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Abstract
Owing to the superior properties of the wide bandgap, high carrier mobility, high thermal
conductivity and high stability, 4H silicon carbide (4H-SiC) holds great promise for applications
in electrical vehicles, 5G communications, and new-energy systems. Although the
industrialization of 150 mm 4H-SiC substrates and epitaxial layers has been successfully
achieved, the existence of a high density of dislocations is one of the most severe bottlenecks for
advancing the performance and reliability of 4H-SiC based high-power and high-frequency
electronics. In this topical review, the classification and basic properties of dislocations in
4H-SiC are introduced. The generation, evolution, and annihilation of dislocations during the
single-crystal growth of 4H-SiC boules, the processing of 4H-SiC wafers, as well as the
homoepitaxy of 4H-SiC layers are systematically reviewed. The characterization and
discrimination of dislocations in 4H-SiC are presented. The effect of dislocations on the
electronic and optical properties of 4H-SiC wafers and epitaxial layers, as well as the role of
dislocations on the performance and reliability of 4H-SiC based power devices are finally
presented. This topical review provides insight into the fundamentals and evolution of
dislocations in 4H-SiC, and is expected to provide inspiration for further control of dislocations
in 4H-SiC.
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(Some figures may appear in colour only in the online journal)

1. Introduction

4H silicon carbide (4H-SiC) is undergoing rapid development
in the field of high-power and high-frequency electronics,

∗
Authors to whom any correspondence should be addressed.

as well as the quantum information technologies, owing to
its wide bandgap, high carrier mobility, high thermal con-
ductivity and high stability [1–3]. 4H-SiC is one of the most
mature, most large-scale developed wide-bandgap semicon-
ductors. The 4H-SiC single crystals can be grown by top
seeded solution growth (TSSG), high temperature chemical
vapor deposition (HTCVD), and physical vapor transport
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(PVT) approches [4], among which the well-developed PVT
technology prevails over other growth technologies because
of its high maturity, sensitive temperature tunability, and low
cost of the solid raw materials.

After decades of development, the commercialized 150mm
4H-SiC single-crystal substrates are flourishing in the applic-
ations of high-power electronics based on the homoepitaxy of
4H-SiC thin films [5–7]. However, the density of dislocations
in commercialized 150mm4H-SiC substrates is still as high as
103–104 cm−2 [5, 8, 9]. The high-density dislocations would
either propagate into epitaxial layers, or convert to other types
of dislocations or stacking faults (SFs) during the homoepitaxy
of 4H-SiC. Dislocations are also found to evolve during the
preparation and application of 4H-SiC based devices [10–14].
It has been found that dislocations in 4H-SiC epitaxial layers
act as carrier-recombination centers, which reduce the minor-
ity carrier lifetime, increase the leakage current, and cause reli-
ability issue of 4H-SiC based electronic devices [15]. There-
fore, dislocations are one of the most severe bottlenecks stunt-
ing the applications of 4H-SiC. Understanding the basic prop-
erties of dislocations and clarifying the generation and evolu-
tion of dislocations during the single-crystal growth, substrate
wafering and homoepitaxy of 4H-SiC are critical to tailoring
the dislocation configuration, reducing the dislocation density
and tuning the properties of dislocations in 4H-SiC.

In this topical review, we discuss the recent progress related
to dislocations in 4H-SiC. Firstly, we introduce the basic prop-
erties of dislocations in 4H-SiC. We then discuss the gener-
ation and evolution of dislocations during the single-crystal
growth and substrate wafering of 4H-SiC. The propagation
and conversion of dislocations during the homoepitaxy of 4H-
SiC are then presented. Finally, the summary and future pro-
spects for controlling dislocations in 4H-SiC are described.

2. Basic properties of dislocations in 4H-SiC

The basic structures of the 4H-SiC lattice and dislocations are
shown in figure 1 [16]. Figure 1(a) schematically displays the
hexagonal unit cell and fundamental translation vectors of 4H-
SiC. The basis translation vectors along the axial and basal
directions are defined as c and a, respectively. In hexagonal
4H-SiC, dislocations are classified into threading dislocations
(TDs) and basal plane dislocations (BPDs). The Burgers vec-
tors, dislocation-line directions and densities of dislocations
in commercialized 150 mm 4H-SiC single-crystal substrates
are summarized in table 1 [5, 8, 9]. TDs in 4H-SiC can be
classified into micropipes (MPs), threading screw dislocations
(TSDs), threading mixed dislocations (TMDs) and threading
edge dislocations (TEDs), which have the Burgers vectors of
±nc (n = 3–10), ±c, c + a, and

(
[112̄0]/3

)
a, respectively

[17]. An elementary TSD in 4H-SiC is located at the center of
a spiral with a four-bilayer-height step (ABCD in figure 1(b)),
corresponding to |1c|. Slipping along [112̄0]/3 results in an
extra (or missing) half plane with two types of dislocations,
i.e. a BPD lying in the basal plane (line AB) and a TED along

the [0001] direction (line BC) (figure 1(c)). Because of the Pei-
erls potential, BPDs tend to lie along the [112̄0] direction (line
A’B) instead of the pure edge type with dislocation line along
[112̄0]/3 (figure 1(d)).

A BPD is prone to dissociate into two partial dislocations
(PDs),

(
[101̄0]/3

)
a and

(
[011̄0]/3

)
a, that are separated by a

single Shockley-type SF (SSF) on the basal plane of 4H-SiC
[18–20]. According to the core species, the PDs can be classi-
fied into the Si-core PD and C-core PD, of which the Si-core
PD is easier to be activated to glide under the UV illumina-
tion, electron irradiation and the electron–hole recombination
[21–23].

