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Surface-induced contraction mechanism of basal plane dislocations in 4H-SiC: Dislocation
dynamics analysis
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Basal plane dislocations (BPDs) in the epitaxial layer in 4H-SiC is one of the remarkable manufacturing
issues because they degrade device performance. Although most BPDs are converted to threading edge dis-
locations (TEDs), some remain. Therefore, elucidating the mechanism of BPD-TED conversion is crucial for
the enhancement of this process. In this study, we addressed this gap by analytically clarifying the contraction
mechanism of partial BPDs, which is one of the main processes in BPD-TED conversion. We employed the
dislocation dynamics method based on dislocation theories, which can precisely describe interactions between
dislocations. Our method incorporates surface effects such as image force in addition to the elastic interaction
between dislocations and stacking faults by calculating the stress derived from the surface. Using this method,
we focused on the effect of a terrace and step riser comprising steps on the epitaxial surface. The results revealed
that the depth of the BPD pair from the surface as well as the direction of the Burgers vectors relative to the
step riser significantly influence the contraction of BPDs. In addition, we investigated a model with an off-angle
to determine its effect on BPD contraction, which showed that the BPD width decreases for small off-angles
and closed Burgers vectors. Therefore, a small off-angle can result in a high BPD-TED conversion rate, which
is consistent with the experimental results. These findings were clearly explained by the forces exerted on
dislocations by the surface-induced stress. Our computational model clarifies the mechanism of BPD-TED
conversion and is expected to be applicable to other SiC epitaxy conditions.
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I. INTRODUCTION

4H-SiC, referred to as “SiC” in this study, exhibits superior
electrical properties such as a high voltage resistance and a
low on-resistance compared with silicon [1]. Consequently,
SiC has been used in various devices such as inverters, tran-
sistors, and diodes as a new-generation material [2,3]. During
the manufacturing process of SiC wafers, the chemical va-
por deposition (CVD) method is used for epitaxial growth
to enhance wafer quality [4,5]. Because defects can degrade
device performance [6–10], processes for eliminating them
have been extensively studied [8,11–14]. One of the most
harmful defects in SiC devices is basal plane dislocations
(BPDs), which exist on the basal plane in the form of dis-
solved partial dislocations in SiC. Stacking faults between
BPDs can easily expand, resulting in device degradations,
such as bipolar degradation [15,16], because BPDs have a
high mobility. Most BPDs are converted to threading edge
dislocations (TEDs) during epitaxial growth owing to the
step-controlled epitaxy [4,17], which has the same Burgers
vector as BPDs but different dislocation directions and does
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not affect device performance [18] in the epitaxial layer (BPD-
TED conversion) [19–21]. However, some BPDs that degrade
device performance remain [18]. Therefore, eliminating the
BPDs in the epitaxial layer is crucial for enhancing the BPD-
TED conversion. Several experimental methods have been
suggested to improve the BPD-TED conversion rate, such
as growth off-angles [22,23], growth velocities [13,14,24,25],
and temperature [26], and others [27–30]. For example, a
lower BPD density can be achieved using 4 ° off-angle sub-
strates compared with 8 ° off-angle ones [22,23].

However, the BPD-TED conversion mechanism remains
unclear, although some computational studies have been per-
formed. For instance, first-principles calculations, such as
density functional theory (DFT) and density functional-based
tight-binding (DFTB) calculations, have been used to calcu-
late double kink formation energies, which affect the mobility
of dislocations, and structures around BPD cores [31–35].
However, they cannot be applied directly to BPD-TED con-
version, whose analysis requires the simulation of a large
number of atoms, because they can only be used for small
atomic volumes (∼10 000 atoms). Previous studies also used
classical molecular dynamics (MD). Because the interactions
between atoms are calculated using empirical interatomic
potentials, MD can handle significantly more atoms than
first-principles calculations. Therefore, it can be used to treat
structures with large strain fields generated by dislocations.
A previous study using the existing interatomic potential
concluded that BPDs can be easily converted to TEDs near
the surface shortly after two partial BPDs contract to a
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perfect BPD [36]. Another study developed a new interatomic
potential for SiC to reproduce the dislocation motion near the
surface and clarified that partial BPDs in the vicinity of the
surface can easily contract into a perfect dislocation [37,38]
by calculating dislocation mobilities. However, MD cannot be
used for mesoscale (∼nm–µm scale) phenomena because it re-
quires a significant number of atoms for modeling. In addition,
no interatomic potential still can reproduce the dislocations
in SiC with a high accuracy. For instance, the stacking fault
energy calculated using previously developed interatomic
potentials [37] is approximately 1.1 mJ/m2 whereas that cal-
culated experimentally is approximately 15 mJ/m2 [39–41].
Therefore, a new computational method for SiC dislocations
that can handle mesoscale models with a high accuracy is
desired.

