
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

0/
20

/2
02

5 
12

:5
6:

33
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Molecular dynam
aSchool of Nuclear Science and Technology

Hunan, China. E-mail: wxl_ly000@aliyun.c
bHunan Province Key Laboratory for Ultra-Fa

Laser Manufacture, College of Mechanical

Hengyang, Hunan, China. E-mail: hongyuhe
cSchool of Electrical Engineering, University
dSchool of Electronics Information and El

Jingzhou, China

Cite this: RSC Adv., 2024, 14, 27778

Received 17th June 2024
Accepted 20th August 2024

DOI: 10.1039/d4ra04424j

rsc.li/rsc-advances

27778 | RSC Adv., 2024, 14, 27778–2
ics simulating the effects of
Shockley-type stacking faults on the radiation
displacement cascades in 4H-SiC

Shangting Jiang,a Ye Li,a Ye Zhang,c Changchang Chen,b Zhiyong Chen,c

Weihua Zhu,c Hongyu He*bd and Xinlin Wang *ab

Four-layer hexagonal silicon carbide (4H-SiC) is a promising material for high-temperature and radiation-

rich environments due to its excellent thermal conductivity and radiation resistance. However, real 4H-SiC

crystals often contain Shockley-type stacking faults (SSF), which can affect their radiation resistance. This

study employed molecular dynamics (MD) simulation method to explore the effects of SSF on radiation

displacement cascades in 4H-SiC. We conducted a comprehensive study of various SSF within the

crystalline framework of 4H-SiC, and analyzed their stacking fault energy (SFE). We simulated the

radiation displacement cascade in 4H-SiC with SSF and analyzed the effects of SSF on the distribution of

radiation displacement defects. We simulated the radiation displacement cascade in 4H-SiC with SSF

under different energies of primary knock-on atom (EPKA) and temperatures (T) conditions, and analyzed

the variation pattern of the number of radiation displacement defects and clusters. The results indicated

that SSF limits defect distribution position. SSF has an effect on the defects and clusters of 4H-SiC in the

displacement cascade, and SSF can affect the maximum working temperature of 4H-SiC.
1. Introduction

4H-SiC (four-layer hexagonal silicon carbide) is a wide band gap
semiconductor material that boasts exceptional critical break-
down electric eld, outstanding thermal conductivity, and high
carrier saturation and dri speed.1,2 Due to these remarkable
properties, 4H-SiC holds immense promise in the realm of
semiconductor radiation.3,4 Furthermore, the enduring thermal
stability, chemical resistance, and mechanical robustness of
4H-SiC have led to long-standing deployment in nuclear
systems, rendering 4H-SiC suitable for high-temperature and
radiation-rich environments.5

However, even with its remarkable attributes, SiC is not
immune to the effects of irradiation. Consequently, under-
standing irradiation effects in SiC is necessary to develop
predictive models for performance lifetimes of reactor struc-
tural components and in-reactor sensors.6 Over the past
decades, extensive experimental and theoretical endeavors have
been undertaken to delve into the ramications of radiation
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damage on SiC.7–11 However, these studies oen centered on the
pristine 4H-SiC lattice. Yet, practical SiC crystals rarely achieve
awlessness, hosting defects like microtubues and stacking
faults, etc.12–15 Microtubes, a distinctive defect, have been
extensively researched, unveiling their formation. Cree
Company has even introduced microtube-free SiC substrates.16

Stacking fault (SF), surface defects in SiC crystals, extend into
the epitaxial layer during substrate growth, diminishing
epitaxial quality and device performance.17 SF can also have
deleterious effects on the performance of SiC-based devices and
on their stability over time.18 Currently, achieving SiC devoid of
SF remains a challenge, because the stability of SiC polytypes is
related to minimal energy differences in stacking sequences,
allowing easy generation of local SF alterations.19 SF can also
affect the radiation resistance of SiC.20,21

