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ARTICLE INFO ABSTRACT

Dataset link: https://github.com/CHN-beta/ufo A comprehensive understanding of single Shockley stacking faults (1SSFs) would be crucial for defect control
in silicon carbide (SiC). Nevertheless, the thermal stability of 4H-SiC 1SSFs remains unclear due to limitations
in conventional technologies. In this work, a machine learning force field (MLFF) for the Si-C system was
developed, and the outcomes were compared with other simulations and experiments in three aspects. The
MLFF was then utilized to investigate the thermal stability of ten established 1SSF models (3072 atoms for
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Molecular dynamics each) at seven temperatures. The results revealed that antiphase boundaries (APBs) positively related to thermal
Defects evolution stability, and APB-lacking 1SSFs susceptible to annihilation. Among the stably existing 1SSFs, a bidirectional
Phonon spectra transition process of 30° partial dislocations (PDs) between symmetric reconstruction (SR) and asymmetric

reconstruction (AR) was visualized. The distorted bilayers caused by 90° PDs were also observed. Notably, two
novel structures were identified with robust thermal stability that could naturally exist in 4H-SiC. Additionally,
the specific vibration modes of 1SSFs in phonon spectra were characterized, which offers potential applications
in non-destructive defect detection in SiC materials. This study provides advanced insights into the evolution
and thermal stability of 1SSFs at the atomic level.

1. Introduction The structure of SiC could be considered as a stack of Si and C
atomic layers, and only the stacking sequence of exactly repeating A-

SiC is a promising wide-bandgap semiconductor material with high B-C-B leads to the formation of 4H-SiC without defects. The differences
critical electric field strength and high thermal conductivity. It has in formation energies between different stacking positions are only
been widely used in power electronic devices and has long attracted about 1meV/atom [6], leading to a mass formation of SSFs in 4H-
a lot of research [1,2]. SiC has more than 250 polytypes [3], the SiC. One of the most common SSFs in 4H-SiC is the 1SSF bounded by
3C-SiC has been widely studied in the past decades [4-13]. Cur- two PDs [19,20], which has an extremely low formation energy of
rently, the 4H-SiC has gradually received more attention than other approximately 15mJ/m? [21]. The 1SSFs and corresponding PDs are
polytypes, thanks to the development of epitaxy technology and the  ygually formed during the material growth or device fabrication by

increasing application in the new energy industry [14-16]. The 4H-
SiC has a wider bandgap, higher critical electric field strength, higher
thermal conductivity, and higher electron mobility along the c-axis than
other polytypes. It shows an exclusive application in power electronic
devices, such as the Schottky barrier diodes and the power metal—
oxide-semiconductor field-effect transistors [17,18]. However, these
applications are negatively affected by Shockley stacking faults (SSFs),
which are a class of common defects in 4H-SiC.

decomposition of basal plane dislocations (BPDs) [19,22], and they
could subsequently expand during the usage influenced by multiple
factors (such as electric current [23-25], high-temperature anneal-
ing [26], or ultraviolet irradiation [20,27]). The expansion of 1SSFs
would greatly increase the forward voltage and lead to the degradation
of the performance of 4H-SiC devices [28]. Therefore, numerous studies
have been carried out to understand the nature of 1SSFs and PDs.