BPDs are usually dissociated into Shockley-type partial
dislocation pairs [42], which are considered to contract in the
vicinity of the surface and are converted into TEDs [19,21,43].
The previous MD study concluded that BPDs can be easily
converted to TEDs near the surface shortly after two partial
BPDs contract to a perfect BPD [36], which indicates that the
contraction of partial BPDs is crucial process for BPD-TED
conversion. Therefore, in this study, we focused on the process
of the contraction of two partial BPDs, which has not been
completely clarified. We address the existing gap by applying
the dislocation dynamics (DD) method as an alternative to
the MD method to enable mesoscale investigations of BPD-
TED conversion. Dislocations are directly modeled in DD
simulations, whereas they are modeled by arranging atoms
in MD. Therefore, DD simulations can handle larger-scale
phenomena than MD. In addition, the interactions between
dislocations are determined based on the elasticity theory of
dislocations in DD simulations, whereas they depend on an
interatomic potential in MD. Therefore, by correctly imple-
menting the elasticity theory of dislocations and the surface
effect in DD simulations, DD simulations are expected to
reproduce dislocations near the surface with a high accuracy.
Several methods are available for treating near-surface dislo-
cations using DD simulations. For instance, some researchers
have suggested that image dislocations were set to satisfy a
surface traction of zero [44,45]. Others suggested that image
stresses were implemented on the surface [46,47]. We used
the latter method because it can easily treat screw and edge
dislocations in two- and three-dimensional models. Using this
method, we elucidated the effect of the surface on the dislo-
cation behaviors in SiC. Since the dislocation behavior near
surface is governed by complex interactions, we believe that
DD provides an effective framework for their behavior.

The pairs of partial BPDs can be categorized into three
types: 30 °C core–30 ° Si core pair, 30 °C core–90 °C core
pair, and 30 ° Si core–90 ° Si core pair. The movement of
dislocations depends on the type of partial dislocation. For
instance, the 30 °C core–30 ° Si core pair remains in the
epitaxial layer, whereas the 30 °C core–90 °C core and 30 °
Si core–90 ° Si core pairs do not [14,48]. In addition, 90 °
partial dislocations move more freely compared with 30 °
partial dislocations [31,33]. Therefore, we focused on the
behavior of these partial dislocations near the surface. More-
over, the step-controlled epitaxy produces steps on the surface
with heights of 0.25–1.0 nm [4]. In this study, we define

FIG. 1. Schematic of the surface in the epitaxial layer and its
enlarged view. The blue line shows a BPD on the basal plane. The
terrace and step riser are defined in this study as the surface on
the basal plane and the vertical surface connecting adjacent terraces,
respectively.

“terrace” as the surface on the basal plane and “step riser”
as the vertical surface connecting adjacent terraces, as shown
in Fig. 1. We considered the effects of terraces and step risers
on BPD movement. Using our DD method, we elucidated the
movements of various types of partial BPD pairs, particularly
BPD contractions, near the epitaxial surface.

Section II presents the details of the proposed DD method.
In Sec. III, we clarify the effect of terraces on the BPD pair
configurations using a two-dimensional model. In addition,
we present the results and discuss the calculations. Subse-
quently, in Sec. IV, we show the effect of step risers on the
BPD pair configurations using a three-dimensional model. As
our analysis integrates the effects of terraces and step risers,
we clarified the off-angle effect on BPD contraction near the
surface using a model with an off-angle in Sec. V. Finally,
Sec. VI presents our conclusions.

II. METHODOLOGY

In this section, we describe the computational method.
Here, we consider two straight, partial BPDs, i.e., dislocations
(1) and (2), with width w at depth d from the surface, as
shown in Fig. 2. The force at a point on each dislocation can
be calculated as

f = f SF + f PK, (1)

where f SF is the force generated by the stacking fault, and f PK
is the Peach-Koehler force acting on the dislocation. f SF and
f PK correspond to the attractive and repulsive forces between
two dislocations, respectively.

FIG. 2. Schematic of two partial dislocations (1) and (2) with
width w below a distance d from the surface. Note that the disloca-
tion lines are assumed to be infinite when a two-dimensional model
is employed.
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FIG. 3. Dislocation, correction, and superimposed stress fields near the surface. (a) Calculation procedure. (b) σyz of each stress field
around a screw dislocation. (c) σxy around an edge dislocation. The dislocation with a Burgers vector magnitude of 0.1782 nm is d = 15 nm
below the surface, and the model is large enough in the x and y directions in panels (b), (c).

Force f SF per unit length is calculated using the stacking
fault energy � as follows:

| f SF| = �. (2)

The direction of f SF depends on the positions of the dislo-
cation lines and stacking faults.

Force f PK at a point on the dislocation can be calculated as

f PK = σ · b × t, (3)

where σ, b, and t are stresses acting on the dislocation
segment, the Burgers vector, and the tangent vector of the
dislocation segment, respectively. Stress σ comprises two
stresses as follows:

σ = σD + σC. (4)

σD is the stress generated from dislocations, and σC is the
stress derived from the surface called the correction stress in
this study.

Figure 3(a) shows the schematic of the calculation pro-
cedure of the correction stress field σC. First, the stress σD

generated by all dislocations is obtained using the disloca-
tion theory in the infinite body. The force T∞ in the surface
position is calculated using the dislocation stress field. Sub-
sequently, the correction stress field σC can be calculated by
applying the force −T∞ on the surface Others suggested that
image stress should be implemented on the surface because
the surface traction T on the surface must be zero. In this
study, we employed our in-house finite element (FE) code to
calculate σC. Figures 3(b) and 3(c) show an example of the
stress fields σyz around a screw dislocation and σxy around

an edge dislocation near the surface, respectively, generated
by dislocation (σD), the correction stress fields (σC), and the
superimposed stress fields (σD + σC). In the dislocation stress
field, the stress on the surface is not zero, which implies that
the surface traction is also not zero. Therefore, by superimpos-
ing it and the correction stress field, the stress on the surface
can be zero.