Zhang et al.20 found that single crystal SiC readily undergoes
an irradiationinduced crystalline to amorphous transformation
at room temperature, the nano-engineered SiC with a high-
density of SF exhibits more than an order of magnitude
increase in radiation resistance. Jamison et al.21 proposed that
the addition of a high density of grain boundaries, grain texture,
and the presence of SFmay all contribute to enhanced radiation
tolerance. Satoshi Asada et al.22 investigated the impacts of
various types of SF on electron conduction in an n-type 4H-SiC
epilayer. Euihyeon Do et al. investigated patterns of BPDs and
single Shockley-type stacking faults (3-1 Shockley-type stacking
fault, 1SSF) generated by UV illumination near linear scratches
on a SiC epilayer. The correlation between the observed 1SSF
© 2024 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
patterns and the scratch line directions was discussed by
considering shear stress near the scratch lines.23 J. Nishio et al.24

investigated structural differences in partial dislocations that
have considerably different threshold current densities for 1SSF
expansions in PiN diodes, and proposed a realistic model for
the formation of the triangular 1SSF. Despite these extensive
studies, there is no corresponding theoretical study to analyze
the effect of stacking faults on the radiation damage resistance
performance. The dynamic processes for defect generation in
4H-SiC with SSF at an atomic level have not been revealed yet.
Besides, the origin of the inuence on radiation resistance
caused by the SSF formation needs to be further explored.

This paper aimed to study the effects of SSF on the radiation
cascade collision process in 4H-SiC. To accomplish this, we
employed the molecular dynamics (MD) simulation method.
We calculated the stacking fault energy (SFE) of different SSF
and simulated the radiation displacement cascade defects of
4H-SiC with different SSF under different radiation energies
and environmental temperatures. The practical applications of
this research extend to the development of radiation-resistant
materials for nuclear reactors, the design of electronic devices
capable of withstanding high-radiation environments, and the
optimization of materials for various energy related
applications.
Fig. 2 (a) Unitcell of 4H-SiC and (b) supercell of 4H-SiC.
2. Methods
2.1. Conditions of Shockley-type stacking faults

Shockley-type stacking faults (SSF), playing a role in defect-
related phenomena, can affect the electronic band structure,
charge carrier behavior in semiconductors, and the mechanical
properties of materials.25–27 SSF of 4H-SiC are shown in Fig. 1.
The black arrow indicates the plane and direction of the atom
layer. The stacking sequence is explained using the Hägg
notation and the related Zhdanov notation.28 The single SSF (3-1
SSF, 1SSF) is one of the possible defects responsible for the
Fig. 1 SSF of 4H-SiC viewed from direction [11�20].

© 2024 The Author(s). Published by the Royal Society of Chemistry
increase of the on-state resistance.29,30 The double SSF (6-2 SSF,
2SSF) typically involves two adjacent stacking faults in the
crystal structure. The triple SSF (5-3 SSF, 3SSF) and quadruple
SSF (4-4 SSF, 4SSF) can be considered as an inclusion contain-
ing two twin cubic sequences of length 3-5 and 4-4 4H-SiC
bilayers in the perfect 4H-SiC sequence. The optical and struc-
tural properties of 3SSF and 4SSF have been investigated in
a series of works.26,27,31,32 The 4SSF is the sum of four shears with
opposite directions and is the only defect that allows for the
restoration of crystal symmetry.26
2.2. Simulation details

We employed Materials Studio soware (MS) to construct the
4H-SiC supercell, measuring 60a × 60b × 20c in size, with
lattice constants a, b, and c of 3.078 Å, 3.078 Å, and 10.045 Å,
respectively.33 The 4H-SiC supercell comprises a total of 576 000
atoms. We induced the formation of SSF between layers 9c and
10c. Fig. 2 shows the structure of unitcell and supercell of 4H-
SiC. The yellow atom is silicon (Si), and the gray atom is
carbon (C).
RSC Adv., 2024, 14, 27778–27788 | 27779
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In the process of establishing the models for 4H-SiC with
distinct SSFs, we began with the original 4H-SiC model. We
regarded the interface between the rst and second layers
within the elemental cell of the middle layer of the model as the
separation. By employing the MS soware, the upper half of the
original 4H-SiC supercell was translated along the [11�20]
direction to form the 1SSF stacking fault. Following the same
logic, 2SSF was simulated based on the 4H-SiC model contain-
ing 1SSF; 3SSF was modeled on the basis of the 4H-SiC model
containing 2SSF; and 4SSF was simulated on the foundation of
the 4H-SiC model containing 3SSF. Subsequently, mechanical
relaxation for these several different models was carried out
using the MS soware to ensure the stability of the model
structure. Then, relaxation was performed using the LAMMPS
soware to guarantee the stability of the models.