Dislocations in 4H-SiC substrates can be generated during
the growth and wafering processes as well as be replicated
from seeds [24, 25], many efforts have been made to reduce
the dislocations densities. Up to now, the density of device-
killing MPs decreases to be lowered than 0.1 cm−2 in 4H-SiC
substrates, while the densities of the other dislocations remain
in the orders of magnitude of 102–104 cm−2 [5, 8, 9].

3. Generation of dislocations during the
single-crystal growth of 4H-SiC

3.1. Generation of dislocations

During the PVT growth of 4H-SiC single crystals, disloca-
tions are generated under either thermal stress because of the
radial temperature gradient, or steric stress around second-
ary phases and 2D islands. Most TDs are generated in the
initial growth stage of 4H-SiC single crystals, which is con-
firmed by synchrotron x-ray topography (XRT) technologies
[26, 27]. TDs in the seed crystal tend to propagate along the
growth direction of a 4H-SiC single crystal, and give rise
to the inheritance of TDs from the 4H-SiC seed crystal to
the 4H-SiC boule. Figure 2(a) displays the transmission XRT
image of a 4H-SiC single crystal in the initial stage of crys-
tal growth, where the dark line-shaped contrasts correspond
to TSDs propagating from the seed crystal to the grown crys-
tal [28]. The abnormal nucleation would occur at the surface
of the seed crystal, as a result of growth condition discontinu-
ities, such as the discontinuities of temperature-distribution,
C/Si ratio, and doping concentrations. The abnormal nucle-
ation gives rise to the orientation mismatch, and thus the nuc-
leation of TDs [29–31]. The TSD pairs caused by the mis-
match can be found in the early stage of PVT growth of 4H-
SiC crystal [32], which is evidenced by a mesa caused by the
two opposite spirals of the closely spaced TSDs on the sur-
face (figure 2(b)) [33]. As the PVT growth proceeds, the gen-
eration of MPs is found around the secondary phases, such
as polytypes, carbon inclusions, and voids (figure 2(c)) [33].
With the development of the growth technologies, the second-
ary phases have been well controlled, which yields ‘zero-MP’
4H-SiC single crystals [34, 35]. Since the seed inheritance and
TD generation in the initial stage are key to the TD generation,
Nakamura et al invented the repeated a-face growth (RAF)
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Figure 1. (a) Hexagonal unit cell and fundamental translation vectors a and c of 4H-SiC. (b) Schematic illustration of an elementary TSD in
4H-SiC, which is located at the center of a spiral with a four-bilayer-height step, represented by ABCD. (c) Schematic illustration of an
extra (or missing) half plane in a 4H-SiC crystal. The dislocation along line AB (basal plane) is a BPD while that along line BC
([0001]direction) is a TED. (d) Typical configuration of TEDs and BPDs, where the BPD line is along a ⟨112̄0⟩ direction. (a)–(d) [16]
John Wiley & Sons. © 2014 John Wiley & Sons Singapore Pte. Ltd.

Table 1. Burgers vectors, dislocation-line directions and dislocation densities of TDs and BPDs in commercialized 150 mm 4H-SiC single
crystals [5, 8, 9].

Dislocations Burgers vector Dislocation-line direction Density (cm−2)

TDs Micropipe (MP) nc (n = 3–10) [0001] <0.1
Threading screw dislocation
(TSD)

c [0001] 102–103

Threading mixed
dislocation (TMD)

c + a [0001]

Threading edge dislocation
(TED)

(
[112̄0]/3

)
a [0001] 103–104

BPDs Integrated basal plane
dislocation (BPD)

(
[112̄0]/3

)
a In (0001) plane

(predominantly along [112̄0])
102–104

Decomposed BPD
(
[101̄0]/3

)
a+

(
[011̄0]/3

)
a In (0001) plane

process, which reduces the density of dislocations in 4H-SiC
[36].

The generation of BPDs is similar to that of TDs. BPDs
can also be inherited from the seed crystal, due to the off-
axis slicing of the 4H-SiC seed crystals. It has been found
that the density of BPDs in the middle and top of the 4H-
SiC boule (that is, away from the seed crystal) is higher
than that at the bottom of the boule (that is, near the seed
crystal), indicating that high-density BPDs are generated at

the middle and late growth stages [37]. This means that the
thermal stress, rather than inheritance from the seed crystal,
dominates the generation of BPDs during the single-crystal
growth of 4H-SiC. Numerical simulations were carried out to
understand the nucleation and distribution of BPDs during the
single-crystal growth of 4H-SiC. Gao and Kakimoto used the
Alexander–Haasen model to simulate the plastic deformation
of 4H-SiC during the single-crystal growth of 4H-SiC [38],
and found that the large radial-temperature gradient near the

3
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Figure 2. (a) Transmission XRT images with 0004 diffraction of
4H-SiC crystal at the initial stage of the crystal growth. The
line-shape contrasts denote TSDs generated in the initial growth
stage, and the horizontal dark contrast at the interface of seed and
grown crystal is attributed to the anomalous diffraction of the local
lattice strain. Reproduced from [28]. © 2018 The Japan Society of
Applied Physics. All rights reserved. (b) Atomic force microscope
(AFM) image showing a typical mesa morphology showing two
opposite spirals of a TSD pair on the growth face of a 4H-SiC
crystal. (c) Nucleation of a pair of MPs from a small isolated
inclusion in 4H-SiC. (b) and (c) Reprinted from [33], with the
permission of AIP Publishing.