The position of each dislocation where the force f at
any point becomes zero is calculated using DD to obtain
the equilibrium width weq between the two partial BPDs.
By calculating the equilibrium distance weq at various depths
d from the surface, partial dislocation pair types, such as
30◦-30◦ and 30◦-90◦, and other geometrical conditions, we
can elucidate the surface effect on the contraction of partial
BPD pairs. Notably, we don’t implement the effects of the
C and Si cores in this study. The difference between the C
and Si core mobilities does not significantly affect the overall
trend, although the final shape of the dislocation pair may
slightly vary. In addition, we don’t consider the temperature
effect, as the present analysis focuses on the static equilibrium
configuration rather than the time evolution of dislocation
behavior.

III. INFLUENCE OF THE TERRACE

A. Modeling

First, we employed the two-dimensional model shown
in Fig. 4 to calculate the effect of terraces on the
partial dislocation pair configurations. The stacking fault
energy was set to 15 mJ/m2, which was adopted as a
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FIG. 4. Schematic of our two-dimensional model. Dislocations (1) and (2), with width w were set below a distance d = 1, 2, . . . , 100 nm.
Red arrows indicate the Burgers vectors of the dislocations; the types of dislocation pairs were 30◦-30◦ and 90◦-30◦. A 10 000 nm × 10 000
nm finite element mesh, which has a fine mesh near the surface, was prepared to calculate the correction stress.

representative value considering previous experimental [39]
(14.7 ± 2.5 mJ/m2) and first-principles calculation [40,41]
(approximately 12–18 mJ/m2) results. The elastic constants
were set to C11 = 501 GPa, C12 = 111 GPa, C13 = 52 GPa,
C33 = 553 GPa, and C44 = 163 GPa [49]. A finite element
mesh of 10 000 nm × 10 000 nm was prepared to calculate the
correction stress field σC generated by the surface, which was
a sufficiently large model with fine meshes around the dislo-
cations (less than 0.5 nm on each mesh side). We employed
quadratic quadrilateral elements, and boundary conditions
were set as shown in Fig. 4. The correction stress was
calculated under plane strain conditions. We calculated the
equilibrium dislocation widths weq at various depths from the
surface between d = 1 and 100 nm using the method detailed
in Sec. II. In addition, we calculated weq in a bulk environment
by setting the correction stress to zero. We treated two types
of partial BPDs: the 30◦-30◦ and 30◦-90◦ pairs, of which
Burgers vector size was 0.1782 nm [50]. In these calcula-
tions, the dislocation width is taken as the equilibrium width
weq when the force acting on each dislocation is less than
1.5 × 10−17 N/nm or the force difference from the previous
dislocation dynamics step is less than 1.5 × 10−19 N/nm.

We also calculated the equilibrium width weq for var-
ious stacking fault energies. The results are provided in
Appendix A.

B. Results

Figure 5 shows the relationship between the dislocation
depth d from the surface and the equilibrium width weq

between the dislocation pairs. Regarding the 30◦-30◦ par-
tial BPD pair, the equilibrium width weq at d = 50 nm was
25.1 nm. Therefore, the surface had almost no effect on the
30◦-30◦ pair approximately 50 nm below the surface because
the equilibrium width weq in a bulk, was calculated to be 25.9
nm. When a dislocation pair exists at a depth of less than
d = 50 nm, the equilibrium width weq decreases significantly
as the dislocation pair approaches the surface. The equilibrium
width weq at a depth of d = 2 nm was 4.7 nm. Therefore,
the 30◦-30◦ pair dislocations can contract easily near the

surface. Our results are consistent with the MD results in a
previous study [37] and the BPD-TED conversion mechanism
[19,21,43]. This is attributed to the greater effect of image
forces derived from the surface, which are mainly attractive
forces between the two dislocations, as discussed in the next
section.

Regarding the 30◦-90◦ partial BPD pair, the equilibrium
width weq decreased as the depth d decreased. Notably,
compared with the 30◦-30◦ partial BPD pairs, the equilib-
rium width weq changed irregularly: it decreased slowly at
d > 25 nm, became almost constant at 15 < d < 25 nm, and
then decreased significantly at d < 15 nm. The irregular
changes are detailed subsequently. The equilibrium width weq

at d = 100 nm was 36.2 nm, whereas that in a bulk was
38.3 nm. Therefore, the surface influences the deeper 30◦-90◦

FIG. 5. Relationship between the depth d from the surface and
the equilibrium width weq between two partial dislocations. The
result at d = 1 nm in the 30◦-90◦ partial BPD pair is unavailable
owing to numerical instability.
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FIG. 6. Correction stress fields of (a) σ C
yz and σ C

xy around the 30◦-30◦ dislocation pair and (b) σ C
xy around the 30◦-90◦ dislocation pair. The

partial dislocation pair has a width of w = 15.0 nm and is located d = 5, 15, and 25 nm below the surface.

partial BPD pairs compared with the 30◦-30◦ pairs. Moreover,
the equilibrium widths of the 30◦-90◦ partial BPD pairs are
larger than those of the 30◦-30◦ pairs at any depth d . For
instance, the equilibrium width weq at d = 2 nm was 12.8 nm,
which is approximately three times larger than that for the
30◦-30◦ partial BPD pair. Therefore, the 30◦-90◦ partial BPD
pairs cannot contract more easily, even near the surface, than
the 30◦-30◦ partial BPD pairs.