We employed the MD method using the Large-scale Atom/
Molecular Massively Parallel Simulator (LAMMPS) code devel-
oped by Sandia National Laboratory.34 MDmethod is one of the
commonly used methods for studying changes in the micro-
structure of materials.35–37 MD simulations enable to accurate
capture of the intricate interactions between radiation cascades
and stacking faults at the atomic scale by simulating the
behavior of individual atoms.

Unlike experimental approaches, which oen struggle to
capture the temporal evolution of displacement cascades, the
MD method provides a more comprehensive insight into both
the spatial and temporal aspects of cascade development.38 The
MD method offers valuable information about the initial state,
including the abundance of various defect types and the size
distribution of their clusters.39

We utilized LAMMPS for simulating displacement cascades
in 4H-SiC under periodic boundary conditions. We used a 3-
body Tersoff potential (Tersoff) with a close-separation pairwise
modication based on a Coulomb potential and the Ziegler–
Biersack–Littmark universal screening function (ZBL), which is
called Tersoff/ZBL potential. The Tersoff/ZBL potential of the
SiC system was developed by R. Devanathan et al.40 Many
studies have veried the appropriateness of the Tersoff/ZBL
potential function.39,41,42

The total simulation time is 35 picoseconds (ps), with the
initial 20 ps designated as the heat bath period. The Nose–
Hoover method43 was employed to control the heat bath in the
constant-pressure, constant-temperature ensemble (NPT).44 Our
simulations encompassed four distinct temperatures: 300 K,
600 K, 900 K, and 1200 K. Following the heat bath phase, we
generated the primary knock-on atom (PKA), with the PKA being
the silicon atom located at the center of the topmost layer. The
radius of the silicon atom is larger than that of the carbon atom,
indicating a higher probability of collision with atoms in the
simulation system for silicon. Additionally, the silicon atom has
a greater mass than the carbon atom, and thus transfers more
energy when a collision occurs. Hence, with the same energy,
the carbon atom can travel further in the system and transfer
less energy to it, meaning fewer point defects will be produced
accordingly. Therefore, in order to simulate more quickly and
effectively, silicon was chosen as the PKA in this simulation.41
27780 | RSC Adv., 2024, 14, 27778–27788
The PKA incidence angle was set at 7° from the Z-axis to the
X-axis to mitigate excessive breakdown and channeling effects,45

as shown in Fig. 3. We considered ve different energy of PKA
(EPKA) for our simulations: 2 KeV, 4 KeV, 6 KeV, 8 KeV, and 10
KeV. In order to avoid data errors, simulations for each condi-
tion were repeated 30 times.

2.3. Data analysis

In this study, we employed Open Visualization Tool soware
(OVITO)46 to analyze output data from our MD simulation. We
used the Wigner–Seitz (W–S) method47 for defect analysis and
the linked-group48 method for cluster analysis. We employed
MATRIX and Laboratory soware (MATLAB) to organize and
tabulate the processed data from OVITO. We employed Origin
soware to plot.

In the Wigner–Seitz (W–S) method, the pristine lattice of 4H-
SiC is used as the reference lattice. Each lattice point in this
reference structure represents the center of a W–S cell. Then the
defective structures are overlaid on the reference lattice. W–S
cells without any atoms are identied as C vacancy defects (CV)
and Si vacancy defects (SiV), respectively. W–S cells containing
a single atom are categorized as defect-free cells when the atom
type matches that of the reference site. W–S cells containing
a single atom are categorized as antisite defects when the atom
type is different from that of the reference site. Si antisite
defects (SiC) represent C reference sites occupied by Si atoms,
while C antisite defects (CSi) represent Si reference sites with C
atoms. These antisite defects result from atoms being located
where they shouldn't be. W–S cells containing more than one
atom are identied as C interstitial defects (CI) and Si intersti-
tial defects (SiI), respectively. The interstitial defects exclude the
atoms closest to the reference site.