crystal edge is the main reason for the high dislocation density
in this region (figure 3(a)). Therefore, reducing the heating flux
near the crystal edge would reduce the dislocation density in
4H-SiC single crystals. Besides, increasing the cooling time
was found to be beneficial for the reduction of the total dis-
location density in 4H-SiC single crystals (figure 3(b)). The
critical shear stress for the nucleation of BPDs during PVT
growth is about 1 MPa at 2200 ◦C. When the thermoelastic
stress in the crystal exceeds the critical shear stress, BPDs
begin to nucleate andmultiply during the single-crystal growth
[39–42]. However, the Alexander–Haasen model cannot dis-
tinguish BPDs from TDs in 4H-SiC [43–45]. Because the
shear stress plays the dominant role in the nucleation of BPDs,
Gao and Kakimoto improved the model by firstly resolving
the thermal stress in the primary slip direction and then sub-
stituting the resolved shear stress into the three-dimensional
Alexander–Haasen model to obtain the distribution of BPDs
in 4H-SiC [46]. The distributions of BPDs inside a 4H-SiC
single crystal with different growth times and cooling times are
shown in figures 3(c) and (d), respectively. Clearly, the dens-
ity of BPDs in 4H-SiC single crystals increases with increas-
ing growth time, which is attributed to the large thermal stress

caused by the gradually increased convexity. Meanwhile, the
cooling time also exerts significant effect on the density of
BPDs in 4H-SiC. The density of BPDs in a 4H-SiC boule with
the cooling time of 1 h is much lower than that in a 4H-SiC
boule with the cooling time of 10 h, which is caused by the
smaller radial heating flux between the boule and the crucible
during the cooling process with less cooling time. Therefore,
increasing the cooling rate is also beneficial for the reduction
of BPD density in 4H-SiC single crystals, which has been veri-
fied by experimental research [47].

Besides inheritance from the seed and generation by the
thermoelastic stress, the nucleation region also plays an
important role in the generation and multiplication of BPDs.
According to the surface morphologies, the growth front of a
4H-SiC boule can be divided into the facet region, non-facet
region, and the intermediate region between them (figure 4(a))
[48]. The formation kinetics of dislocations is different in these
regions. XRT observations revealed that BPDs are nucleated
in the shoulder region of the growth front, which may origin-
ate from the shear stresses on the convex growth front. BPDs
are rarely introduced in the facet and near-facet regions of
the grown boule [48]. The dislocation lines of BPDs are ter-
minated when they extend to the facet and near-facet regions,
which reduces the BPD density and even creates BPD-free
region beneath these regions, as illustrated in figure 4(b). The
physical model is also supported by Raman measurements, as
shown in figure 4(c). Raman spectra along the growth direction
indicate that the peak position of the E2 mode shifts abruptly
where bunched BPDs existed, indicating that the bunched
BPDs are introduced at the domed surface and are hardly intro-
duced from the side surfaces of the grown crystals [49]. The
most plausible location where BPDs are introduced would be
the shoulder regions of growth crystals.

3.2. Evolution of dislocations during the single-crystal growth

3.2.1. Conversion between MPs and TSDs. MPs are
device-killing defects in 4H-SiC. It has been found that the
open-core MPs can be either inherited from the seed crys-
tal or directly generated from mesoscopic inclusions, such as
carbon inclusions, silicon droplets, and polytype disturbances
(figures 5(a)–(d)) [33, 50, 51]. The Burgers vectors of MPs
and TSDs are nc (n = 3–10) and c, respectively. According
to Frank’s theory, when the Burgers vector of a spiral TSD
or a TMD exceeds 3c, the open-core MP is formed as a res-
ult of energy minimization so that the contribution of the sur-
face energy of the MP wall is smaller than the energy asso-
ciated with filling the MP [52]. This indicates that the multi-
plication of the closed-core TSDs would give rise to the form-
ation of the open-core MP (figure 5(e)) [16, 53, 54]. It has
been found that MPs can outcrop at TSDs with the same Bur-
gers vectors [55]. Similarly, the filling of MPs is achieved by
decomposition of a single MP to several closed-core TSDs
[56, 57], which is often observed during the epitaxy of 4H-SiC
thin films. By sequential KOH etching, thinning, polishing,
and KOH etching, Kamata et al observed the transition of the
etch pits from several separated pits to line-shaped pits in the
epilayer, and finally to one single large pit in the substrate
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Figure 3. (a) Simulation of the temperature distribution in a 4H-SiC boule with the growth times of 16 h and 60 h, showing the large radial
temperature gradient near the edge of the boule. (b) Total dislocation density (TDs + BPDs) distribution in a 4H-SiC boule with the cooling
times of 1 h and 10 h. (a) and (b) Reprinted from [38], Copyright (2014), with permission from Elsevier. (c) Calculated three-dimension
BPD-density distribution in a 4H-SiC boule with the growth times of 35 h and 57.5 h. (d) Calculated three-dimension BPD-density
distribution in a 4H-SiC boule with cooling times of 1 h and 10 h. (c) and (d) Reprinted with permission from [46]. Copyright (2014)
American Chemical Society.

with the etching-polishing process, which indicates that the
MP is converted to TSDs during the homoepitaxy of 4H-SiC
(figures 5(f) and (g)) [58, 59].

3.2.2. Conversion of TSDs to SFs. During the single-crystal
growth of 4H-SiC, TSDs can be converted to Frank-type SFs
via the macrosteps [60–62]. As shown in figures 6(a) and (b),
a TSD in the seed crystal was found to convert to a Frank-type
SF during the TSSG growth of 4H-SiC single crystals [63, 64].
With the macrostep-assisted conversion mechanism, the dif-
ference in the length of the converted SFs (C’ in figure 6(b))
indicates that the conversion of TSDs continuously happens
as the single-crystal growth proceeds, with the macrostep-
assisted transition mechanism being depicted in figure 6(c).
SFs then propagate laterally toward the edge of the crystal and
terminated at the surface finally. The surface polarity exerts
significant effect on the conversion of TSDs. During the TSSG
growth of 4H-SiC single crystals on off-axis seed crystals, the
conversion of TSDs only occurs for growth on (0001) Si-face
of the seed crystal [63]. The macrostep-assisted conversion
of TSDs to Frank-type SFs is also observed in PVT-grown

