP, with a more pronounced impact on DFP.
When PKA energy is below 50 eV, the general trend suggest-
ing an increased DP at higher temperatures. Higher temper-
atures elevate the vibrational energy of atoms and increase
the likelihood of atomic displacement. However, as tempera-
ture increase, the DFP decreases significantly. This is because
higher temperatures enhance the ability of atoms to overcome
potential barriers and diffusion, thereby increasing the proba-
bility of recombination of point defects.

1.0 gt
0.8 T3 /ﬂ'ﬁ
"}“ fw~%:'
2 '3 e ,glﬁd'
= 0.6r . ° g,
3 . Pl
kS o ® 300-K DFP
N
2 04r Soe 300-K DP
& o
& e 900-K DFP
02k i;"' 900-K DP
) #'. ® 1500-K DFP
A 1500-K DP
0 C IM‘ 1 1 1 1
20 40 60 80 100
Energy (eV)

Fig. 3. Variation in DFP and DP with the PKA energy in 300 K, 900 K,
and 1500 K
Hence, temperature effect on defects includes two com-
peting mechanisms with opposing influences. On the one
hand, higher temperature facilitates atomic displacement. On
the other hand, it promotes the recombination of point de-
fects. It is clear that both the thermal kinetic energy and the
kinetic energy transferred by irradiation particles enhance the
PKA’s ability to overcome potential barriers. However, ex-
cessively high temperatures can increase the likelihood of the
PKA overcoming the neighboring potential barrier, thereby in-
creasing the probability of defect recombination. Hence, with
the increase in temperature, there is a tendency for the dis-
placement threshold energy in diamond to increase (see sup-
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plementary information S3 for details). It is important to note
that compared to the kinetic energy transferred by irradiation
particles, the thermal kinetic energy caused by temperature is
relatively small (at 300 K, the thermal kinetic energy is only
about 0.03 eV). In summary, the initial energy of the PKA pri-
marily determines its ability to overcome the potential barrier
at the equilibrium position, while temperature mainly influ-
ences its ability to overcome the neighboring potential barrier.

3.2. Cascade collision process

The diamond (110) plane, which exhibits the lowest
surface energy among all unreconstructed low-index crystal
planes, can be regarded as the most stable.[’®! Therefore, we
selected the PKA along the (110) crystal direction with a mod-
erate displacement threshold energy. In the irradiation damage
simulations, the temperature ranges from 300 K to 1800 K, and
the PKA energy ranges from 1 keV to 20 keV. To account for
the inherent randomness in the cascade collision process, we
performed 10 independent simulations for each set of condi-
tions.

Figure 4(a) shows the number of residual defects exhibits
a strong linear dependence on the PKA energy. This pattern
coincides with the Norgett—Robinson—-Thomson (NRT) model,
in which the Ejy is the key parameter relating the PKA energy
to the number of defects.!**! The evolution of the number of
defects with different energies of PKA can be found in Fig. S7.
The peak number of defects at various temperatures remains
largely consistent, as shown in Fig. S8. However, the quantity
of residual defect tends to decrease with increasing tempera-
ture.

The work of Buchan et al. showed that the ratio of point
defects to displaced atoms is independent of PKA energy. 3]
However, the number of displaced atoms is insufficient to de-
scribe the degree of damage after irradiation, due to the prob-
ability that the displaced interstitial atoms have the chance
to recombine with the vacancy defects during the annealing
stage of the irradiation process. The defect recombination rate
¢, which considers both the number of residual defects and
the peak defect number, provides a comprehensive measure of
the defect dynamics. Therefore, we used defect recombina-
tion rate as a reference to evaluate the resistance of radiation
damage in diamond. The definition of @ is as follows, with its
value ranging between O to 1.

o Npeak — Nfinal

)

N, peak

where Npeak is the peak value of the number of defects, and
the Nsnar denotes the number of residual defects. Figure 4(b)
illustrates the variation of the defect recombination rate with
temperature ranging from 300 K to 1800 K, for different PKA
energies of 1 keV, 5 keV, 10 keV, and 20 keV. As the tempera-

ture increases, the defect recombination rate also increases, in-
dicating a stronger tendency for defects to recombine at higher
temperatures. This temperature-dependent behavior plays a
crucial role in determining the dynamics of defect evolution
and the final defect structure following irradiation.

Usually, the self-aggregation barriers for both intersti-
tial (1.69 eV) and vacancy (2.46 eV) point defects are higher
than the recombination barrier for interstitial-vacancy clusters
(0.75 eV=1.01 eV).[2659:601 Hence, an increase in temperature
is more likely to lead to the recombination of interstitial and
vacancy defects. On the other hand, as illustrated in Fig. 4(b),
defect recombination rate decreases with increasing PKA en-
ergy. As the PKA energy increases, the peak number of defects
increases (see supplementary information S5). However, the
number of defects that recombine during the annealing stage
is essentially the same (5 keV-20 keV). This implies that the
higher PKA energy poses a greater challenge in repairing dis-
placement damage.

140F 300 K
600 K
120} ——900 K
——1200 K

| —— 1500 K
1008 . 1800 K

80

60

Final Frenkel defects

401

201

10 20
PKA energy (keV)

—
ol

— 1 keV e (b)

Recombination rate

300 600 900 1200 1500 1800
Temperature (K)

Fig. 4. (a) The variation of the number of residual defects in diamond
with PKA energy at different temperatures. (b) The variation of the
defect recombination rate with temperature at different PKA energies.
The colored lines are fitted for better visualization.