In the linked-groupmethod, a set of point defects is dened as
a single chain cluster if all the defects are within a specied cutoff
distance (dc) of one another. Specically, for any point defect i, we
search for another point defect j in the linked group that satises
the following condition: their distance is less than the cutoff
distance (dij < dc). In this study, the cutoff distance (dc) for 4H-SiC
is set to the second nearest neighbor distance, approximately
3.11 Å. In a cluster, the cluster size is the number of defects.
Fig. 3 The incidence of PKA.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3. Results
3.1. Stacking fault energy

Stacking fault energy (SFE, gSF) is a material property that
describes the energy required to create a stacking fault within
a crystal lattice. The SFE quanties the energy difference
between the perfect crystal lattice and the structure with
a stacking fault. The SFE is an essential parameter in under-
standing various material properties, including mechanical
behavior, dislocation movement, and deformation mechanisms
in crystals. SFE is oen researched to gain insights into how
defects and imperfections inuence the behavior of materials in
different applications, such as in the development of advanced
materials or semiconductor devices. The calculation formula
for SFE is as follows:49

gSFðTÞ ¼ FSFðTÞ � FperfectðTÞ
A

(1)

where T is temperature, FSF(T) is the total energy of a crystal with
an SF, Fperfect(T) is the total energy of a perfect crystal, A is the
area of SF.

As shown in Table 1, we present the SFE of different types of
SSF in 4H-SiC. Notably, the SFE of 1SSF is lower than that of
2SSF. The SFE of 3SSF and 4SSF are much lower than those of
1SSF and 2SSF, while the SFE of 3SSF is slightly higher than that
of 4SSF.

We attribute this phenomenon to the unique stacking
arrangement of these SSF, as shown in Fig. 4. Specically, 1SSF
Table 1 Stacking fault energies (mJ m−2) of 4H-SiC with SSF

SFE 1SSF 2SSF

This work 20.43 25.28
Previous study 14.7 (ref. 28 and 29) 22.4

17.7 (ref. 50 and 51)

Fig. 4 The structural differences of different SSF viewed from direction

© 2024 The Author(s). Published by the Royal Society of Chemistry
results in overlapping stacking regions similar to 6H-SiC and
2H-SiC, 2SSF results in stacking regions similar to single 6H-
SiC, 3SSF results in overlapping stacking localities similar to
double 6H-SiC, 4SSF results in overlapping stacking localities
similar to 6H-SiC and 8H-SiC. Due to the energy hierarchy of SiC
polytypes, which follows the order 2H > 3C > 4H > 6H > 8H,52 the
SFE hierarchy of SSF in 4H-SiC becomes evident.

These ndings are consistent with experimental observa-
tions, which have identied 3SSF and 4SSF as prevalent defects
in the epitaxial growth process, with 4SSF being considered the
primary stacking fault in the growth of 4H epitaxial layers.26,27,31

Table 1 also shows the comparison of the calculated SFE of
this study and those of previous studies. Our calculated SFE of
SSF are slightly higher than the previous studies. This difference
is thought to originate from calculation conditions, such as the
type of exchange correlation functional and methods of calcu-
lations. However, the pattern of our calculation results is the
same as the results in previous studies.

Fig. 5 shows the relationship between SFE and temperature
(T). With T increasing, there is a notable decrease in the SFE of
1SSF and 2SSF, and this decrease tends to stabilize aer T
reaches 1200 K. In contrast, the SFE of 3SSF and 4SSF exhibits
minimal variations with T. Consequently, it can be inferred that
SFE exhibits limited dependence on T. Fig. 5 also shows the
experimental data.53 Notably, there is no variable control of the
type of SSF in the experiment. Therefore, the experimental data
is the result of the combined action of different SSF. The
3SSF 4SSF

3.72 3.472
(ref. 50 and 51) 2.4 (ref. 19) 0.3 (ref. 19)

[11�20].

RSC Adv., 2024, 14, 27778–27788 | 27781

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04424j


Fig. 5 Relationship curve between stacking fault energy and
temperature.

Fig. 7 Time evolution of the number of defect and cluster in the
displacement cascade.
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average SFE of the four SSF in this study is consistent with the
experimental data, which proved the accuracy and correctness
of this study.
3.2. Radiation displacement cascades

Fig. 6 shows time evolution of the number of defect in the
displacement cascade of 4H-SiC with SSF, with a temperature of
300 K, with PKA-Si (EPKA = 8 KeV). The 4H-SiC with SSF exhibits
formula rules, with CV + SiV = CI + SiI, and CV − CI = CSi − SiC,
SiV − SiI = SiC − CSi when the number of defects is stable.
Notably, the number of C-based defects (CV and CI) is more than
that of Si-based defects (SiI and SiV), and SiC is more than CSi.
Because the atomic mass and dislocation threshold energy of C
is lower than those of Si,54,55 the formation energy of C-based
defects is lower than that of Si-based defects, as documented
in 56. Because of the diversity in formation energy, some Si sites
are occupied by two C atoms simultaneously, which resulted in
the defect quantity relationship mentioned above. Because the
number of defects during stability satises CV + SiV = CI + SiI,
the following analysis will focus on interstitial defects.