4H-SiC single crystals, indicating the overgrowth of vicinal
macrosteps causes the reorientation, and thus the conversion
of TSDs [65]. TSDs and TMDs are also found to convert to
complicated basal plane defects containing both Frank-type
SFs and Shockley-type SFs. Figures 6(d) and (e) display the
synchrotron white beam x-ray topographic (SWBXT) images
on

{
011̄0

}
and

{
01̄11

}
reflections, respectively [66]. The con-

version area consists of SFA and SFB. The SFA shows strong
contrast on

{
011̄0

}
reflections and weak contrast on

{
01̄11

}
reflections, while SF B shows strong contrast only on

{
01̄11

}
reflections. Detailed analysis indicated that the fault vectors
of SFs A and B are 1/6⟨202̄3⟩ and 1/2 [0001], respectively.
The conversion mechanism is shown in figure 6(f). The sur-
face outcrop of a pure TSD leads to the generation of two
c/2-high demisteps (Frank partial) separated by a c/2 Frank-
type SF with the macrostep overgrowth. It is further divided
into two SFs when the macrostep front grows over the dis-
location with the Burgers vector of c + a dislocation (c +
a dislocation, CPAD), which gives rise to the formation of
SF B. In addition, the conversion of a dislocation with the
Burgers vector of c + a can also happen by the macrostep
overgrowth. The spiral component c develops into the sessile
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Figure 4. (a) Differential interference contrast (DIC) optical microscope image of the growth front of a 4H-SiC boule. The growth front of
the C face of a 4H-SiC boule consists of three regions, that is, the facet region, the non-facet region and the intermediate region.
(b) Schematic diagram illustrating the distribution of BPDs in a PVT-grown 4H-SiC boule. BPDs extend from the shoulder region of the
growth front and are terminated in the region beneath the facet. The top portion beneath the facet and near facet region is almost BPD-free.
(a) and (b) Reprinted from [48], Copyright (2018), with permission from Elsevier. (c) Variation of the peak positions of the E2 mode along
the growth direction of a 4H-SiC boule at the shoulder region near the facet (line A) and that near the edge of the boule (line B). The abrupt
shifts are denoted by open triangles. Reprinted from [49], Copyright (2019), with permission from Elsevier.

Figure 5. (a) MPs in the 4H-SiC seed crystal penetrate into the grown crystal. The lighte and darke region are the seed crystal and grown
crystal, respectively. (b) A MP generated from a carbon inclusion during the growth process. (c) The formation of a multitude of MPs at the
polytype disturbances. (a)–(c) Reprinted from [51], Copyright (2005), with permission from Elsevier. (d) Generation of MPs at a group of
inclusions in 4H-SiC. Reprinted from [33], with the permission of AIP Publishing. (e) AFM image showing the generation of an open-core
MP in the center of a TSD spiral. [16]. John Wiley & Sons. © 2014 John Wiley & Sons Singapore Pte. Ltd. (f) Four contiguous etch pits of
TSDs on the 4H-SiC epitaxial layer after KOH etching. (g) The etch pit of a MP in the 4H-SiC substrate, taken from the same place as
(f) after the etching-polishing process. (f) and (g) Reproduced from [58]. © 2000 The Japan Society of Applied Physics. All rights reserved.

Shockley SF (Shockley partial) and the edge component a
develops into the glissile SF (Shockley partial), resulting in
the formation of SFA [66]. The configurations are attributed to
the macrostep-overgrowth assisted combined deflection of the
surface outcrops of TSDs and TMDs [66, 67]. After the con-
version, the lateral SFs tend to propagate towards the bound-
ary of the single crystal, which would reduce the dislocation
density of TSDs and TMDs in 4H-SiC single crystals. By

optimization of the step-flow growth and tailoring the mac-
rostep height, Yamamoto et al enhanced the conversion ratio
of TSDs to Frank-type SFs during the TSSG growth of 4H-SiC
single crystals, and reduced the density of TSDs to 30 cm−2

[61]. Mitani et al proposed to reduce the dislocation density
in 4H-SiC single crystals by firstly growing a TSD conversion
layer with the solution-growth method and then growing bulk
single crystals by the PVT approach. By adopting the 15◦ off
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Figure 6. XRT images of the Si-face of the 4H-SiC (a) seed crystal and (b) grown crystal taken at the same position. The TSD in the seed
crystal and the converted Frank-type SF in the grown crystal are marked as (C) and (C’), respectively. (c) The schematic diagram showing
the conversion mechanism from a TSD to a Frank-type SF. The dislocation line of a TSD propagated into the grown crystal and converted
into a SF intermittently in the growth process. The SF propagated laterally toward the boundary of the crystal and terminated at the surface
finally. (a)–(c) Reproduced from [63]. © 2012 The Japan Society of Applied Physics. All rights reserved. SWBXT images on (d) 011̄0
reflection and (e) 01̄11 reflection recorded from a region near the edge of a 4◦-offcut sliced 4H-SiC wafer. A and B are two types of SFs.
(f) The conversion mechanism in (d) and (e), the macrostep front grows over a TSD first and then a dislocation with the Burgers vector of
c + a (c + a dislocation, CPAD). (d)–(f) Reprinted from [66], with the permission of AIP Publishing. (g) XRT image (g = 0004) taken
from a 4H-SiC wafer showing the interaction between TMDs labeled 7 and 8. Two TMDs with Burgers vectors of −c + a and c + a, gives
rise to the annihilation of the c components, leaving the a components. The annihilation points are marked with white arrows. Reproduced
from [67]. © 2014 ECS—The Electrochemical Society.

seed crystals and optimizing the TSD conversion layer, TSDs
are efficiently eliminated [68].