Abbreviations: 1SSF, single Shockley stacking fault; SiC, silicon carbide; MLFF, machine learning force field; APB, antiphase boundary; PD, partial
dislocation; SSF, Shockley stacking fault; BPD, basal plane dislocation; STEM, scanning transmission electron microscopy; MD, molecular dynamics; VASP,
Vienna Ab-initio Simulation Package; PBE, Perdew-Burke-Ernzerhof; PAW, projector-augmented wave; DoS, density of states; LAMMPS, Large-scale
Atomic/Molecular Massively Parallel Simulator; GW, Gao-Weber; GW_ZBL, Gao-Weber with Ziegler-Biersack-Littmark universal screening function; MEAM,
modified embedded-atom potential; MEAM_Kang, MEAM modified by Kang et al.; EDIP, environment-dependent interatomic potential; SR, symmetric
reconstruction; AR, asymmetric reconstruction
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Savini et al. proposed eight possible structures of PDs (four for C-
core and four for Si-core) in 4H-SiC in 2007. They studied the bond
length between atoms in PDs, as well as the formation energy and
band structures of PDs. Simultaneously, they discussed the effect of
Fermi level on the stability of PDs, and suggested that the rotation
in the basal plane of atoms in PDs is the reason for the migration of
PDs and the expansion of 1SSFs [29]. In the following decade, many
experiments on SSFs in 4H-SiC were conducted. The 4H-SiC wafers with
SSFs were fabricated, and the morphology and Burgers vectors of SSFs
and PDs were observed at the micron scale [20,27,30]. In 2020, Nishio
et al. investigated the structure of PDs allocated surrounding a single
1SSF at the atomic scale by scanning transmission electron microscopy
(STEM), and proposed possible structures of the 1SSF and PDs based
on their observations [19]. Nevertheless, all published structures of
PDs and 1SSFs only included the atomic offset in the basal plane,
but the Shockley-type defects with off-plane displacement still need
to be considered. Moreover, the published literature demonstrated the
stability of PDs without considering temperature, while the thermal
effect on the stability also needs to be investigated.

This work firstly explored the thermal stability of 1SSFs in 4H-
SiC by developing an MLFF of the Si-C system, which enabled the
simulations to be performed on larger models with thermal effects
involved. This MLFF was verified in comparison with other simulations
and experiments. The thermal stability and evolution of 1SSFs were
characterized and demonstrated. The specific vibration modes of 1SSFs
in phonon spectra were profiled in order to explore a non-destructive
defect detection technology in SiC materials.

2. Method
2.1. Establishment of different 1SSF models

In this work, all 1SSF models were established with three edges
along the [1150], [TIOO], and [0001] directions. Different types of 1SSF
were denoted as D;; according to constructing procedures, where i
denoted the atomic bilayer containing the 1SSF and j denoted the
transformation method of atom coordinates to construct the initial
structure of the 1SSF. Two different atomic bilayers were considered
(i € {1,2}) according to the symmetry of the 4H-SiC lattice (space
group of P6smc [31,32]), and five different transformation methods
were used (j € {1,2,3,4,5}) in each bilayer.

The models used to train the force field were established in size
12.32A x 21.34A x 10.08A and contained 256 atoms (Fig. 1a), and
the D;;-Dy5 and the D,;-Dy5 were constructed by transforming the
coordinates of atoms in two different atomic bilayers (purple and green
shadows in Fig. 1b, respectively). The purple-noted bilayer was further
illustrated from a top view (Fig. 1c) to show the detailed procedure of
constructing Dy;-D;5. The D;; was obtained by translating the selected
atoms (darker-colored in Fig. 1c) by é[llEO] (Fig. 1d and the bubble
on the left), and the D;, was obtained by exchanging the x and y
coordinates of Si atoms with those of C atoms among the selected
atoms (Fig. le and the bubble on the left). D 3-D;5 were obtained
from the D,,, by translating the selected atoms in %[TlOO], %[ITOOJ, and
%[O()Ol], respectively, and then inserting and removing atoms close to
the boundaries according to the atomic arrangement (Fig. 1f-h). The
construction of D,;-D,5 followed the similar way but transforming the
coordinates of atoms in the green-noted bilayer in Fig. 1b (details were
shown in supplementary Fig. A.1). After training the MLFF, ten models
were established based on the same procedure in a 3072-atom size
(24.64 Ax42.68 Ax30.25 [o\) for subsequent 1SSFs evolution investigation
(Fig. 1i). Meanwhile, the boundary effect was considered, only 5 A
distance (about two atomic layers) could be influenced by the periodic
boundaries, but the 1SSF layers in all 3072-atom models were at least
10 Afar from each boundary.
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2.2. Training and utilizing MLFF

The MLFF was firstly trained by performing on-the-fly MLFF molec-
ular dynamics (MD) following a designed workflow. Then, the trained
MLFF was further utilized in comparison with other methods (including
simulations and experiments) and investigation of 1SSF evolutions.