C. Discussion

We discuss our results by comparing the correction stress
fields generated by the surface because they cause surface
effects according to Eq. (4). Figure 6(a) shows the correction
stress fields of σ C

xy and σ C
yz at d = 5, 15, and 25 nm around

a 30◦-30◦ dislocation pair of w = 15.0 nm. Since the screw
components of the Burgers vectors of the two partial dislo-
cations are both positive, and the stress field σ C

yz is positive
at dislocation (1) and negative at dislocation (2), the Peach-
Koehler forces acting on dislocations (1) and (2) are directed
in the positive and negative directions, respectively. Conse-
quently, an attractive interaction is generated between the two
dislocations. The attractive force increases as the dislocation
pair approaches to the surface because the magnitude of the
stress σ C

yz on the dislocation increases. Conversely, in the stress
field σ C

xy, the repulsive force between them increases as the
dislocation pair gets close to the surface. Since the norm of
the stress σ C

yz is larger than that of the stress σ C
xy, and the size

of the Burgers vector bz in the screw direction is larger than
that of the Burgers vector bx in the edge direction, the stress

field σ C
yz mainly affects the force between the two dislocations.

Therefore, a larger attractive force causes the equilibrium
width weq to decrease as the dislocation pair approaches the
surface.

Figure 6(b) shows the correction stress field of σ C
xy at

d = 5, 15, and 25 nm around a 30◦-90◦ dislocation pair with
w = 15.0 nm. The attractive force between the two disloca-
tions increases as the dislocation pair approaches the surface,
because the stress on the dislocation increases. Therefore,
similar to the 30◦-30◦ dislocation pair, a larger attractive force
causes the equilibrium width weq to decrease as the disloca-
tion pair approaches the surface. Notably, we do not need to
focus on the stress field σ C

yz because it does not generate any
force owing to the 90◦ partial dislocation, which is a complete
edge dislocation.

For a more detailed discussion, we consider the correction
stress field of one dislocation because the surface-derived
Peach-Koehler force acting on a dislocation is caused by the
correction stress of the other dislocation alone. In other words,
the force is not generated by its own correction stress because
the correction stress fields of one dislocation have a symmet-
rical distribution, as shown in Figs. 3(b) and 3(c). Figure 7(a)
shows the relationship between the distance from a screw dis-
location and the stress σ C

yz at various depths from the surface.
The correction stress fields σ C

yz around the dislocation are also
shown. The correction stress dislocation increases rapidly in
the x range of 30 nm from it as d decreases. Therefore, for
the 30◦-30◦ dislocation pair, which primarily comprises screw
dislocations, the attractive force between the two dislocations
increases rapidly as it approaches the surface, resulting in
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FIG. 7. Relationship between the distance x from the dislocation and the correction stress for (a) screw and (b) edge dislocations at d = 5,
15, 25, and 35 nm. The correction stress fields are also shown for d = 5 and 25 nm.

a rapid decrease in the equilibrium width weq. Conversely,
Fig. 7(b) shows the relationship between the distance from
an edge dislocation and the stress σ C

xy. Unlike a screw dislo-
cation, several stress peaks are observed in the stress field.
Thus, the stress around the dislocation increases irregularly as
d decreases. This can result in the irregular decrease in the
equilibrium width weq, as shown in Fig. 5.

Finally, Fig. 8 shows the relationships between the sepa-
ration width of the dislocation pair and the force acting on
dislocation (1) (shown in Fig. 2) in the (a) 30◦-30◦ and (b)
30◦-90◦ dislocation pairs at various depths d from the surface.

Here, fPK is decomposed into fD and fSurf , derived from
σD and σC, respectively. As fSF + fPK = fSF + fD + fSurf in
Eq. (1) becomes zero in the equilibrium width, the separation
width at the intersection of lines −( fSF + fD) and fSurf is
equivalent to the equilibrium width weq. For example, the
equilibrium widths for d = 5, 15, 25, and 35 nm obtained
from Fig. 5 are 9.3, 18.1, 22.1, and 24.0 nm, respectively.
The intersections of fSurf and −( fSF + fD) in Fig. 8(a) are
located at these values. The equilibrium width of the 30◦-30◦
dislocation pair decreases rapidly as it approaches the sur-
face, whereas that of the 30◦-90◦ dislocation pair decreases

FIG. 8. Relationship between the separation width of the dislocation pair and the force fSurf and −( fSF + fD) acting on dislocation (1) at
d = 5.0, 15.0, 25.0, and 35.0 nm. (a) 30◦-30◦ partial dislocation pair. (b) 30◦-90◦ partial dislocation pair.
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FIG. 9. Schematic of our three-dimensional model. A pair of
30◦-30◦ BPDs was set on the slip plane. The finite element mesh
with quadratic tetrahedral elements was set similarly to our two-
dimensional model to calculate the effect of the surface on the
dislocations. There are two types of Burgers vectors: (a) closed
toward the surface (step riser) and (b) open toward it.

irregularly owing to the irregularities in the stress field of an
edge dislocation.