TSDs in 4H-SiC single crystals are found to be generated
as TSD pairs with opposite Burgers vectors (+c and -c) [32,
69]. As the single-crystal growth proceeds, the TSDs would
interact with each other, and cause the annihilation of TSDs.
Similarly, opposite-sign TSD components constituting the pair
of TMDs also tend to interact with each other, which gives

rise to the evolution of the configuration of TMDs during the
single-crystal growth of 4H-SiC (figure 6(g)) [67].

3.2.3. Conversion between TEDs and BPDs. Given the
same Burgers vectors of the BPDs and TEDs in 4H-SiC,
the mutual conversion between them occurs throughout the
single-crystal growth process [70–72]. Figure 7(a) displays
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Figure 7. (a) Cross-sectional TEM image along the
[
11̄00

]
zone

axis showing the conversion between a BPD and a TED in 4H-SiC
near the seed-grown crystal interface. Reprinted from [70],
Copyright (2006), with permission from Elsevier. XRT images of
the same region showing the conversion from TEDs to BPDs from
the seed crystal to the grown crystal: (b) in the seed crystal, the large
contrast dot A and the small contrast dots B, C correspond to a TSD
and two TEDs in the seed crystal, respectively. (c) In the grown
crystal, the asymmetric knife-shaped line contrast (A’) and (B’), and
the contrast dot (C’) are the extended defects and a propagated TED
in the grown 4H-SiC. The applied g vector is 112̄8. (b) and (c)
Reprinted from [71], Copyright (2014), with permission from
Elsevier. (d) The morphology and formation mechanism of the
BPD-TED etch pit. Reproduced from [73]. © 2011 The Japan
Society of Applied Physics. All rights reserved. (e) The schematic
cross-sectional diagram showing the conversion between the BPD
and the TED via macrosteps. Reprinted from [75], with the
permission of AIP Publishing.

the cross-sectional transmission electron microscope (TEM)
image directly showing the conversion between a BPD and a
TED near the seed-grown crystal interface [70]. Figures 7(b)
and (c) showXRT images taken from the same region of a seed
crystal and a grown crystal, respectively. Under the g vector of
112̄8, the large point (Point A in figure 7(b)) and small point
(Point B in figure 7(b)) in the seed crystal correspond to a TSD
and a TED, respectively. In the grown 4H-SiC crystal, the TSD
is converted to a SF (A’ in figure 7(c)), and the TED is con-
verted to a BPD (B’ in figure 7(c)) [71]. The molten-alkali
etching also sheds light on the conversion between BPDs
and TEDs during the single crystal growth of 4H-SiC. When
BPDs are converted to TEDs near the surface of the 4H-SiC
substrate, the molten-alkali etching preferentially attacks the
strained atoms surrounding the dislocation line of the TED,
and gives rise to the formation of the hexagonal etch pit. As
the etching proceeds, the isotropic etching removes the 4H-
SiC layer containing the TED, and reaches the interface where
the conversion from a BPD to a TED occurs during the single-
crystal growth. The lateral etching along the BPD is then activ-
ated. The BPD-TED conversion near the surface gives rise to

the formation of the sea-shell shaped etch pit ending with a
hexagonal etch pit (figure 7(d)) [73]. The transition from the
TED to the BPD can be revealed by alternating molten-alkali
etching and mechanical polishing [74]. During the step-flow
growth of 4H-SiC, the growth direction can be either perpen-
dicular growth along the axial direction of the step or the lat-
eral growth along the direction of the step flow. The conver-
sion between a BPD and a TED is assisted by macrosteps, and
gives rise to the hopping Frank–Read manipulation of BPDs
during the single-crystal growth of 4H-SiC. Starting from a
TED, the surface outcrop of the TED is firstly deflected to the
basal plane by the macrostep, which creates a segment of a
BPD. With the advancing of the macrostep, the BPD is rep-
licated along the direction of the step flow (figure 7(e)) [75].
When the advancing macrostep encounters another step in the
opposite direction (a spiral step from a TSD is illustrated as
an example), the BPD will be re-converted to the TED along
the macrostep. The conversion from the TED to a BPD would
happen again if the outcrop of the TED encounters another
macrostep.

4. Dislocations during the processing of 4H-SiC
wafers

4.1. Deformation of 4H-SiC

Starting from 4H-SiC single-crystal boules, the processing
of 4H-SiC wafers includes wire sawing, lapping and chem-
ical mechanical polishing (CMP). The latter processing step
removes surface damages created in the former step [76,
77]. During the mechanical processing of 4H-SiC wafers, the
deformation of 4H-SiC can be divided into five regimes: the
elastic deformation, the plastic deformation, the surface crack-
ing, the subsurface cracking, and the micro-abrasive regime
[78].

