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Abstract
We have investigated double-rhombic single Shockley stacking faults (DRSFs) in 4H-SiC epitaxial layers by analyzing 
structural details. A combination of plan-view transmission electron microscopy (TEM) and cross-sectional high-angle 
annular dark field scanning TEM made it possible to determine the Burgers vectors of partial dislocations that consist of 
DRSF boundaries and the type of glide of the original basal plane dislocations (BPDs). From these results, the origins of 
DRSFs were identified as BPDs that originated as 60-degree perfect dislocations, and the inclination of the DRSFs was 
found to depend on the Burgers vectors and the type of glide of the original BPDs. Also, the configuration of the accompany-
ing threading edge dislocations (TEDs) at both ends of the BPDs was categorized into two types, namely (1) TEDs at both 
ends of the BPD segments toward the surface of the epitaxial layer (cis-configuration) which form the half-loop arrays, and 
(2) a TED at one end of the BPD from the deeper side of the epitaxial layer and another toward the surface of the epitaxial 
layer (trans-configuration), and the original BPD segments were isolated. The shrinking processes of the DRSFs were also 
examined, and it was found that they were not a reversal of the expansion process.

Keywords 4H-SiC · forward degradation · single Shockley stacking fault · partial dislocation · transmission electron 
microscopy

Introduction

Problems such as forward voltage degradation and reduced 
blocking voltage that are observed mainly in bipolar devices 
and even in metal–oxide–semiconductor field-effect tran-
sistors (MOSFETs) fabricated on 4H silicon carbide (SiC) 
with a p–n junction in the structure are widely known to be 
attributable to the expansion of single Shockley-type stack-
ing faults (1SSFs) in the epitaxial layer that originate from 
basal plane dislocations (BPDs).1 Although many studies 
have proposed concepts for preventing the expansion of 
1SSFs, such as reducing the minority carrier lifetime in the 
recombination-enhancing layers,2 BPDs are still present in 
commercially available epitaxial layers and cause variation 
in the threshold current density for 1SSF expansion. We 
consider that the structural difference in 1SSFs might be 

the key for better understanding the relation with electrical 
properties.3–5 The expanding shapes can be explained by 
the different combinations of partial dislocations (PDs) sur-
rounding 1SSFs.6–9

It was reported that half-loop arrays (HLAs) of the 
dislocations consist of short BPD segments and they are 
accompanied by two threading edge dislocations (TEDs) 
penetrating to the epilayer surface on both ends.10–17 Double-
rhombic shapes on 1SSFs originating from HLAs have been 
observed by photoluminescence (PL) imaging after ultra-
violet (UV) illumination and electron-beam-induced current 
images.18–21 In a recent work, we investigated the structure 
of double-rhombic 1SSFs (DRSFs) to identify the Burgers 
vectors, core species, and type of glide of the constituent 
PDs, and found that these are another type of BPD segment 
that has TEDs on both ends, one of which is from the deeper 
side of the epilayer.21

In this paper, we discuss these two characteristic struc-
tures of the BPD segments, which have not been investigated 
experimentally yet, as the origins of DRSFs with different 
inclinations. The shrinking processes of both DRSFs are 

 * Johji Nishio 
 johji.nishio@toshiba.co.jp

1 Corporate Research and Development Center, Toshiba 
Corporation, 1 Komukai Toshiba-Cho, Saiwai-Ku, 
Kawasaki 212-8582, Japan

http://orcid.org/0000-0002-9691-2308
https://orcid.org/0000-0002-7359-0983
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-022-10038-6&domain=pdf


680 J. Nishio et al.

1 3

also examined and it is found that they are not a reversal of 
the expansion process.

Experimental Procedures

The epitaxial layers examined in this study were approxi-
mately 30 µm-thick and grown on 4H-SiC n-type 4°off-cut 
(0001) substrate. PL imaging was carried out using a Hg-Xe 
lamp filtered with a 313 nm band-pass filter as an excitation 
source. An area of 0.36  cm2 was illuminated at an excita-
tion power density of about 1.53  Wcm−2.5,22,23 Two types 
of double-rhombic 1SSFs (which we labeled DRSF-A and 
DRSF-B) that have different inclination angles were selected 
by PL imaging and expanded by UV illumination for 30 min. 
Structural analysis was carried out by plan-view and cross-
sectional transmission electron microscopy (TEM). To 
examine the fine structure of BPDs and 1SSFs, TEM sam-
ple preparation must first be performed by a focused ion 
beam (FIB) technique. For this, the depth of the 1SSF in the 
epilayer needs to be determined precisely. Estimation from 
PL imaging can be misleading in terms of depth because 
the shallowest end of a BPD is not always located at the 
very surface of the epilayer. Therefore, in this work, pre-
liminary cross-sectional TEM specimens were sampled in 
locations that contained identical 1SSFs sufficiently far from 
the areas where structural analysis is desired. Based on the 