In the training process, hundreds of on-the-fly MLFF MD simula-
tions were performed using the Vienna Ab-initio Simulation Package
(VASP) [34], and the detail of a single simulation is shown in Fig. 2a.
An initial MLFF was obtained in the first several MD steps, by perform-
ing ab initio MD in these steps to generate the training data (atomic
structures and corresponding energies and forces), and then training
the MLFF with a basis selected from the local configurations (local
surroundings of each atom) in the training data. The MLFF was contin-
uously updated in the following MD steps, by comparing the prediction
error of the MLFF (estimated using Bayesian linear regression [35])
with an artificially set threshold in each step, and if the error was
higher than the threshold, ab initio calculations would be performed to
update the training data and MLFF. Moreover, multiple MLFFs trained
in different simulations could be merged into a single MLFF by merging
the training data and then retraining an MLFF with the merged training
data. Besides, the implementation in VASP includes additional features
to improve program robustness and reduce computational costs, and
the details could be found in the study by Jinnouchi et al. [36,37]
and in the VASP manual [38]. Two additional adjustments were made
in this work to reduce the memory consumption during the training
process. The threshold for the CUR algorithm [39] used in the sparsi-
fication of the basis [40] was relaxed to 10~8, and structures that did
not contribute to the basis were discarded after each merge of training
data. Each on-the-fly MLFF MD simulation was performed for 2 x 10
MD steps with a step size of 1 fs, and the motion of the ionic and lattice
degrees of freedom followed the NpT ensemble proposed by Parrinello
et al. [41] and the Langevin equation [42]. The friction coefficients
for Si, C, and lattice degrees of freedom were set to 3ps~!, 3ps~!, and
0ps~!, respectively. The ab initio calculations were performed with
the Perdew-Burke-Ernzerhof (PBE) exchange energy [43], projector-
augmented wave (PAW) representation [44] and periodic boundary
conditions. A cutoff energy of 520eV was used, and the Brillouin zone
was sampled at only the I' point.

The MLFF was trained following a designed workflow (Fig. 2b),
where the MLFF was first trained with the defect-free 4H-SiC model
at a temperature of 2000K (the upper box) and continuously trained
with the 1SSF models (the lower box). The training process on the
1SSF models was performed in several turns, and in each turn, ten
different 1SSF models (Dy;-D;5 and D,;-Dy5) were simulated at seven
different temperatures (300 K, 600K, 900K, 1200 K, 1500K, 1800K, and
2000K). At the end of each turn, the training data obtained from the
same 1SSF model were merged and used continuously into the next
turn. The training progress was monitored by the number of local
configurations in the bases used to train the MLFF, and the training
process was terminated after eight turns, where the average variation
of the numbers of local configurations for all models reached below
zero at the last turn. Finally, the MLFF was obtained by merging the
training data from all the 1SSF models and used for the subsequent
comparisons and simulations.

The outcomes from trained MLFF were compared with other simula-
tions and experiments in three aspects (Fig. 2c), including the elasticity
tensor, the 1SSF formation energies, and the phonon density of states
(DoS). The simulations performed for comparison including both calcu-
lations using the ab initio method and calculations using conventional
force fields. The ab initio calculations were performed using VASP [34],
with the PBE exchange energy [43], PAW representation [44], and
a cutoff energy of 400eV. The calculations using conventional force
fields were performed using the Large-scale Atomic/Molecular Mas-
sively Parallel Simulator (LAMMPS) [45], and the force fields consid-
ered including Tersoff_1989 [46], Tersoff 1990 [47], Tersoff 1994 [48],
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Fig. 1. The steps to construct the initial structures of different 1SSF models. (a) The 256-atom model of 4H-SiC, which was used to train the force field. (b) Magnified view of
(a). The purple and green shadows represent the bilayers we used to construct D;-D;5 and D,;-D,s, respectively. (c) The top view of the bilayer marked by the purple shadow in
(b). The darker colors were used to highlight the atoms that were moved during the construction of the 1SSF models. (d-h) The top views of the atomic layers containing 1SSFs
in the 256-atom models of D;-D;5. (i) The 3072-atom model of 4H-SiC, which was used to investigate the evolution of defects with trained MLFF. The visualization of atomic