IV. INFLUENCE OF THE STEP RISER

A. Modeling

Next, we introduced a three-dimensional model to repro-
duce BPDs and discuss the influence of the step riser on BPD
contraction. Figure 9 shows the schematic of our model. A
pair of BPDs was set on a basal plane at depths ranging
from d = 1 nm and d = 25 nm below the terrace. In addition,
we employed d = 60 nm to reproduce the condition that the
terrace has no effects on the BPDs. One end of the BPD is on
a free surface (step riser), whereas the other is constrained.
We employed a 30◦-30◦ partial BPD pair with two types
of Burgers vectors, closed and open, toward the step riser.
In this simulation, we employed isotropic material proper-
ties because anisotropic and isotropic materials have nearly
identical results in the two-dimensional simulation, as shown
in Appendix B. The modulus of shearing elasticity and the
Poisson’s ratio were set to 194 GPa and 0.16, respectively
[49]. The equilibrium configuration of the BPD pair was cal-
culated using this model. We employed the parametric DD
method [51] for our three-dimensional model, in which the
dislocation lines are discretized into a series of segments with
nodes at their endpoints, and the force acting on each segment
is calculated using numerical integration.

B. Results

Figure 10 shows the BPD configurations, where the Burg-
ers vectors are (a) closed and (b) open toward the step riser
at d = 25 nm. The BPD pairs are constricted near the step
riser in the closed Burgers vector results, whereas they are not
constricted in those of the open Burgers vectors, as discussed
later. Figure 11 shows the relationship between the distance l
in the z direction from the step riser and the separation width
w of the BPDs. In both results of the Burgers vector types,
the partial BPD widths w decreased as the depth d decreased
owing to the large image force near the terrace, as indicated
in Sec. III. Notably, a significant difference was observed be-
tween the Burgers vector types. For the BPD pair with closed

FIG. 10. BPD configurations at d = 25 nm. The results of two
types of Burgers vectors [(a) closed toward the off-angle surface and
(b) open toward the step riser] are shown. The gray lines and blue
points indicate the dislocation lines and computational nodes, which
are used for DD calculations, respectively. The gray area indicates
the stacking fault between two BPDs.

Burgers vectors [Fig. 11(a)], the BPD pairs were significantly
constricted near the step riser. Conversely, the BPD pairs
with open Burgers vectors [Fig. 11(b)] were not constricted.
Moreover, we found that the x-directional deflection of the
dislocation pair with an open Burgers vector is smaller than
that of the dislocation pair with a closed Burgers vector. Thus,
the BPD pair with closed Burgers vectors can contract more
easily than that with open Burgers vectors. This difference is
caused by the stress generated by the step riser, as discussed
later.

In addition, the distance l , over which the step riser has an
effect, decreases as the depth d from the terrace decreases. For
instance, the effect of the step riser was within 10 nm for the
BPD pair with closed Burgers vectors at d = 1 nm, whereas
it was over 100 nm for d = 25 nm. Similarly, the effects of
the step riser were within 20 and 60 nm for the BPD pair with
open Burgers vectors at d = 1 and 25 nm, respectively. There-
fore, the BPD pair with open Burgers vectors can contract at
a certain distance from the step riser.

C. Discussion

The influence of the step riser on the BPD configurations
near it is attributed to the stress field generated by the step
riser. In our discussion, we decompose the stress field around a
single 30◦ partial dislocation into edge and screw components.
Figure 12 shows the correction stress fields σ C

yz and σ C
xy around

(a) an edge dislocation and (b) a screw dislocation when the
depth from the terrace is d = 60 nm. We observed two charac-
teristic stress fields, which are crucial to BPD configurations
near the step riser: the stress fields σ C

yz and σ C
xy derived from

edge and screw dislocations, respectively.
First, we considered the force acting on a partial disloca-

tion derived from the stress field generated by itself. Because
the stress σ C

yz derived from the edge component on the dis-
location line is positive, the force in the positive-x direction
acts on the screw component of the dislocation as shown
in Fig. 13. Therefore, the contractive and expansive forces,
respectively act on the dislocation pair with closed and open
Burgers vectors. Notably, no effects on the dislocation derived

264106-7



HIRANO, TAKAHASHI, AND TAKAHASHI PHYSICAL REVIEW B 114, 264106 (2026)

FIG. 11. Relationship between the distance from the step riser l and the separation width of the BPD pair w at depths ranging from
d = 1–25 nm when the Burgers vectors are (a) closed toward the step riser and (b) open toward it. The dotted lines indicate the equilibrium
width at each depth calculated in Sec. III.

from the other stress components generated by itself were
observed because the stress on the dislocation line was zero.