To analyze the defect distribution in the final state of a
cascade collision, the sparse radial distribution function, gs(r)
is calculated,°!) which defined as

2'(N 2‘N1N

ZZSrl/ r),

i=1 j>i

0= rgs<x>dx, I(ew) =1,

where N is the number of defects of interest. The notation

gs(r) =

gs(r) is similar to the radial distribution function g(r) but for
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a sparse distribution (so labeled by the subscript “s”). With
the definition, a quantity (Np — 1)gs(r) denotes the average
number of neighboring point defects at a distance r from a de-
fect. Np is the number of surviving Frenkel pairs. The plots
of (Nr — 1)gs(r) for interstitials and vacancies in 300 K are
shown in Figs. 5(a) and 5(b). For visualization, the y-axis
benchmarks for different PKA energies have been offset from
each other.

From Fig. 5, it can be observed that the distribution of
vacancy defects and interstitial defects both broaden with in-
creasing PKA energy. This is due to the fractal and branching
characteristics of diamond point defect structures.*8! The
higher the PKA energy, the longer the trajectory of the PKA
in diamond, resulting in a wider defect distribution. More-
over, apart from some peaks at specific locations, the de-
fect distribution caused by low-energy PKA shows certain
similarities to that caused by high-energy PKA in the short-
distance range, which could be attributed to the high symme-
try of the diamond structure. Compared with PKA energy
of 1 keV, new peaks appear at the position of 2.5 A when
the PKA energy is 5 keV, 10 keV, and 20 keV. Clearly, the
formation of these point defects is due to the higher PKA
energy, which transfers more kinetic energy to the neigh-
boring atoms, enabling them to overcome the energy barrier

and form stable defects. Finally, compared with the dis-

Int. cluster analysis at 20 keV
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tribution of interstitial defects, the distribution of vacancy
defects is shifted to the left as a whole and is mainly con-
centrated in the short-distance range. This is because the
formation energy of vacancy defects is lower than that of in-
terstitial defects, causing vacancy defects to tend to aggregate,

while interstitial defects prefer to maintain a certain distance.
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Fig. 5. Sparse radial distribution function (Ng — 1)gs(r) at 300 K, for
(a) interstitials and (b) vacancies.
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Fig. 6. The number of clusters as a function of PKA energy, temperature and size. (a) 20 keV for interstitial (Int.) clusters, (b) 20 keV for
vacancy (Vac.) clusters, (c) 300 K for interstitial clusters, (d) 300 K for vacancy clusters.
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Besides, for vacancy defects, the peak of (Ng — 1)gs(r) occurs
at the nearest-neighbor distance (1.54 A) for PKA energies
ranging from 1 keV to 20 keV. This distribution characteris-
tic may be related to the fact that the formation energy of the
nearest-neighbor divacancy defect cluster is the lowest among
defect clusters (see supplementary information S1 for details).

Defect clusters, as a product of the evolution of point de-
fects, represent another important type of defect. The crite-
rion for defining defect clusters is that if there are other in-
terstitial defects within the second-nearest-neighbor distance
(2.52 A) around an interstitial defect, it is considered an in-
terstitial cluster, and if there are other vacancy defects within
the nearest-neighbor distance (1.54 A) around a vacancy de-
fect, it is considered a vacancy cluster (see supporting infor-
mation S6 for details).[®?] As illustrated in Fig. 6, the number
of interstitial and vacancy clusters increases as PKA energy
increase. However, the effect of temperature on the size and
number of defect clusters does not show a clear trend within
the temperature range of our simulations. The number of va-
cancy clusters is relatively higher than that of interstitial clus-
ters. This discrepancy arises because the formation energy of
vacancy clusters is lower, making them more energetically fa-
vorable. The formation energy for defect clusters is provided
in Table S2 in supporting information. Upon completion of the
diamond cascade collision process, the residual defect distri-
bution from radiation damage is predominantly characterized
by point defects, rather than the dislocation lines and loops
that are typically observed in materials such as tungsten. This
phenomenon arises from the lightness of carbon atoms. When
carbon atoms are imparted with greater energy, they achieve
higher velocities, which in turn lead to a defect distribution
characterized by a branching pattern (see supporting informa-
tion S7 for details).

4. Conclusions

In summary, we have comprehensively simulated the dis-
placement threshold energy of diamond across 162 different
directions and explored the cascade collision process in di-
amond over a wide range of conditions, including tempera-
tures from 300 K to 1800 K and primary knock-on atom ener-
gies from 1 keV to 20 keV. These simulations were conducted
using molecular dynamics methods based on the Tersoft-
ZBL potential. Our results demonstrate that the displacement
threshold energy varies periodically with crystal orientation,
and its magnitude is associated with the shape of potential
energy surface along the direction of PKA movement. Ad-
ditionally, it is demonstrated that high PKA energy increases
the number of residual defects; however, high temperature can
reduce the number of residual defects by enhancing atomic
diffusion capability. Finally, as the PKA energy increases,

defect clusters tend to become larger in size and more nu-
merous in quantity. The number of vacancy clusters is rela-
tively higher than that of interstitial clusters due to the lower
formation energy of vacancy clusters. This study systemati-
cally investigates the anisotropy of displacement threshold en-
ergy and elucidates the relationship between various irradia-
tion conditions and the final states of irradiation-induced de-
fects. It is worth emphasizing that, due to the limitations of
the simulation methods, the electronic stopping effect during
the displacement cascade process has not been considered in
the current research. As a further research, we plan to develop
a displacement cascade simulation method that considers the
electronic stopping effect for wide-bandgap semiconductors,
based on the two-temperature model or the electron-phonon
model.
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