structures was performed using VESTA [33].

Tersoff Erhart-Albe [49], Gao-Weber (GW) [50], GW with Ziegler-
Biersack-Littmark universal screening function (GW_ZBL) [50,51],
modified embedded-atom potential (MEAM) [52,53], MEAM modified
by Kang et al. (MEAM _Kang) [54], Vashishta [13], and environment-
dependent interatomic potential (EDIP) [55]. To calculate the elasticity
tensor of the defect-free 4H-SiC, the finite difference approach [56,57]
was used with different sizes of models (2880-atom model in size
30.80 Ax32.01 Ax30.25 A for calculations using MLFF and conventional
force fields, and a single unit cell for the calculations using the ab initio
method). The experiment results from the work of Kamitani et al. [58]

were used as the standard reference in the comparison. Meanwhile,
in ab initio calculations, the k-point mesh was set to 8 x 8 x 5, and
the break conditions for electronic self-consistency and ionic relaxation
loops were narrowed to 1 x 107 eV and 1 x 1078 eV, respectively. To
calculate the 1SSF formation energies, 256-atom models were used
in all methods for consistency, and a k-point mesh of 2 x 1 x 2
was used in ab initio calculations. To calculate the phonon DoS of
the defect-free 4H-SiC and the 1SSF models, two different approaches
were used in different methods, and 256-atom models were used in all
methods to keep consistency. Firstly, in the calculations using MLFF
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Fig. 2. Simulation scheme used in this work. (a) A typical workflow of MD with on-the-fly MLFF. (b) Workflow of training MLFF in this work. (c) Comparing MLFF simulation
results with other simulations and experiments. (d) Investigating the evolution of 1SSFs using the trained MLFF.

and conventional force fields, MD simulations were performed for
1.1 x 10° steps at a temperature of 300K, and the phonon DoS was
obtained through the Fourier transformation of the trajectories in the
last 1 x 107 steps. Secondly, the finite difference approach [56,57] was
used in the ab initio calculations (because the ab initio MD simulations
were too computationally expensive), and the Phonopy package [59,
60] was used to generate structures with displacements (32 structures
for the defect-free model and 1536 structures for each 1SSF model).
These two approaches would lead to different peak heights between
the acoustic phonon DoS and the optical one, but the peak positions
should not be affected, because the finite difference approach took all
possible phonon modes into account, while the Fourier transformation
of MD trajectories only counting the phonon modes occupied at a finite

temperature (300K in our simulations). In the calculations of the 1SSF
formation energies and phonon DoS of 1SSF models, two structures
were taken into consideration (including the final structures of D;,
and Dy,), due to other 256-atom 1SSF models were unstable under
the temperature of 300K (including Dy, D;3, Dy; and D,3) or yielded
similar results to D;, (including D,,) or Dy, (including D;5, Dy, and
D,s). Besides, the phonon spectrum of the defect-free 4H-SiC was also
calculated using ab initio method for comparison with the phonon DoS
[56,57,59,601.

The MLFF was subsequently used to investigate the evolution of
1SSFs (Fig. 2d), and all models were scaled up to 3072-atom size
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(24.641°\ x 42.68 A x 30.25 f\) with more simulation steps. These simu-
lations were all performed for 1 x 10° steps, with the same settings
mentioned above.