Next, we considered the stress field of one dislocation and
the direction of the force acting on its paired dislocation.
Figure 14(a) shows the correction stress field around the edge
dislocation and the force directions acting on its paired partial
dislocation. The stress fields σ C

yz and σ C
xy act on the screw

and edge components of the paired dislocation, respectively.
If the paired dislocation lies on the positive-x side of the
edge dislocation [Fig. 14(a), left], which corresponds to the
closed Burgers vectors, then the expansive force acts on the
screw component of the paired dislocation near the step riser.
Conversely, if the paired dislocation lies on the negative-x side
of the edge dislocation [Fig. 14(a), right], which corresponds
to the open Burgers vectors, then a contractive force acts on
the screw component of the paired dislocation near the step
riser. The force acting on the edge component of the paired

FIG. 12. Correction stress fields σ C
yz and σ C

xy around (a) an edge
dislocation and (b) a screw dislocation when the depth from the
terrace is d = 60 nm. The enlarged figure of σ C

xy generated from the
edge dislocation is also indicated.

dislocation does not depend on the type of Burgers vector. We
should note that the edge dislocation generates both positive
and negative stress σ C

xy [Fig. 12(a)]. Therefore, the direction of
the force acting on the edge component of the paired disloca-
tion depends on the position. Near the surface, the force acts
in the contraction direction, whereas away from the surface, it
acts in the expansion direction.

Figure 14(b) shows the correction stress field around
the screw dislocation and force directions acting on the
paired partial dislocation. If the paired dislocation lies on
the positive-x side of the screw dislocation [Fig. 14(b), left],
then the contractive force acts on the screw component of
the paired dislocation near the surface, affecting both Burgers
vector types. When the direction of the edge component of the
paired dislocation is positive, corresponding to open Burgers
vectors, an expansive force acts on it. Conversely, when its
direction is negative, corresponding to the closed Burgers
vectors, the contractive force acts on it. Similarly, if the paired

FIG. 13. Correction stress field σ C
yz derived from the edge com-

ponents. The red and black arrows indicate the Burgers vector and
force acting on the screw component, respectively.
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FIG. 14. Correction stress fields around one dislocation (gray
solid line) derived from the (a) edge and (b) screw components.
Forces acting on its paired partial dislocation (black dotted line) are
also shown by black arrows. The red arrows indicate the Burgers
vectors. The schematic to the right of each contour represents the
corresponding partial dislocation pair.

dislocation lies on the negative-x side of the screw dislocation
[Fig. 14(b), right], then the contractive and expansive forces
act on the edge component of the paired dislocation when the
Burgers vector types are closed and open, respectively.

Therefore, the stress fields σ C
yz and σ C

xy around the edge and
screw dislocations, respectively, cause the dependence of the
Burgers vector types on the BPD configurations near the step
riser. Because the area and magnitude of the latter stress field
[σ C

xy in Fig. 14(b)] are significantly larger than those of the
former [σ C

yz in Fig. 14(a)], the contractive force acts on
the BPD pair with closed Burgers vectors while the expansive
force acts on that with open Burgers vectors. Moreover, the
contractive force derived from σ C

yz around a screw dislocation
[σ C

yz in Fig. 14(b)] makes the x-directional deflection of the
dislocation pair with a closed Burgers vector larger compared
with that with an open Burgers vector.

Figure 15 shows the σ C
yz and σ C

xy stress fields around edge
and screw dislocations, respectively, at various depths from
the terrace (d = 5, 15, and 25 nm). No effects of the depth
d on σ C

yz stress field are observed. However, the distribution
of the stress field σ C

xy decreases as the depth d decreases,
resulting in a smaller effect of the step riser compared with
the effect of the terrace. This is attributed to the larger image
force derived from the terrace, as discussed in Sec. III.

Our discussion can also predict the movements of the
30◦-90◦ partial BPD pairs. The edge components of the 30◦

FIG. 15. σ C
yz and σ C

xy stress fields around edge and screw disloca-
tions, respectively, when the depths at terrace depths of (a) d = 5 nm,
(b) d = 15 nm, and (c) d = 25 nm.

and 90◦ partial dislocations acting in the same direction will
cause a notable behavior in the pair. Here, we consider the
30◦-90◦ partial BPD pairs with Burgers vectors, as shown in
Fig. 16(a). The stress field σ C

yz derived from the 90◦ partial
dislocation [Fig. 16(b)] and the edge component of the 30◦
partial dislocation [Fig. 16(c)] generates the positive-x direc-
tion force acting on the screw component of the 30◦ partial
dislocation. Conversely, the stress field σ C

xy derived from the
screw component of the 30◦ partial dislocation generates the
positive-x direction force acting on the 90◦ partial disloca-
tion. Therefore, both the 30◦ and 90◦ partial dislocations are
subjected to forces in the same direction. This implies that
both partial dislocations moved in the same direction, and the
30◦-90◦ partial BPD pairs were eliminated in the epitaxial
layer owing to the step riser.

FIG. 16. Stress fields of a 30◦-90◦ partial BPD pair. (a) Config-
uration of the BPD pair. (b) Stress field derived from the 90◦ partial
BPD. (c) Stress field derived from the edge component of the 30◦

partial BPD. (d) Stress field derived from the screw component of
the 30◦ partial BPD. The red and black arrows indicate the Burgers
vectors and force acting on the dislocations, respectively.

264106-9



HIRANO, TAKAHASHI, AND TAKAHASHI PHYSICAL REVIEW B 114, 264106 (2026)

FIG. 17. Schematic of our three-dimensional model. A pair of
30◦-30◦ BPD was set on the slip plane. The off-angle θ was set
to be 4◦, 8◦, 12◦, and 16◦. Finite element mesh was set like our
two-dimensional model to calculate the effect of the surface on the
dislocations.