1SSFs depth results, plan-view TEM samples were prepared 
by FIB. The Burgers vectors for PDs surrounding DRSFs 
were determined based on the plan-view TEM images by 
the extinction rule under two-beam conditions using three 
different diffraction vectors, g, of 1120 , 1210 , and 2110 on 
the FIB-sampled specimens at an acceleration voltage of 
300 kV. From the plan-view TEM images, different sam-
pling points were determined for the following analyses of 
cross-sectional scanning TEM (STEM) for high-resolution 
high-angle annular dark-field scanning TEM (HAADF-
STEM). The HAADF-STEM images help determine the 
core species and the Burgers vectors (b) of PDs using the 
results obtained beforehand by the g·b contrast analysis of 
the plan-view TEM observation.

Results and Discussion

Figure 1a and b show PL images of the DRSFs using a 
bandpass filter (BPF) of 420 nm (FWHM: 10 nm) to detect 
1SSFs.24 Plan-view TEM sampling positions are shown by 
broken lines in Fig. 1, and the corresponding schematic 
shapes of the DRSFs are illustrated below the PL images. 
The DRSF-A in Fig. 1a is thought to have expanded from the 
BPDs lined up as an HLA, each of which is accompanied by 
a pair of DRSFs with similar shapes, whereas the inclined 
DRSF-B in Fig. 1b was isolated.

Fig. 1  PL images taken with a 420-nm BPF, schematics of DRSFs, and sampling positions for plan-view TEM observations: (a) DRSF-A and 
(b) DRSF-B.
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Figure 2a shows the bright-field (BF) plan-view TEM 
images of DRSF-A at relatively low magnification acquired 
with the aim of maximizing the 1SSF contrast, with a slight 
inclination of the sample toward the 

[

1120

]

 direction from 
the [0001] zone axis. Figure 2b shows an enlarged plan-view 
BF-TEM image of the upper-right part of the DRSF-A in 
Fig. 2a. In Fig. 2, the darker area corresponds to a 1SSF. 
Although DRSF-A contracted and changed shape from that 
observed in the PL image shown in Fig. 1a, this phenomenon 

was also observed in low-power UV illumination for HLA-
oriented  DRSFs25 and triangular 1SSFs.26 Figure 3a, b, and 
c show the enlarged plan-view BF-TEM images of the upper-
right part of the DRSF-A in Fig. 2. Figure 3 shows the 
results of g·b contrast analysis under two-beam conditions. 
Selected area electron diffraction patterns are also inserted 
on the corresponding plan-view TEM images. In Fig. 3b, the 
dislocation line contrast disappeared on the left half, whereas 
in Fig. 3c, the dislocation line contrast disappeared on the 

Fig. 2  BF plan-view TEM images for DRSF-A: (a) low magnification and (b) enlarged part.

Fig. 3  BF plan-view TEM results of g·b contrast analysis for DRSF-A: (a) g = 1120 , (b) g = 2110 , and (c) g = 1210.
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right half. This indicates that the left and right dislocation 
loops have b of ± 

[

0110

]

 and ± 
[

1010

]

 , respectively. Further-
more, in Fig. 3b and c, short beard-like lines are observed as 
indicated by arrows. These features are typical of TEDs, as 
also observed in the triangular 1SSF expanded from the 
deeper BPD part of the BPD-TED converted origin.5 There-
fore, the connecting points of the dislocation loops are con-
sidered to have TEDs, and these TEDs are located at the 
edge positions of the initial unexpanded BPD segment. The 
structural results for DRSF-A are summarized in Fig. 4. It 
can be seen that the Burgers vectors changed from ± (1/3) 
[

0110

]

 on the left PD loop to ± (1/3) 
[

1010

]

 on the right PD 
loop at TED-1 and TED-2. For simplicity, the dark green 
dashed line in Fig. 4 represents the estimated initial BPD as 
a straight line. The resultant b of the PDs determined by the 
g·b contrast analysis are shown by bidirectional arrows and 
the composite Burgers vector of the original BPD is also 
given. In Fig. 4, the following cross-sectional HAADF-
STEM sampling position (#1) and the observation direction 
are also depicted by blue broken lines and a blue arrow, 
respectively.