2.3. Definition of elasticity tensor

The definition of subscripts in elasticity tensor varies between differ-
ent software (i.e., VASP and LAMMPS), potentially causing confusion.
To provide clarity, the elasticity tensor C;; ;, in this work is defined as
a fourth-order tensor relating the stress T}; to the strain Ej, in a linear
approximation:

Tij = Zcij,klEkls @
kI

where i, j, k, and / denote the Cartesian coordinates x, y, and z. The
elasticity tensor contains at most 36 independent components, and in
particular, there are only 5 independent components for hexagonal
crystals (such as 4H-SiC), specifically Cy, ,y, Cyyyys Crxzzs Crzzz @and
C,.,. [611.

2.4. Specific vibration modes of 1SSFs on phonon spectra

For analyzing the vibration modes of 1SSFs, the phonon spectra
were calculated on supercells containing 256 atoms using the Phonopy
package [59,60] and then transformed into primitive cells (i.e. un-
folding of the phonon spectra). This unfolding process was necessary
because the phonon spectra of the supercells were too dense to resolve.
An approximation was used to deal with the translational symme-
try broken caused by 1SSF, which was derived from the work of
Zheng and Zhang [62] with two optimizations. Firstly, the projection
coefficients of different modes were calculated parallelly, with the
values of plane-wave bases on all atoms calculated in advance, and
thus the computational time was dramatically reduced. Secondly, the
coordinates of unfolded g-points were calculated directly instead of
searching in a pre-defined range, which made the procedure adaptive to
supercells in any shape and size. This was achieved by decomposing the
transformation matrix between the supercell lattice and the primitive
cell lattice into a series of integer elementary matrixes. Each of the
integer elementary matrixes represented a simplified translation of
the lattice vectors (multiplying an integer on a single lattice vector,
swapping of two lattice vectors, or adding a lattice vector onto another
lattice vector), and thus the coordinates of unfolded q-points could be
calculated using these elementary matrixes. In addition, the intensities
of phonon modes were estimated by the sum of the squared norm of
the projection coefficients corresponding to each mode, where the sum
was taken over all the calculated modes within the frequency range of
+0.05 THz at the same g-point in the primitive cell and from a single
g-point in the supercell. The vibration modes of 1SSFs in the phonon
spectra were profiled by projecting the phonon modes on the atoms
both in defects and bonded to defects.

3. Result and discussion
3.1. Comparing MLFF outcomes with other simulations and experiments

To evaluate the accuracy of the trained MLFF, the MLFF outcomes
were compared with other simulations and experiments on three as-
pects, including the elasticity tensor of the defect-free 4H-SiC, the 1SSF
formation energies, and the phonon DoS of both the defect-free 4H-
SiC and the 1SSF models. There were two training outcomes in the
comparison, including the preliminary trained MLFF (trained with the
defect-free model only) and the final MLFF (trained with both the
defect-free model and 1SSF models).

Calculated elasticity tensors of the defect-free 4H-SiC were shown in
Fig. 3a, and the experimental result was used as a standard reference
when comparing results with different methods. The MLFF showed

Computational Materials Science 242 (2024) 113077

remarkable accuracy with an average error below 5%. Among the con-
ventional force fields, besides Tersoff Erhart-Albe, the others showed
different results with the ab initio calculations and the experimental
result. The 1SSF formation energies were also calculated (Fig. 3b),
where the final MLFF showed almost the same results as the ab initio
calculations. Importantly, the preliminary trained MLFF failed to pre-
dict 1SSF properties especially for D, (Fig. 3c), where the predicted
C-C bonds had nearly zero length. Therefore, it was necessary to train
MLFF with 1SSFs.

The phonon DoS of the defect-free 4H-SiC and two 1SSF models
were also calculated and shown in Fig. 4. The final MLFF was con-
tinuously in light with ab initio results for the peak frequency of the
phonon DoS of both the defect-free model and the 1SSF models.