Nanoindentation is widely used to investigate the deforma-
tionmechanism andmechanical properties of 4H-SiC [79, 80].
It has been found that the critical indentation depth of the
elastic–plastic deformation is 23.5 nm for 4H-SiC [85]. When
the indentation depth is higher than 23.5 nm, the irrevers-
ible plastic deformation gives rise to the nucleation and glide
of dislocations, phase transitions, and amorphization in 4H-
SiC. Molecular dynamics simulations indicate that the shear
stress dominates the stress field, and gives rise to the forma-
tion of BPDs and amorphization of 4H-SiC [81]. As shown in
figure 8(a), when the indentation depth is 0.5 nm, the amorph-
ous structure is firstly formed underneath the indenter. As
the indentation depth increases, the lateral deformation gives
rise to the lateral extension of amorphous structures and shear
loops, which leads to the expansion of the amorphous region
and more lateral BPDs when indentation depth increases to
6.5 nm. By combining nanoindentation tests and TEM obser-
vations, Liu et al confirmed that the shear stress prevails over
tensile stress in the low-load nanoindentation-induced stress
field, which gives rise to the nucleation of BPDs in 4H-SiC
(figures 8(b) and (c)) [82]. Selected area electron diffraction
also reveals that the plastic deformation is controlled by the
nucleation and slip of BPDs in nanoindentated 4H-SiC [86].
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Figure 8. (a) Molecular dynamics simulations showing the three-dimensional deformation models of 4H-SiC with the indentation depth of
0.5 nm and 6.5 nm. Atoms in two kinds of diamond structures, i.e. cubic diamond structure and hexagonal diamond structure, are marked
with different colors in the lattice. Reprinted from [81], Copyright (2019), with permission from Elsevier. (b) The calculated stress beneath
the indenter as a function of the penetration depth in the nanoindentated region of 4H-SiC, which is deduced from one pair of
load-displacement curves with one load (upper curve)–unload (lower curve) cycle. (c) Weak-beam dark-field TEM image of the
nanoindentated 4H-SiC at the pop-in depth, showing the formation of BPDs. g= [0001]. The indenter is indicated by the white triangle. (b)
and (c) Reproduced from [82]. © IOP Publishing Ltd. All rights reserved. (d) TEM images of the phase transition from crystalline 4H-SiC
(red dash line frame) to amorphization (yellow dash line frame) in the subsurface under the indenter, verified with the fast Fourier transform
images of corresponded insets. (e) TEM results in the deeper nanoindentated region in 4H-SiC. It has transited from 4H phase to 3C phase,
which is demonstrated by the fast Fourier transform images of corresponded insets. The average values of (f) hardness and (g) elastic
modulus (Young’s modulus) for undoped 4H-SiC, V-doped 4H-SiC, and N-doped 4H-SiC. Calculated with the load-displacement curves
from the indentation test. The indents on each sample were repeated for eight times with the error bars connecting the maximum and the
minimum values. (d)–(g) Reprinted from [84], with the permission of AIP Publishing.
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The slip velocity of BPDs linearly increases with the increase
of the applied shear stress [83]. As the indentation depth of
the indenter or abrasive particles continuously increases, the
cross slip of BPDs gives rise to the piling up of BPDs. The
accumulated high stress field then leads to the amorphization
and phase transition from 4H-SiC to 3C-SiC (figures 8(d) and
(e)) [84]. When the indentation depth further increases beyond
the critical depth of the plastic-brittle transition, the surface
and subsurface cracks appear and material removal happens
in 4H-SiC. The critical depth was estimated as 91.7 nm with
theoretical result [87].

4.2. Effect of dopants on the deformation of 4H-SiC

The deformation of 4H-SiC is related to the nucleation and slip
of BPDs. V doping, N doping, and Al doping are adopted to
tune the electronic properties of 4H-SiC to be semi-insulating,
n-type and p-type, respectively [4, 88]. In these cases, the con-
centrations of the dopants are higher than 1018 cm−3 in 4H-SiC
substrate wafers [88–92]. It is expected that the high concen-
tration of dopants would affect the kinetics of BPDs, and influ-
ence the deformation of 4H-SiC. Liu et al clarified that N dop-
ing weakens the bond strength of 4H-SiC, thus enhancing the
nucleation and glide of BPDs in nanoindentated N-doped 4H-
SiC. In contrast, V doping hinders the glide of BPDs [82]. The
accumulation of the stress field facilitates the amorphization
and polymorph transition from 4H-SiC to 3C-SiC. With the
insights on the effects of dopants on the kinetics of BPDs in
4H-SiC, it was also found that the mechanical properties, such
as hardness, elastic modulus, and fracture toughness of 4H-
SiC decrease in the order of V doping, undoping and N dop-
ing (figures 8(f) and (g)) [84]. The elastic modulus referred to
here is Young’s modulus. Besides, the slip velocity of disloca-
tions exhibits strong dependence on the injected hole concen-
tration [93]. According to the relationship between the kinetics
of BPDs and the mechanical properties of 4H-SiC, it is reas-
onable to deduce that Al doping might increase the hardness,
elastic modulus, and fracture toughness of 4H-SiC.

5. Evolution of dislocations during the
homoepitaxy of 4H-SiC

The evolution of dislocations during the homoepitaxy of 4H-
SiC is schematically illustrated in figure 9 [6]. During the
homoepitaxy of 4H-SiC, more than 95% of TDs in 4H-SiC
substrate wafers are inherited to the epitaxial layer [94]. The
growth-step-assisted conversion of TSDs to Frank-type SFs is
similar to that during the single-crystal growth. TSDs in the
substrate act as the nucleation centers of the carrot defects,
which consist of two intersecting planar faults on the prismatic
plane and the basal plane [95, 96].

The activation barrier for the slip of the Si-core PD
comprising a BPD is as low as 0.46 eV [13]. During the
application of 4H-SiC bipolar devices, the slip of the Si-
core PD comprising the BPD would be activated by the
electron–hole recombination, UV illumination or electron

Figure 9. Typical replication and conversion of dislocations in
4H-SiC epi-growth process. Reprinted from [6], with the permission
of AIP Publishing.

illumination [97–100], causing the expansion of the Shockley-
type SF and the degradation of the reliability of 4H-SiC based
bipolar devices. Therefore, various efforts have been dedicated
to convert BPDs to TEDs during the homoepitaxy of 4H-SiC,
to enhance the reliability of 4H-SiC based bipolar devices.
It has been found that increasing the growth rate, inserting a
N-doped buffer layer, and high-temperature growth interrup-
tions are beneficial for increasing the conversion ratio of BPDs
[101–103]. The pre-growth treatment of 4H-SiC substrates,
such as optimizing the cleaning procedure, molten-alkali etch-
ing and lithographic patterning, also promotes the conversion
of BPDs to TEDs [104–106].