Figure 5a shows the BF plan-view TEM images of DRSF-
B at relatively low magnification acquired with the aim of 

maximizing the 1SSF contrast, with a slight inclination of 
the sample toward the 

[

1120

]

 direction from the [0001] zone 
axis. Figure 5b and c show enlarged plan-view BF-TEM 
images of the right and left rectangular parts of DRSF-B in 
Fig. 5a, respectively. In Fig. 5, the darker area corresponds 
to a 1SSF. DRSF-B contracted and changed shape from that 
observed in the PL image shown in Fig. 1b, as in DRSF-A. 
Figure 6 shows the results of g·b contrast analysis under 
two-beam conditions. In Fig. 6, selected area electron dif-
fraction patterns are also inserted on the corresponding plan-
view TEM images. In Fig. 6a and d, the dislocation line 
contrast disappeared on the upper half, whereas in Fig. 6b 
and e, the dislocation line contrast disappeared on the left 
half. These indicate that the upper and left dislocation loops 
have b of ± 

[

1100

]

 and ± 
[

0110

]

 , respectively. Furthermore, 
in Fig. 6b and d, short beard-like lines are observed and are 
indicated by arrows. These features are typical of TEDs, as 
also observed in DRSF-A in Fig. 3. In Fig. 7, it can be seen 
that the Burgers vectors changed from ± (1/3) 

[

0110

]

 on the 

left PD loop to ± (1/3) 
[

1100

]

 on the upper PD loop at TED-3 
and TED-4. Therefore, the connecting points of the disloca-
tion loops are thought to have TEDs, and these TEDs are 

Fig. 4  Composite image of BF plan-view TEM images with low 
magnification showing Burgers vectors of PDs and initial BPD 
obtained from g·b contrast analysis for DRSF-A, estimated initial 

BPD position, and the following HAADF-STEM sampling position 
and the observation direction.
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located at the edge positions of the initial unexpanded BPD 
segment. The structural data for DRSF-B are summarized 
in Fig. 7. For simplicity, the dark green dashed line in Fig. 7 
represents the estimated initial BPD as a straight line. The 
resultant b of the PDs determined by the g·b contrast analy-
sis are shown by bidirectional arrows and the composite 
Burgers vector of the original BPD is also given. In Fig. 7, 
the following cross-sectional HAADF-STEM sampling posi-
tions (#2 and #3) and the observation directions are also 
depicted by blue broken lines and blue arrows, respectively.

Figure 8a, b, and c show cross-sectional HAADF-STEM 
images and the resulting Burgers circuits of each core of 
the PD at “HAADF-STEM Sampling #1” in Fig. 4, and 
“HAADF-STEM Sampling #2,” and “HAADF-STEM Sam-
pling #3” in Fig. 7, where the position was determined by the 
edge of each 1SSF as determined by BF-TEM observation.

As shown in Fig. 8a, the number of atoms on the upper 
side of the Burgers circuit is one less than that on the lower 
side. This indicates that the extra-half plane is on the 
C-face side; in other words, the PD has a C-core. Accord-
ing to the finish-to-start using the right-hand definition in 
the perfect crystal convention, the Burgers vectors were 
determined to be the directions from B to A in the Burgers 
circuit shown in Fig. 8a. When the circuit is viewed from 
(0001), alternative directions are possible between 

[

0110

]

 

or 
[

1100

]

 . Considering the result of the possible Burgers 

vector of 
[

0110

]

 or 
[

0110

]

 obtained by g·b contrast analysis 
of the plan-view TEM, the Burgers vector that satisfies 
both of these is uniquely obtained as (1/3) 

[

0110

]

 . Like-
wise, Fig. 8b and c show that the core structures are Si- 
and C-cores and the Burgers vectors are (1/3) 

[

1100

]

 and 

Fig. 5  BF plan-view TEM images of DRSF-B: (a) low magnification, (b) enlarged part of the right corner, and (c) enlarged part of the left cor-
ner.
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(1/3) 
[

0110

]

 for the respective PDs. In the case of DRSF-A, 
the original BPDs of HLAs were reported to be perfect 
dislocations with a Burgers vector of (1/3) 