There were two key factors contributing to the difference between
the outperformed MLFF and conventional force fields. Firstly, conven-
tional force fields relied on pre-defined functions with a limited number
of fitting parameters (< 50 in this work) to describe interatomic inter-
actions, whereas the MLFF employed selected local configurations as
basis functions with much more fitting parameters (10501 in this work,
detailed in Section 2.2 and Ref. [36,37]). Therefore, the MLFF was not
limited by any pre-defined functions, providing greater flexibility to de-
scribe 1SSF structures. Secondly, conventional force fields usually use
short cutoff distances (e.g., < 3A in Tersoff-based methods [46-50],
making it failed to distinguish different SiC polytypes [46]). In contrast,
the MLFF used longer cutoff distances (5 A for angular descriptors and
8 A for radial descriptors [36,37]), enabling it to capture more atoms
within local configurations and thus improve accuracy. Therefore, the
final MLFF was suitable to be used in predicting multiple properties of
4H-SiC and investigating the evolution of 1SSFs. Additionally, the MLFF
had much lower computational costs compared to ab initio calculations,
for instance, ab initio calculations took about ten hours but MLFF
calculations took only about 0.3 s in the case of running a single step
of an MD simulation on a model containing 3072 atoms with 28 CPU
cores. Thus, by using MLFF, the model size could be scaled up and the
simulation steps could be extended, which brings the SiC simulations
closer to real-world conditions.

3.2. Evolution of different defects

The MLFF was used to study defect evolution in ten 3072-atom 4H-
SiC models (Dq;-D;5 and D,;-Dys5) through MD simulations at seven
different temperatures. The evolution of the ten models was categorized
into two groups according to their thermal stability characterization,
i.e., the unstably and stably existing defects.

3.2.1. Unstably existing defects

The unstably existing defects were identified according to the spon-
taneous annihilation of the extended defects under thermal effects. The
D;; and D,; belonged to this group, and both of them lacked APB
(but the other 1SSF models had APBs). For a more comprehensive
illustration, the evolution process of D;; at 300K was decomposed
into several stages (Fig. 5). The 1SSF in the initial structure lacked
bonding to the atoms in the upper and lower atomic layers as well as
to the surrounding atoms at the boundaries. This absence of bondings
resulted in the free slip of the atoms in both directions even with
a slight disturbance, which was supported by our simulations with
different random seeds. In one of these simulations, the trajectory of
a C atom displayed a slight slip at about 25fs and formed a weak
covalent bond with a Si atom in the lower layer (highlighted by red
arrows). This bond caused adjacent atoms in 1SSF to slide in the
same direction (highlighted by red boxes), and finally at 300fs, the
majority of the atoms in the 1SSF reached their defect-free positions.
The spontaneous annihilation of 1SSFs in D;; and D,; revealed that
APB-lacking 1SSFs were unstable under thermal effects. Therefore, the
1SSFs lacking APB required less attention in real SiC growth because
they could spontaneously annihilate in growth temperature.
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Fig. 5. The evolution of D;; in one of the simulations at 300K. (a) A full view of the initial structure, where the two cameras show the two viewpoints. (b)-(e) The top view

and side view at Ofs, 25fs, 70fs, and 300fs, respectively. The differential charge density is displayed as a yellow isosurface to represent the values of 0.02 e//ﬂ\S. For clarity, the

charge depletion is not shown.

3.2.2. Stably existing defects

The defects of D;,-D;5 and D,,-D,5 were classified as stably existing
defects according to the persistence (the extended defects remained
after 1 x 10* MD simulation steps, which went through enough time
of relaxation under different correlated temperatures). Among these
defects, D;3-Dy5 and Dy3-D,5 formed structures that were in light with
published literature, and D;, and D,, formed structures that were
newly discovered in this work.