6. Effect of dislocations on the performance of
4H-SiC

6.1. Etch pits of dislocations in 4H-SiC wafers

Molten–alkali etching is one of the most convenient
approaches to reveal dislocations and facilitate the statist-
ics of dislocation density in 4H-SiC wafers. The etch pits
are formed by removing strained surface atoms surrounding
dislocations via preferential etching at the Si-face of 4H-SiC.
The preferential etching processes of TEDs and TSDs proceed
along the dislocation lines and dislocation steps, which create
hexagonal pits at the surface of molten–KOH etched 4H-SiC.
The average size of the etch pits of TSDs is about two times
larger than that of TEDs [107, 108]. The preferential etch-
ing of BPDs in off-axis sliced 4H-SiC starts at the outcrop
at the surface, and proceeds along the dislocation line of a
BPD, which creates the sea-shell shaped etch pit [109, 110].
In order to increase the shape difference among etch pits
of different dislocations, additives, such as NaOH, K2CO3,
Na2O2 and MgO, have been added into molten KOH to facil-
itate the identification and statistics of different dislocations
in 4H-SiC [111–113]. Recently, we proposed to discriminate
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Figure 10. The laser scanning confocal microscope (LSCM) images (left panel) and depth profiles (right panel) of the etch pits of a
(a) TSD, (b) TED, (c) BPD and (d) TMD in the molten–KOH etched 4H-SiC. Reproduced from [114]. © 2022 Chinese Institute of
Electronics. All rights reserved.

dislocations by the inclination angles for the etch pits of dis-
locations. In the n-type 4H-SiC wafer, the inclination angles
for the etch pits of TSDs, TEDs and BPDs are found to be
in the range of 27◦–35◦, 8◦–15◦ and 2◦–4◦, respectively. In
a high-purity semi-insulating 4H-SiC wafer, the inclination
angles for the etch pits of TSDs and TEDs are in the range of
31◦–34◦and 21◦–24◦, respectively. We also propose to dis-
tinguish TMDs from TSDs by the inclination angles, which
paves the way for investigations on the properties of TMDs in
4H-SiC (figure 10) [114].

Because the molten-alkali etching rate of the C-face is
faster than that of the Si-face of 4H-SiC, the preferential
etching from the outcrops of dislocations cannot be triggered
during the molten-alkali etching at the C-face of 4H-SiC.
The vaporized alkali etching and microwave plasma etching
are adopted to reveal dislocations on the C-face of 4H-SiC
[115–117].

6.2. Electronic properties of dislocations in 4H-SiC

The local electronic properties of individual dislocations in
4H-SiC have been investigated by combining themolten-alkali
etching and the micro-area electrical measurements. Combin-
ing molten–KOH etching and the Kelvin probe force micro-
scopy (KPFM), Huang et al found that both TEDs and TSDs

have lower surface potentials than the dislocation-free region
of 4H-SiC epitaxial layer with the N-doping concentration
of 1 × 1016 cm−3 (figure 11(a)) [118]. Meanwhile, the off-
axis electron holography measurements reveal the electro-
static potential distribution of TSDs in 4H-SiC epitaxial layers,
which indicates that the dislocation line of a TSD is negatively
charged, as shown in figure 11(b) [119]. This result indicates
that TSDs create acceptor-like states in the 4H-SiC epitaxial
layers with the N-doping concentration of 2.5 × 1016 cm−3.
In addition, Luo et al found the donor-like states of both
TSDs and TEDs in n-type 4H-SiC substrates byKPFM results,
which can be attributed to the accumulation of nitrogen atoms
at the core of TDs, as the N-doping oncentration in n-type sub-
strate is 1× 1018 cm−3 [120]. Conductive atomic force micro-
scopy (C-AFM) indicates that the leakage current is enhanced
along the dislocation lines of TDs in 4H-SiC, because the leak-
age current at the bottom of the pit is higher (figure 11(c))
[121]. In addition, surface outcrops of TDs, that is, sharp-apex
pits of TSDs and stripe-shaped pits of TEDs, are also found to
contribute to the TD-related electrical properties [122]. Tun-
neling atomic force microscopy results show that the current
was highly localized in the sharp-apex pit near its bottom,
while it is not distinct at the strip-shaped pits [123]. The defect
states of dislocations give rise to electron–hole recombination
during the application of 4H-SiC based power devices, which
degrades their reliabilities.
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Figure 11. (a) Cross-sectional surface-potentials of molten-alkali etch pits of a TED (left) and a TSD (right) in a 4H-SiC epitaxial layer.
Reprinted from [118], Copyright (2022), with permission from Elsevier. (b) The measured (black dots) and simulated (red line) potential
line across the dislocation line of the TSD deduced from the electron holography data. Reprinted from [119], with the permission of AIP
Publishing. (c) C-AFM current map of a sharp-apex pit. It shows higher current (dark dot) at the bottom of the pit. The other area in the pit
marked with dashed triangle is similar with the surrounding area without pits. Reproduced from [121]. © IOP Publishing Ltd. All rights
reserved.

It has been found that the TDs lead to the decrease of minor-
ity carrier lifetime, increase of the pre-breakdown reverse leak-
age current, and thus the decrease of the breakdown voltage
of 4H-SiC Schottky barrier diodes (SBDs), junction barrier
Schottky diodes (JBSDs), p–n junction diodes (PNDs) and
avalanche photodiodes (figures 12(a) and (b)) [124–128]. Pits
induced by TSDs are found to exert comparable effect on the
degradation of 4H-SiC based devices. The effect of TSDs on
the degradation of 4H-SiC based devices could be relieved if
a TSD does not outcrop at the surface (figure 12(c)), the the-
oretical results fit the experiments well [129]. BPDs also act
as recombination centers in 4H-SiC. In 4H-SiC based bipolar
devices, the injection of holes and the subsequent electron–
hole recombination give rise to the slip of the Si-core PD, and
thus the expansion of the SF comprising a BPD, which signi-
ficantly degrades the drift conductivity and causes a shift of the
forward voltage [10, 11, 130–132]. As figure 12(d) shows, the

electron–hole recombination-induced expansion of SFs ori-
ginates from both the penetrating BPDs and the BPDs seg-
ments where the BPD-TED conversion happens, which gives
rise to the formation of differently shaped SFs [133].

