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ABSTRACT: Despite the decades of development of the single-crystal growth and
homoepitaxy of 4H silicon carbide (4H-SiC), high-density threading dislocations
(TDs) still remain in 4H-SiC. In this work, we show that the diameters, depths, and
inclination angles of molten-alkali etched pits can be employed to discriminate
threading edge dislocations (TEDs), threading screw dislocations (TSDs), and
threading mixed dislocations (TMDs) in 4H-SiC. The formation of etch pits of TEDs,
TSDs, and TMDs during molten-alkali etching is found to be assisted by the
dislocation line, dislocation step, and successively dislocation line and step,
respectively. By inspecting the surface potentials of n-type 4H-SiC with Kelvin
probe force microscopy (KPFM), we show that both TSDs and TEDs behave as
donors in n-type 4H-SiC, which gives rise to charge depletion at TDs in n-type 4H-
SiC. TDs are found to participate in the broad band D1 luminescence of 4H-SiC, as
evidenced by the fact that the microphotoluminescence (micro-PL) intensities at the
centers of TDs are stronger than those in dislocation-free regions of 4H-SiC.
Understandings gained in this work may help the optimization of n-type 4H-SiC by manipulating the electronic and optical
properties of TDs.
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1. INTRODUCTION

Owning to the advantages of wide band gap, high breakdown
electric field strength, high saturation drift velocity, and high
thermal conductivity, 4H silicon carbide (4H-SiC) has been
not only advancing the development of power electronics
based on the homoepitaxy of 4H-SiC thin films but also
promoting high-frequency electronics as ideal substrates for the
heteroepitaxy of group-III nitrides.1−4 The homoepitaxy of
4H-SiC thin films is carried out on n-type 4H-SiC substrates.
Therefore, understanding the properties of dislocations in n-
type 4H-SiC is important to understand the performance of
4H-SiC power devices. Despite the decades of development of
the single-crystal growth and homoepitaxy of 4H-SiC, high-
density threading dislocations (TDs) remain in 4H-SiC.5,6

TDs usually originate from heterogeneous inclusions, silicon
droplets, seed crystals, thermal stress, and mechanical stress.7−9

TDs in 4H-SiC can be classified into threading edge
dislocations (TEDs), threading screw dislocations (TSDs),
threading mixed dislocations (TMDs), and micropipes (MPs),
with the Burgers vectors of (⟨11−20⟩a)/3, ±c, c + a, and ±nc
(n = 3−10), respectively.8,10,11 Nowadays the density of
device-killing MPs is lowered down to ∼0.1 cm−2 in 4H-SiC
substrates, while the densities of TEDs, TSDs, and TMDs
remain in the order of magnitude of 103 −104 cm−2.12,13 TEDs

and TSDs in 4H-SiC epitaxial layers are usually inherited from
4H-SiC substrates, and are found to increase the leakage
current and premature breakdown of 4H-SiC-based power
devices.14−16 Furthermore, TDs in n-type 4H-SiC substrates
act as the nucleation centers of stacking faults and basal plane
dislocations (BPDs), which lead to the degradation of 4H-SiC-
based bipolar devices.17−19 Therefore, it is imperative to
understand the basic properties of TDs in 4H-SiC, which may
help the optimization of 4H-SiC by manipulating the
properties of TDs.
Molten-alkali etching is usually adopted to reveal dis-

locations in 4H-SiC, which removes strained atoms surround-
ing TDs and forms etch pits at the surface of 4H-SiC.20,21

Researchers have established an empirical approach to
distinguish TSDs from TEDs by assuming that the average
size of the etch pits for TSDs is 1.6−2.1 times larger than that
of the etch pits for TEDs.22 However, the shapes, densities,

Received: December 26, 2021
Accepted: March 28, 2022
Published: April 12, 2022

Articlepubs.acs.org/acsaelm

© 2022 American Chemical Society
1678

https://doi.org/10.1021/acsaelm.1c01330
ACS Appl. Electron. Mater. 2022, 4, 1678−1683

D
ow

nl
oa

de
d 

vi
a 

X
IA

M
E

N
 U

N
IV

 o
n 

A
pr

il 
11

, 2
02

4 
at

 1
2:

40
:3

2 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hao+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiajun+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guang+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruzhong+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yiqiang+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rong+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Deren+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaodong+Pi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaodong+Pi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaelm.1c01330&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c01330?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c01330?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c01330?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c01330?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aaembp/4/4?ref=pdf
https://pubs.acs.org/toc/aaembp/4/4?ref=pdf
https://pubs.acs.org/toc/aaembp/4/4?ref=pdf
https://pubs.acs.org/toc/aaembp/4/4?ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaelm.1c01330?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acsaelm?ref=pdf
https://pubs.acs.org/acsaelm?ref=pdf