The evolutions of D4, Doy, D5, and D,g were similar to each
other, thus only the evolution of D, was discussed in detail. The
evolution process of Dy, was slightly different at two temperature
ranges (i.e., 1500K or below, and 1800K or above), and an example
for 1500 K or below were demonstrated by the evolution process of the
C-core in Dy, at the temperature of 300K (Fig. 6a—d). In the initial
structure, no bonds were formed between the C atoms in the 1SSF and
the atoms in the lower atomic layer. Thus, the C atoms oscillated under
thermal effects and formed several covalent bonds with the Si atoms
in the lower layer at 50fs (highlighted by the red box), subsequently
causing adjacent atoms in 1SSF to form similar covalent bonds at 500 fs.
Finally, two weak C-C bonds were formed at about 600fs (one of
them was marked by the red box). Meanwhile, the Si-core underwent
a similar process and formed similar structures. The structures of the
C-core at 500fs and 600fs were previously reported by Savini et al.
as 30° SR PDs and 30° AR PDs, respectively [29]. At temperatures of
1500K or below, the structure of Dy, finally set in still as 30° AR PDs,
which was consistent with the findings that 30° AR PDs had lower
energies than 30° SR PDs [29]. However, at temperatures of 1800K or
above, the structures could randomly transform between SR and AR
PDs, with the size of 1SSFs consistently remaining unchanged during
the transformation. Therefore, D,4 and others in type of 1SSFs were
considered to have remarkable stability at both temperature ranges.
In addition, the structure of 30° PDs could be interpreted as a mis-
stacking of Si-C pairs (Fig. 6e), which was in agreement with the
STEM observations [19]. Our work underscored that the 1SSFs of
Di4, Doy, Dy5 and D,g (existing as 30° PDs) had thermal stability
under high temperatures, which means they could not be eliminated
simply by using the high-temperature annealing at the end of physical
vapor transport bulk growth or at the beginning of the chemical vapor
deposition epitaxy.

The evolution processes of D3 and D,; were similar to each other,
and the evolution of D3 under 300K was demonstrated as an example

(Fig. 7a-b). The initial structure of D;3 was mentioned as 90° SR
PDs in the work of Savini et al. [29], but it was not stable in our
simulations and could transform into 90° AR PDs with kinks. Further,
these kinks could migrate along the 1SSFs at the temperatures of 1200 K
or above. The migration of kinks was considered highly correlated with
the expansion or shrinkage of the 1SSF [29], indicating that the 90°
PD structures might be less stable than 30° PDs at high temperatures.
Meanwhile, the 90° PD structures, like the 30° PDs, could also be
considered as a mis-stacking of Si-C pairs. Moreover, 90° PDs caused
further distortion in adjacent atomic layers (Fig. 7c-d for D3 and
Fig. 7e—f for Do3). Our found distortion can be used to explain the STEM
observations from Johji et al. [19], and potentially hold implications
for the quality of 4H-SiC epitaxial growth. Our work shows that the
1SSFs of D;3 and D,3 could be present as 90° AR PDs with kinks under
thermal effects, and highlighted the distortion of atomic layers induced
by the 90° PDs for the first time.

The structures of D, and D,, had not been previously reported in
the literature. This is the first report of both of them having steady
thermal stability, and been identified by flipped Si-C atomic layers in
the 1SSFs. The evolution process of D;, is shown in Fig. 8a—c, where C
and Si atoms in the 1SSF started to move upwards and downwards at
the beginning of the simulation, respectively, and subsequently formed
C-C and Si-Si bonds with the atoms in the upper and lower atomic
layers (highlighted by the purple and green boxes, respectively). The
stability of the flipped structure persisted across D, and D,, at tem-
peratures ranging from 300K to 2000 K (Fig. 8d-e), thanks to the robust
C—C and Si-Si bonds formed between the 1SSF and the adjacent atomic
layers. The formation energies of the newly formed structures were
calculated to be 103.15¢eV for D;, and 109.96 eV for D,,. In comparison,
the formation energies of D;3, Dy3, D14, Doy, Di5, and Dy5 in the same
size of supercell were 62.58¢V, 68.95eV, 91.31eV, 51.03eV, 62.34eV,
and 58.29 eV, respectively. The consistent energy magnitudes across all
structures suggested that these new configurations could theoretically
occur within natural 4H-SiC.