6.3. Optical properties of dislocations in 4H-SiC

The radiative recombination at dislocations in 4H-SiC gives
rise to changes of optical properties of dislocations in 4H-
SiC. It is found that the photoluminescence (PL)-intensity con-
trast of dislocations depends on the minority carrier lifetime.
When the minority carrier lifetime is longer than 0.5 µs [134],
the contrast of the PL intensity is strong enough to discrimin-
ate dislocations, which paves the way for nondestructive ana-
lysis of the distribution and density of dislocations both in
4H-SiC wafers and epitaxial layers [135–137]. Figure 13(a)
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Figure 12. (a) Electroluminescence (EL) images (left panel) and the optical Nomarski contrast images (right panel) after molten–KOH
etching of avalanche photodiodes containing a TSD and a TED. The black arrows indicate the positions of the light emission spots.
Reprinted from [124], with the permission of AIP Publishing. (b) The leakage-current densities of different 4H-SiC based devices as
functions of the density of TDs. Reprinted from [125], with the permission of AIP Publishing. (c) Simulated reverse leakage current curves
of a 4H-SiC SBD with and without nanoscale pits. Reprinted from [129], with the permission of AIP Publishing. (d) EL image of a 4H-SiC
PiN diode containing two SSFs with opposite expansion direction, observed using a 420 nm band pass filter. Reproduced from [133].
© 2022 The Japan Society of Applied Physics. All rights reserved.

depicts the schematic picture for the recombination path of
minority carriers in 4H-SiC [134]. The contrast of disloca-
tions is affected by the lifetime of the minority-carrier of 4H-
SiC. For 4H-SiC wafers with the minority-carrier lifetime less
than 0.5 µs, most carriers cannot migrate to dislocations, the
minority carriers are trapped by intrinsic defects, which yields
inconspicuous PL signal of dislocations in the PL-intensity
mapping (figure 13(b)). When the minority-carrier lifetime is
longer than 0.5 µs, the electron–hole recombination at dislo-
cations results in the strong contrast of dislocations in the PL-
intensity mapping (figure 13(c)) [134]. Therefore, PL is one
valid nondestructive technique to analyze the distribution and
density of dislocations both in 4H-SiC wafers and epitaxial
layers. TSDs and TEDs behave as dark or bright spots with dif-
ferent sizes in the PL-intensity-mapping image of the (0001)
surface of 4H-SiC; the intrinsic PL emission peaks for TEDs
and TSDs locate at 600 nm and 800–850 nm, respectively

[138]. Dislocations in 4H-SiC can also be discriminated by
the integration of infrared band emission. With a band-pass
filter (900± 5 nm), TSDs, TEDs and BPDs in the infrared PL
image of a 4H-SiC epitaxial layer exist as large bright spots,
small bright spots, and bright lines, respectively (figure 13(d))
[139]. The PL emission of a BPD originates from the PL
emissions of PDs and the SSF comprising the BPD. The PL
emission peaks for the Si-core PD, C-core PD and the SSF
locate at 670–700 nm, 720–850 nm and 420 nm, respectively
[140]. According to the emission wavelength, the single illus-
tration of the PDs and the SSF can be realized. Recently, we
found that TDs also contribute to the enhanced D1 lumines-
cence of 4H-SiC (figures 13(e) and (f)) [120], which means
that the mapping of the D1 luminescence density would also
facilitate the statistics of dislocation density and illustration
of the dislocation distribution in 4H-SiC wafers and epitaxial
layers.
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Figure 13. (a) Schematic diagram showing the carrier recombination at TDs in 4H-SiC with long (left) and short (right) minority-carrier
lifetime. Micro-PL intensity mapping images taken in 4H-SiC samples with minority-carrier lifetime of (b) 0.1 µs and (c) 1.6 µs with the
band-pass filter of 390 nm. (a)–(c) Reprinted from [134], with the permission of AIP Publishing. (d) Micro-PL intensity mapping image of
an n-type 4H-SiC epitaxial layer taken with a band-pass filter (900 ± 5 nm). The TSD, TED and BPD are marked. Reprinted from [139],
with the permission of IOP Publishing. Micro-PL intensity mapping image of (e) a TED and (f) a TSD in n-type 4H-SiC collected for the
emission range from 450 nm to 750 nm. (e) and (f) Reprinted with permission from [120]. Copyright (2022) American Chemical Society.

7. Conclusions

As one of the most mature and large-scale developed wide-
bandgap semiconductors, 4H-SiC has already flourished in
both high-power and high-frequency electronics, and has been
successfully applied in electrical vehicles, 5G communic-
ations and new-energy systems. The high-density disloca-
tions in 4H-SiC are the most severe bottleneck for advan-
cing the application of 4H-SiC in ultra-high-power electron-
ics. In this topical review, the classification and basic prop-
erties of dislocations in 4H-SiC wafers and epitaxial layers
have been introduced. The generation, evolution and annihila-
tion of dislocations during the single-crystal growth of 4H-SiC
boules, processing of 4H-SiC wafers, as well as homoepitaxy
of 4H-SiC layers have been systematically reviewed. Based
on the evolution of dislocations, the approaches to reduce the
density of dislocations, especially TSDs and BPDs, have been
introduced. The characterization and discrimination of dislo-
cations in 4H-SiC are presented. The effect of dislocations on
the electronic and optical properties of 4H-SiC wafers and epi-
taxial layers, as well as the role of dislocations on the device

performance and reliability are finally presented. This topical
review provides insight into the fundamentals and evolution of
dislocations in 4H-SiC, and is expected to provide inspiration
for further control of dislocations in 4H-SiC.
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