V. INFLUENCE OF THE OFF-ANGLE
ON BPD CONTRACTION

A. Modeling

Finally, we introduced a three-dimensional model with an
off-angle to discuss its effect on BPD contraction. Figure 17
shows the schematic of our model. A pair of BPDs was set on
a basal plane. One end of the BPD is on a free surface with off-
angle θ = 4◦, 8◦, 12◦, and 16◦ to the basal plane, whereas the
other is constrained. We employed a 30◦-30◦ partial BPD pair
with two types of Burgers vectors, closed and open, toward the
surface, as shown in Sec. IV. The equilibrium configuration of
the BPD pair was calculated using the same method described
in Sec. IV. The distance h between the slip plane and the bot-
tom surface of the model is approximately half of the model
height. The exact value varies slightly with the off-angle θ :
h = 185.7, 176.6, 154.2, and 176.6 nm for θ = 4, 8, 12,
and 16◦, respectively. Since the plane is sufficiently far from
the top and bottom surfaces of the model, these differences
are expected to have a negligible effect on dislocation motion.
We should note that we did not model steps on the surface
because a model with steps has a high computational cost
owing to the extremely small elements required for the finite
element method (FEM) to calculate the correction stress. The
effects of modeling the steps are discussed in Appendix C.

B. Result and discussion

Figure 18 shows the BPD configurations, of which Burgers
vectors are (a) closed and (b) open toward the off-angle sur-
face at off-angle θ = 4◦. The BPD pair with closed Burgers
vectors is constricted near the surface, whereas that with open
Burgers vectors is constricted approximately 20 nm from the
surface. This is attributed to the stress field generated by the
surface, as discussed in Sec. IV. Figure 19 shows the relation-
ship between the distance l in the z direction from the surface
and the partial BPD width w. In the results of both Burgers
vector types, the partial BPD widths w decreases as the off-
angle θ decreases. This is consistent with our two-dimensional
simulations because the distance from the surface decreases as
the off-angle decreases. Therefore, the partial BPD pair can

FIG. 18. BPD configurations at off-angle θ = 4◦. The results of
the two types of Burgers vectors: (a) closed toward the off-angle
surface and (b) open toward it, are shown. The gray lines and blue
points indicate the dislocation lines and computational nodes, which
are used for DD calculations, respectively. The gray area indicates
the stacking fault between the two BPDs.

easily contract to a perfect one, which is a crucial process
of BPD-TED conversion, in a low off-angle epitaxial layer.
These results are consistent with those of previous studies
[22,23].

A difference in the BPD pair configurations was observed
between the Burgers vector types, attributed to the effect of
the step riser discussed in Sec. IV. For the BPD pair with
Burgers vectors closed toward the surface, the BPD pair is
constricted near the surface. Thus, the BPD pair can easily
contract to a perfect one. By contrast, for the BPD pair with
open Burgers vectors toward the surface, it is constricted far
from the surface. In addition, the BPD widths are larger than
those of the closed Burgers vectors at any distance l from
the surface and the off-angle θ . Therefore, it would be more
difficult for the BPD pair to contract perfectly.

VI. CONCLUSIONS

We computationally elucidated the effect of the surface on
the contraction of partial BPD pairs in 4H-SiC using DD. Our
model can reproduce the force derived from their elastic in-
teractions and stacking faults based on dislocation theories. In
addition, we reproduced the forces derived from the surface,
such as the image force, by adding the correction stress to our
model to satisfy the condition that the surface traction ti on
the surface must be zero. Using our method, we calculated the
partial BPD configurations in various models.

First, we focused on the effects of the terrace and step
riser on the contraction of a BPD pair using two- and three-
dimensional models, respectively. In the former simulation,
we found that the equilibrium distance decreased as the depth
decreased owing to the large correction stress, resulting in an
increase in the attractive force between the dislocations. This
indicates that partial BPDs can easily contract near the sur-
face. In particular, the 30◦-30◦ partial BPD pairs can contract
more easily than the 30◦-90◦ partial BPD pairs owing to their
correction stress field. In the latter simulation, we found that
the direction of the Burgers vectors of the dislocation has an
effect on the partial BPD contraction owing to the correction
field generated by the step riser: the BPD pair can contract
easily when the two Burgers vectors are closed toward the
surface but not when they are open.

Finally, we employed a model with an off-angle to clar-
ify its effect. Our results showed that the BPD width for a
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FIG. 19. Relationship between the distance l from the off-angle surface and the partial BPD width w for the Burgers vectors (a) closed and
(b) open toward the off-angle surface. The plots indicate the computational nodes on the dislocations.

small off-angle decreased because the distance between the
BPD and the surface decreased. Therefore, a small off-angle
can lead to a high BPD-TED conversion rate, which is con-
sistent with the experimental results. Moreover, our results
indicate that BPDs with open Burgers vectors cannot easily
contract.

Overall, our results elucidated the mechanism of the con-
traction of partial BPD pairs near the surface and the effect
of the off-angle in their epitaxial layers based on dislocation
theories. In particular, the direction of Burgers vector affects
the contraction of the partial BPD pairs. Therefore, our re-
sults indicate that an effective approach for promoting the
contraction of partial BPD pairs with open Burgers vectors is
important to improve the BPD-TED conversion rate. In addi-
tion, our computational model is expected to be applicable to
other conditions in the SiC epitaxy, and moreover, dislocation
issues in other materials.