Fig. 7 shows time evolution of the number of interstitial
defect and interstitial cluster in the displacement cascade of
4H-SiC, with a temperature of 300 K, with PKA-Si (EPKA= 8 KeV).
0SSF means the 4H-SiC without SSF. The number of defect and
cluster undergoes a rapid initial growth, then reaches a peak at
Fig. 6 Time evolution of the number of defect in the displacement casc

27782 | RSC Adv., 2024, 14, 27778–27788
0.2 ps± 0.05 ps, and subsequently decreases to a stable value. It
is worth noting that the peak value of the defect number of 4H-
SiC with 4SSF is higher than that of 4H-SiC in other cases, and
the peak occurs later. At the same time, the stable value of the
defect number of 4H-SiC with 4SSF is also higher than that of
4H-SiC in other cases. The possible reason is that 4SSF causes
4H-SiC to exhibit overlapping stacking localities similar to 6H-
SiC and 8H-SiC, and the energy hierarchy of SiC polytypes
follows the order 2H > 3C > 4H > 6H > 8H.52

Fig. 8 shows the irradiation displacement cascade in 4H-SiC
with SSF with a temperature of 300 K, with PKA-Si (EPKA = 8
KeV), at a certain simulation time of 10 ps. In Fig. 8(b), the
defects on the le side of the model result from particle colli-
sions on the right side, as our model adopts periodic boundary
conditions. Consequently, defects penetrating the right side of
the model are displayed on the le side. In Fig. 8(c), the gap
defect appearing at the bottom of the model is formed by recoil
particles generated upward following PKA particle collisions.
This phenomenon is also a consequence of the periodic
boundary conditions, causing upward-recoiled particles to
manifest at the bottom.

It can be seen that in 4H-SiC with SSF, the defects are mainly
concentrated in the upper half, especially above the SSF, while
no defects are observed below the SSF. To ensure the reliability
ade of 4H-SiC with one (a) 1SSF, (b) 2SSF, (c) 3SSF, and (d) 4SSF.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Irradiation displacement cascade in 4H-SiC with one (a) 1SSF, (b) 2SSF, (c) 3SSF, and (d) 4SSF.
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of our research results, we conducted 30 repeated radiation
displacement cascade simulations. Interestingly, not every
repetition results in defects conned only above the SSF, and
only 3 repetition groups showed this situation. We conducted
30 repeated radiation displacement cascade simulations on 4H-
SiC without SSF. Contrary to what was observed in Fig. 8 (where
defects concentrated in the upper half), this phenomenon did
not occur in the displacement cascade in perfect 4H-SiC as
shown in Fig. 9. As depicted in Fig. 9, the majority of defects in
4H-SiC without SSF accumulated in the upper half, and the
minority of defects appeared in the lower half of 4H-SiC. In
addition, we conducted 30 repeated irradiation displacement
cascade simulations at 2 KeV, 4 KeV, 6 KeV and 10 KeV,
respectively. We found that at 2 KeV, 4 KeV, and 6 KeV, there
was one repetition group at each EPKA that showed the situation
of defects concentrated in the upper half, and there were 2
repetition groups at 10 KeV that showed the situation of defects
concentrated in the upper half. In conclusion, our ndings
conrm that SSF limits defect distribution position under
certain specic conditions, which is consistent with the
conclusion proposed in ref. 20 that the nano-engineered SiC
with high-density stacking faults exhibits an increase in radia-
tion resistance by more than an order of magnitude. However,
the specic conditions and mechanisms of this hindrance and
promotion of defect formation deserve further investigation.