[

1120

]

.10,11 
Once the Burgers vector of a Shockley pair of PDs is found 
to be 

[

0110

]

 as in Fig. 8a, the other pair is necessarily 
[

1010

]

 . This is self-evident and does not require experi-
mental examination. However, the inclined DRSF needs 
to be analyzed due to the lack of information about the 
composite b for the original BPDs. In the DRSF-B case, 
according to the results for the b for the PDs obtained as 
shown in Fig. 7, b of the original unexpanded BPD is 
expected to be a composite of two b of the PDs, namely, 
(1/3) 

[

1210

]

 . At each HAADF-STEM sampling point 
shown in Figs. 4 and 7, the layers where each 1SSF is 
located were found to have tetrahedrons facing toward 
[

1010

]

 , 
[

0110

]

 , and 
[

1010

]

 on the non-faulted side as 

depicted by the bold outlines in Fig. 8a, b, and c, respec-
tively. When we look at the tetrahedrons on the 

(

1120

)

 
face, they are all facing [1 1 00]. This viewpoint is essen-
tial for determining the glide-type information.27,28 The 
type of glide was categorized by the layer that contains the 
rotational glide: type A for the BPD loop on either layer 
with tetrahedrons facing the 

[

1100

]

 direction, and type B 
for the BPD loop on either layer with tetrahedrons facing 
the 

[

1100

]

 direction, when looking at 
(

1120

)

 . The types of 
glide were found to be type B for BPDs that expanded to 
both DRSF-A and DRSF-B. As far as we know, this is the 
first direct experimental procedure to determine the type 
of glide using high-resolution HAADF-STEM images 
acquired on any 

(

1120

)

 planes.
The uniquely obtained b of the PDs makes it possible to 

determine the detailed structure of DRSF-A and DRSF-B, as 
illustrated in Fig. 9. In Fig. 9, three-dimensional schematic 

Fig. 6  BF plan-view TEM results of g·b contrast analysis for DRSF-B at the right connecting point of the PDs (upper column) and at the left 
connecting point of the PDs (lower column): (a) and (d) g = 1120 , (b) and (e) g = 2110 , and (c) and (f) g = 1210.
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structures of the original unexpanded BPDs, DRSFs 
observed by PL imaging after expansion by UV illumina-
tion, and shrunken shape by FIB sampling or TEM observa-
tion are shown. It should be noted that only the shrunken PD 
shapes cannot give clues about whether they are Si-core or 
C-core PDs, because our basic understanding of the mobil-
ity of Si-core and C-core PDs at room temperature is no 
longer useful. Apparently, from the shrunken 1SSF shapes 
as observed in Figs. 2 and 5, the shrinking process was not 
found to obey the way it expanded. This tendency was also 
reported for bar-shaped 1SSFs.29,30 This implies that the 
expansion criteria are no longer useful for distinguishing 
mobile Si-core and immobile C-core PDs in the shrinking 
process. When observing the shrinking 1SSF shape, great 
care is needed to judge the core species just by the way they 
contract. Previous reports on the possibility of C-core PD 
movement at room temperature might also hinder our under-
standing of the phenomena.31–33

The experimentally determined b of each PD and esti-
mated original BPD positions are shown as light-blue arrows 

and dashed dark green lines, respectively, in the plan-view 
BF-TEM images in Fig. 10a and b, and their running direc-
tions are also shown in the corresponding dislocation loop 
models.27,28 As seen in Fig. 9, the original BPDs have two 
TEDs but with different directions at both ends. The configu-
ration of the accompanying TEDs at both ends of the BPDs 
can be categorized into two types: (1) TEDs at both ends of 
the BPD segments are toward the surface of the epitaxial 
layer (cis-configuration) that appeared on DRSF-A and (2) 
a TED at one end of the BPD is from the deeper side of 
the epitaxial layer and another is toward the surface of the 
epitaxial layer (trans-configuration) appeared on DRSF-B. 
Both structures were previously confirmed experimentally 
by cross-sectional TEM analysis.21 Considering that inclined 
DRSF like DRSF-B was isolated as shown in Fig. 1, the for-
mation mechanism might be different from the BPDs with 
cis-configuration of TEDs on the HLAs. The mechanism by 
which the trans-configuration of TEDs could form has been 
discussed based on the results of unstable step flow during 
the epitaxial growth process.21