To summarize this section, eight of the ten 1SSF models examined
were classified as stably existing defects, and six of them transformed
into previously documented structures. Among the six models, Dy4,
Doy, D;5, and D,5 adopted the configuration of 30° PDs, and D;3 and
D,; formed the structures of 90° PDs. Apart from the mis-stacking of
atomic layers caused by 30° and 90° PDs, the 90° PDs also resulted
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Fig. 6. The evolution of D, in the 300K simulation. The viewpoints were similar to Fig. 5. (a)-(d) The top view and side view at Ofs, 50fs, 500fs, and 600fs, respectively. The

differential charge density is shown as a yellow isosurface to represent the values of 0.02 e/;\'z. (e) The stacking order of the atoms in the final structure. The red shadow indicates

the mis-stacking atoms.

in distortions of atomic layers. Regarding thermal stability, the 90°
PDs showed lower thermal stability as kink migration (along with the
change of size of the 1SSF) was observed when temperature above
1200K, but the 1SSFs with 30° PDs maintained their size at 2000 K.
Our observations suggest that high-temperature annealing might not be
sufficient to eliminate all BPDs especially for the 30° PDs, because the
process of converting BPDs into threading edge dislocations requires
the shrinkage of 1SSFs and the recombination of PDs [19]. Besides,
two brand-new structures (D;, and D,,) were found, which were
characterized by flipped Si and C atomic layers in the 1SSFs. These
two new structures displayed high thermal stability and suggested to
be potentially existing in natural 4H-SiC.

3.3. Specific vibration modes of 1SSFs on phonon spectra

After the thermal stability investigation, the vibration modes were
further studied to explore the potential acoustic and optical properties
of those 1SSFs. The representative examples of D, and D, were
demonstrated comparing with the defect-free 4H-SiC (Fig. 9). Encour-
agingly, specific phonon modes were found that only appeared in the
1SSF models but not in the defect-free 4H-SiC. Both D;, and D, had a
phonon mode at the I' point with a frequency of 3.2 THz (highlighted
by the baby-blue boxes). This finding at the I' point may be used in
the Raman spectrum, because the Raman spectrum is usually used to
measure the vibration modes at the I point [63]. In addition, there
were certain vibration modes of 1SSFs obviously appeared within the

forbidden band of 4H-SiC (18.3 THz to 21.5THz, highlighted by the
black boxes), which could also be used as an indicator to detect 1SSFs
and BPDs of 4H-SiC. Our founding might pave the way to facilitate a
new identification and spatial mapping of 1SSFs in 4H-SiC materials
without any damage (the wet etching was not required for the Raman
spectrum), similar to the attempt in our work [64], and the application
of Raman requires experimental verification in the future.

4. Conclusion

In this work, an MLFF for the Si-C system was developed, and the
MLFF outcomes were compared with simulations by other methods and
experimental results. Subsequently, the MLFF was used to investigate
the thermal stability of 1SSFs under different temperatures. APBs were
found to be an important factor in the thermal stability of 1SSF,
which was reflected by the disappearance of APB-lacking defects. The
high thermal stability of 30° PDs were found, and the bidirectional
transformation between SR and AR was observed in 30° PDs under high
temperatures. Meanwhile, kink migrations were observed in 90° PDs
under high temperatures. Besides, two brand-new 1SSF structures were
found and they have high thermal stability, which were characterized
by flipped atomic layers within the 1SSF and could theoretically occur
within natural 4H-SiC. Last but not the least, the vibration modes of
1SSFs were investigated, and specific vibration modes of different 1SSFs
were characterized, potentially facilitate non-destructive defect detec-
tion of 1SSFs. This work provides a comprehensive thermal-related
evolution study of 1SSFs in 4H-SiC at the atomic level.
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