3.3. Defects and clusters analysis

Fig. 10 shows the variation in the number of defects with inci-
dent depth, with PKA-Si (EPKA = 8 KeV), with a temperature of
300 K, at a certain simulation time of 10 ps. As shown in
Fig. 9 Irradiation displacement cascade in perfect 4H-SiC.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Fig. 10(a), the topmost atomic layer is at a depth of 0 Å, while the
bottom atomic layer is at a depth of 200 Å. As we delve deeper
into the material, the number of defects shows a three gradients
growth pattern. The rst gradient occurs at the depth of 20 Å± 5
Å, the second gradient occurs at the depth of 40 Å± 5 Å, and the
third gradient occurs at the depth of 100 Å ± 5 Å. The rst
gradient exhibits a relatively short stopping depth, with an
average of 4 Å, while the second gradient extends to a wider
depth, with an average of 10 Å. At the third gradient, the
number of defects reaches the maximum. 4H SiC without SSF
has no gradient pattern, with the deepest depth at 170 Å. As
shown in Fig. 10(b), no defects exist between the depth of 0 Å
Fig. 10 Relationship between the number of defects and incident
depth. (a) Curve between the number of defects and incident depth;
(b) defect quantity within the range of every 20 Å.
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Fig. 12 Relationship curve between the number of defects and T.
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and 20 Å. Defects in 4H-SiC without SSF gradually reduces as the
depth increases. The defects in 4H-SiC with 1SSF are mainly
concentrated between the depth of 40 Å and 60 Å. The defects in
4H-SiC with 2SSF mainly concentrated between the depth of 20
Å and 60 Å. The defects in 4H-SiC with 3SSF mainly concen-
trated between the depth of 20 Å and 40 Å. The defects in 4H-SiC
with 4SSF mainly concentrated between the depth of 20 Å and
40 Å. No defects exist between the depth of 180 Å and 200 Å.
Except for the generation of 4 defects below the depth of 100 Å
in 4H-SiC with 3SSF, no defects are produced below the depth of
100 Å in other 4H-SiC with SSF.

Fig. 11 shows the variation of the number of defects with EPKA,
with PKA-Si, with a temperature of 300 K, at a certain simulation
time of 10 ps. The effect of EPKA on the number of defects is
obvious. As EPKA increases, the number of various point defects
increases. The number of defects in 4H-SiC with 1SSF is similar
to that in 4H-SiC without SSF. The number of defects in 4H-SiC
with 3SSF is similar to that in 4H-SiC with 4SSF. The number
of defects in 4H-SiC with SSF is higher than that in 4H-SiC
without SSF which indicating that SSF will reduce the stability
of 4H-SiC, thereby increasing the number of defects.

Fig. 12 shows the variation of the number of interstitial
defects with temperature, with PKA-Si (EPKA = 8 KeV), at
a certain simulation time of 10 ps. In the temperature range of
300 K to 1200 K, 4H-SiC without SSF, 4H-SiC with 1SSF, and 4H-
SiC with 2SSF are not signicantly affected by temperature. The
number of defects in 4H-SiC with 3SSF decreases slightly in the
temperature range of 300 K to 900 K, while it signicantly
increases at a temperature of 1200 K. The number of defects in
4H-SiC with 4SSF gradually increases in the temperature range
of 300 K to 1200 K, and the number of defects increases
signicantly at 1200 K. The max working temperature of 4H-SiC
without SSF is 1240 K,57 so the number of defects in 4H-SiC
without SSF will not change in the temperature range of 300 K
to 1200 K. But the SSF resulted in a change in the maximum
operating temperature that 4H SiC can withstand, leading to
a change in the number of defects.

Fig. 13 shows the variation in the number of interstitial
clusters with cluster size and EPKA, with PKA-Si, with
Fig. 11 Relationship curve between the number of defects and EPKA.

27784 | RSC Adv., 2024, 14, 27778–27788
a temperature of 300 K, at a certain simulation time of 10 ps.
The maximum cluster size is 3 within the energy range of 10
KeV. Therefore, our analysis focuses on clusters with cluster
sizes less than 4. The number of cluster increases as EPKA
increases. In other words, higher EPKA results in more clusters.
The number of cluster in 4H-SiC with SSF is higher than that in
4H-SiC without SSF, with the most signicant difference
observed at EPKA = 10 KeV. One possible reason is that SSF can
affect the number of defects in 4H-SiC during radiation, which
is consistent with the previous conclusion, leading to a change
in the number of clusters. The second possible reason is that
SSF can affect the distribution position of defects, making it
easier for defects to gather together to form clusters.