However, our results that the contractions depend on the
direction of the Burgers vectors does not explain the reason
why most BPDs are converted to TEDs. One possible reason
is the absence of time evolution because our simulation calcu-
lates the equilibrium configuration of dislocations. Therefore,
time-evolution simulation incorporating the effects of temper-
ature and dislocation mobilities is required to provide further
insight into the mechanism of the contractions of the partial
BPD pairs, which cannot be fully captured by our present
static simulation. Moreover, atomic effects, such as the finite
extension of the dislocation core, may become important in
the vicinity of the surface. Incorporating these effects into
future simulation models is expected to enhance the predictive
capability of the model.
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APPENDIX A: EFFECT OF STACKING FAULT ENERGY
ON EQUILIBRIUM WIDTH

The stacking fault energy of SiC decreases because of
the quantum well action mechanism [52], resulting in the
expansion of the stacking fault [53,54]. Here, we calculated
the equilibrium width between partial dislocations, which cor-
responds to the stacking fault area in the two-dimensional
model, for various stacking fault energies.

Figure 20 shows the relationship between the depth d of
the dislocations from the surface and the equilibrium width
weq for the stacking fault energy of 5, 10, 15, and 20 mJ/m2.
In both 30◦-30◦ and 30◦-90◦ cases, weq greatly increases as
the stacking fault energy decreases. The equilibrium widths
of the 30◦-30◦ partial BPD pairs in bulk for the stacking fault
energies of 5, 10, 15, and 20 mJ/m2 are 77.7, 38.9, 25.9, and
19.4 nm, respectively. This is attributed to smaller attractive
forces between the dislocations derived from the stacking fault
for smaller stacking fault energies. Therefore, the stacking
fault energy can greatly affect the expansion of the stacking
fault. Moreover, a smaller stacking fault energy requires a
larger depth d for weq to reach its bulk value. Therefore, the
influence of the surface becomes more significant for smaller
stacking fault energy.

APPENDIX B: COMPARISON OF ISOTROPIC
AND ANISOTROPIC MATERIAL MODELS

We calculated the equilibrium distance between the dis-
locations in our two-dimensional model for an isotropic
material. The modulus of shearing elasticity and the Poisson’s
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FIG. 20. Relationship between the depth d of the dislocations from the surface and the equilibrium distance weq for various stacking fault
energies.

ratio were set to 194 GPa and 0.16, respectively. Figure 21
shows the relationship between the depth d of the dislocations
from the surface and the equilibrium distance weq. The re-
lationship for an isotropic material is nearly identical to that
for an anisotropic material (Fig. 5), although the weq for an
isotropic material is slightly larger than that for an anisotropic
material. Therefore, we employed the material with isotropic
properties for the three-dimensional simulation.

FIG. 21. Relationship between the depth d of the dislocations
from the surface and the equilibrium distance weq for isotropic and
anisotropic materials. The results for anisotropic material are identi-
cal to those in Fig. 5.

APPENDIX C: EFFECT OF SURFACE GEOMETRY
ON THE BPD CONTRACTIONS

Because our model in Sec. V does not reproduce steps on
the surface, our results may overestimate or underestimate the
difficulty of the BPD contractions. Here, we calculated the
configuration of the BPD pair near the surface by employing
three models: (a) an off-angle model, (b) a step model, and (c)
a step riser model, as shown in Fig. 22. The off-angle model
is the same as that described in Sec. V. In the step model, we
introduced one terrace and one step. Their length and height
are 14.3 and 1.0 nm, respectively, which corresponds to an
off-angle of 4◦. The depth of the BPD pair from the terrace
is d = 1 nm. The step riser model was the same as that at
d = 1 nm in Sec. IV.

FIG. 22. Schematic of three models: (a) off-angle model, (b)
step model, and (c) step riser model. The model size and boundary
conditions are the same as those in the models in Secs. IV and V.
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FIG. 23. Relationship between the distance l from the off-angle surface and the partial BPD width w for the Burgers vectors (a) closed and
(b) open toward the off-angle surface. Plots indicate computational nodes on the dislocations.

Figure 23 shows the relationship between the distance l
from the surface (step riser) and the separation width w of
the BPD pair with (a) closed and (b) open Burgers vectors.
The results of the two-dimensional model in Sec. III are also
presented. In the results of the closed Burgers vectors, the
widths in the step and step riser models are larger than those
in the off-angle model because the depths from the surface
in these models are larger than that in the off-angle model;
the depths of the former are constantly 1 nm, whereas that of
the latter is less than 1 nm for l in the range of 0–14.3 nm.
However, this does not affect the contraction of the BPD pairs

because the widths at l = 0 nm in all models are almost the
same.

In the results of the open Burgers vectors, the width in
the step is smaller (w = 3.89 nm at l = 7.51 nm) than that
in the off-angle model (w = 4.46 nm at l = 13.2 nm). This
is attributed to the effect of the stress field generated by the
step riser described in Sec. IV: the effect becomes larger when
the dislocation pair is placed near the surface. Although the
width in the step model is larger than that in the step riser
model owing to the effect of the upper step (l > 14.3 nm), in
reality, the BPD pair can contract more easily than that in our
simulation described in Sec. V.
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