Fig. 7  Composite image of BF plan-view TEM images with low 
magnification showing Burgers vectors of PDs and initial BPD 
obtained from g·b contrast analysis for DRSF-B, estimated initial 

BPD position, and the following HAADF-STEM sampling positions 
and the observation directions.
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The inclination of the estimated original BPD lines 
suggests that each BPD consisted of dominant and sub-
dominant lines of BPDs as shown by the yellow arrows 
in Fig. 10, based on the idea that the segments of the PD 
loop lie in the Peierls valleys along the < 1120 > direc-
tions.34,35 In the cases of both DRSF-A and DRSF-B, 
the original BPDs were found to be perfect 60-degree 
dislocations as noticed from the dislocation loop model, 
even consisting of possible combinations of two run-
ning directions, � . The trans-configuration of TEDs 
was also found and confirmed the structure by cross-
sectional TEM study on a triangular 1SSF having an 
origin near the surface of the epitaxial surface.8 Despite 

having the same trans-configuration TEDs, the expanded 
1SSF shape difference can be explained by the combina-
tion of PDs at the originated BPDs; a triangular 1SSF 
from a perfect screw BPD in which the PDs consist of 
30° Si-core and 30°C-core, and a DRSF from a perfect 
60-degree BPD of which PDs consist of 30° Si-core and 
90° Si-core.

The schematics of all possible DRSF shapes are sum-
marized in Table I, with the structural parameters of BPDs, 
including Burgers vectors, running directions, glide type, 
and the classification by Iijima et al.36 In reference to Table I, 
DRSF-A and DRSF-B are classified as #2 and #6, respec-
tively. In all cases in Table I, the b of the original BPDs is 

Fig. 8  Cross-sectional HAADF-STEM images and their interpretations for uniquely determining Burgers vectors at each PD: (a) HAADF-
STEM Sampling 1 on DRSF-A in Fig. 4, (b) HAADF-STEM Sampling 2, and (c) HAADF-STEM Sampling 3 on DRSF-B in Fig. 7.
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found to be 60 degrees to the running directions. Only when 
giant ± 

(

1100

)

 steps were formed, trans-configuration TEDs 
would be possible even for #1 and #2 DRSFs. In reality, 
there seems to be no chance for the ± 

(

1100

)

 steps to be 
bunched to form very high steps during chemical vapor 
deposition epitaxial growth, because off-cut oriented steps 
flow toward 

[

1120

]

 . Therefore, trans-configuration TEDs are 
extremely unlikely for #1 or #2 DRSFs.

Conclusions

We investigated the structure of the DRSFs to identify 
Burgers vectors, core species, and the type of glide of the 
constituent PDs by plan-view TEM and cross-sectional 
HAADF-STEM. From the results, we found that there are 
two types of DRSFs; one is an HLA-oriented type for 
which the Burgers vector of the original BPD is ± (1/3) 
[

1120

]

 and cis-configuration of TEDs on both ends and 

the other is isolated and inclined for which the Burgers 
vector of the original BPD is ± (1/3) 

[

2110

]

 or ± (1/3) 
[

1210

]

 and trans-configuration of TEDs on both ends. The 
procedure for determining the type of glide is described 
by directly observing the facing of the tetrahedrons 
experimentally on the faulted basal planes using high-
resolution HAADF-STEM images acquired on any 
(

1120

)

 planes. In both cases of DRSFs, the feature of the 
original BPDs was found to be perfect 60-degree disloca-
tions even consisting of possible combinations of two 
running directions.

The shrinking process of the DRSFs was also exam-
ined and it was found that it was not a reversal of the 
expansion process. This implies that the expansion cri-
teria are no longer useful for distinguishing mobile Si-
core and immobile C-core PDs in the shrinking process. 
When observing the shrinking 1SSF shape, we need to 
be very careful to judge the core species just by the way 
they contract.

Fig. 9  Three-dimensional schematics of DRSFs from unexpanded BPD, expanded by UV illumination, and shrunken during FIB sample prepa-
ration or TEM observation: (a) DRSF-A, and (b) DRSF-B.
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Fig. 10  Plan-view BF-TEM images of DRSFs and results of Burgers vectors of PDs and estimated original BPDs with comprehension by unex-
panded BPD dislocation loops: (a) DRSF-A and (b) DRSF-B.

Table 1  Schematic DRSF shapes, corresponding structures of original BPDs, and configuration of TEDs on both ends of the BPD
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