Fig. 14 shows the variation in the number of interstitial
cluster with temperature, with PKA-Si (EPKA = 8 KeV), at
a certain simulation time of 10 ps. Same as the effect of
temperature on the number of defects, SSF leads to a change in
the max working temperature of 4H-SiC. Therefore, the number
of clusters increases signicantly at 900 K and 1200 K. The effect
of 3SSF and 4SSF on the number of cluster is greater than that of
Fig. 13 The number of interstitial clusters as a function of cluster size
and EPKA.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 The number of interstitial clusters as a function of cluster size
and T.
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1SSF and 2SSF on the number of clusters. The possible reason is
that 1SSF results in overlapping stacking regions similar to 6H-
SiC and 2H-SiC, 2SSF results in stacking regions similar to
single 6H-SiC, 3SSF results in overlapping stacking localities
similar to double 6H-SiC, 4SSF results in overlapping stacking
localities similar to 6H-SiC and 8H-SiC.

4. Discussion

This study used molecular dynamics simulation method to
investigate the effect of stacking faults on the radiation
displacement cascade of 4H-SiC.

Studies show that SSF can affect the distribution and
number of defects and clusters in the radiation displacement
cascade of 4H-SiC, as well as the temperature tolerance of 4H-
SiC. The possible reason is that SSF causes changes in the 4H-
SiC lattice, resulting in the local formation of 3C-SiC, 6H-SiC,
and 8H-SiC. In other words, 4H-SiC is locally doped with
other types of SiC. The energy hierarchy of SiC polytypes follows
the order 2H > 3C > 4H > 6H > 8H,52 and the maximum working
temperature of different types of SiC is different, so different
SSF has different effects on 4H-SiC. And the properties of 4H-
SiC and 6H-SiC are similar, as shown in Table 2,58–62 so the
4SSF that causes overlapping stacking localities similar to 6H-
SiC and 8H-SiC has a greater effect on the radiation displace-
ment cascade of 4H-SiC than the 3SSF that causes overlapping
stacking localities similar to double 6H-SiC.

Whatever, the effect of SSF on the radiation displacement
cascade of 4H-SiC requires further study. The effect of SSF on
Table 2 Comparison of semiconductor performance

Material 4H-SiC 6H-SiC

Band gap eV 3.3 2.9
Electron mobility 103 cm2 V−1 s−1 1 0.5
Electron saturation velocity 107 cm s−1 2 2
Breakdown eld strength MV cm−1 2.2 2.5
Thermal conductivity W cm−1 K−1 4.9 4.9
Maximum operating
temperature

103 K 1.24 1.58

© 2024 The Author(s). Published by the Royal Society of Chemistry
the number of defects and the effect principle of SSF on the
distribution location of defects still need further investigation.
The maximum working temperature of 4H-SiC with SSF still
needs more detailed calculation and determination.

5. Conclusion

In this work, we used the MDmethod to study the effects of SSF
on the radiation displacement cascade of 4H-SiC. We analyzed
the SFE of different SSF. The results showed that 2SSF has high
stability, while 1SSF is relatively easier to form. 3SSF and 4SSF
are the most easy to form. We analyzed the effect of SSF on the
distribution of defects. The results showed that SSF limits
defect distribution position, but the specic conditions and
mechanisms of the limit behavior are worth further study. We
analyzed the changes in the number of defects and clusters in
the 4H-SiC with SSF under different EPKA and T conditions. The
results showed that different SSF have different effect on the
number of defects and clusters. The number of defects in 4H-
SiC with SSF varies in the three gradients pattern with
increasing incident depth. SSF causes structural changes within
4H-SiC, resulting in a change in the number of defects. The
higher the EPKA, the more changes in the number of defects
caused by SSF. SSF causes a change in the maximum working
temperature of 4H-SiC, resulting in a higher number of defects
at higher temperatures. SSF not only affects the number of
defects, but also affects the distribution position of defects,
leading to changes in the number of clusters. As EPKA increases,
the number of clusters in 4H-SiC with SSF increases more than
in 4H-SiC without SSF. Under the effect of SSF on the maximum
working temperature of 4H-SiC, the increase in temperature
causes a change in the number of clusters of 4H-SiC with SSF.

In summary, this work analyzed the potential factors leading
to different SFE of SSF. SSF limits defect distribution position.
When the limit behavior occurs, the number of defects in 4H-
SiC with SSF exhibits a three gradients growth pattern as
a function of incident depth. SSF has an effect on the defects
and clusters of 4H-SiC in displacement cascade, and it can
affect the maximum working temperature of 4H-SiC.
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