and sizes of molten-alkali etched pits significantly vary with the
alkali species, etching duration, and doping concentration of
4H-SiC, makes it difficult to discriminate.23−25 More
significantly, both synchrotron X-ray-topography (XRT) and
transmission-electron-microscopy (TEM) investigations have
verified that TMDs are the dominant configurations of TSD/
TMDs in 4H-SiC.26,27 However, the morphology of the etch
pits of TMDs is still ambiguous, which leads to difficulty in the
statistics of the density of TMDs in 4H-SiC. In addition, it has
been found that electrons tend to accumulate at TSDs,28 while
the electronic properties of TEDs are still not clear. Feng et al.
found that the nonradiative recombination dominated the
recombination of photogenerated carriers at TDs in 4H-SiC
epilayers.29 The photoluminescence (PL) of both TSDs and
TEDs were observed around the wavelengths of 850 and 600
nm, respectively.30 Ichikawa et al. pointed out that the intrinsic
PL emission wavelength of TDs is in the infrared region of
700−950 nm.31 Nagano et al. found that the intrinsic PL peaks
of TSDs and TEDs appear at 800−950 nm and >950 nm,
respectively.32 However, the effect of TDs on the PL emission
of the host 4H-SiC is still ambiguous. The electronic and
optical properties of TMDs are induced by both TSDs and
TEDs, which demands insightful understanding on the
electronic and optical properties of TSDs and TEDs.
In this work, we show that TEDs, TSDs, and TMDs can be

discriminated by combining the analyses of the diameters,
depths, and inclination angles of the molten-alkali etched pits
of 4H-SiC. By inspecting the surface potentials of n-type 4H-
SiC with Kelvin probe force microscopy (KPFM), we find that
TDs behave as donors in n-type 4H-SiC, resulting in the
charge depletion at TDs in n-type 4H-SiC. It is found that both
oxygen complexes and TDs participate in the broad band D1
luminescence of n-type 4H-SiC. The micro-PL intensities at
the centers of TDs are stronger than those in dislocation-free
regions, indicating that photogenerated carriers tend to
recombine at TDs. Understanding gained in this work on
the electronic and optical properties of TDs may help the
optimization of n-type 4H-SiC by tailoring the electronic and
optical properties of TDs.

2. EXPERIMENT METHODS
2.1. Sample Preparation. The n-type 4H-SiC boules were grown

by the physical vapor transport (PVT) approach, with the growth
temperature ranging from 2200 to 2300 °C. High-purity nitrogen gas
(N2) was mixed with argon (Ar) in the growth furnace to prepare n-
type 4H-SiC. The pressure for the mixed gas of N2 and Ar was
maintained in the range 1−10 mbar during the growth of n-type 4H-
SiC. The as-grown n-type 4H-SiC boules were then subsequently
subjected to the 4.0° off-axis slicing, mechanical lapping, chemical
mechanical polishing (CMP) and cleaning, and eventually resulted in
n-type 4H-SiC substrates with the Si-face being treated by CMP. The
N concentration in the n-type 4H-SiC is 1 × 1018 cm−3. The 1 × 1
cm2 samples were finally cut from the 4H-SiC substrates.
Before etching, the n-type 4H-SiC samples were ultrasonically

cleaned with acetone, ethanol, and deionized water and then
immersed in 10% hydrofluoric acid solution to remove the
contamination and oxide on the surface. Molten-alkali etching of
the n-type 4H-SiC samples was carried out in a Ni crucible, with the
samples placed in Ni-wire meshes. The molten-KOH etching
experiments were performed at 550 °C for 20 min. In order to
better reveal dislocations, Na2O2 was adopted as the additive during
KOH etching. The weight ratio of KOH:Na2O2 was 50:3. After the
molten-alkali etching, the samples were cleaned by the same
procedure before etching.

2.2. Characterization. Because the revealing of dislocations by
molten-alkali etching is more prominent for the Si-face of 4H-SiC, we
characterize the etch pits of dislocations at the Si-face of the etched
4H-SiC samples. The shapes and depth profiles of the etch pits were
characterized by three-dimensional imaging using laser scanning
confocal microscopy (LSCM) (ZEISS LSM900). The surface
potentials of both the etch pits and perfect regions of n-type 4H-
SiC were measured by the Kelvin probe force microscopy (KPFM)
approach equipped in an atomic force microscope (AFM) (Bruker
Electrical & Magnetic Lift modes) with a Pt−Ir coated Si cantilever
(work function, 5.5 eV; resonant frequency, 75 kHz; spring constant,
3 N/m; lever thickness, 225 μm; lever width, 35 μm). PL spectra and
micro-PL mapping were obtained using HORIBA LABRAM HR
Evolution, which is capable of acquiring PL information by the full
spectral scanning mode (acquiring the PL spectra) and a specified
wavelength mode (acquiring micro-PL intensity mapping). The PL of
the n-type 4H-SiC samples were excited by the 25 mW, 325 nm line
of the He−Cd laser. The exposure time of the laser is set as 0.1 s.

3. RESULTS AND DISCUSSION
3.1. Correlation of Etch Pits and TDs. Figure 1(a) shows

a representative optical microscope image displaying the

surface morphology of the molten-KOH etched n-type 4H-
SiC. Similar to previous researches, the molten-KOH etching
results in hexagonal etch pits, which correspond to TDs in 4H-
SiC.22 We note that the etch pits deviate from the regular
hexagon, as a result of the 4.0° off-axis slicing of the n-type 4H-
SiC sample. According to the empirical approach, the larger
pits and smaller pits correspond to TSDs and TEDs,
respectively. However, the empirical approach cannot identify
TMDs. The morphologies of the larger pits are classified to
“Type-I” and “Type-II”. It seems that the “Type-I” etch pit

Figure 1. Representative (a) OM image and (b) LSCM image of the
etched n-type 4H-SiC sample, as well as the depth profiles for the (c)
etch pit of the TED, (d) “Type-I” etch pit, and (e) “Type-II” etch pit.
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ends in a deeper point, and the “Type-II” etch pit ends in a
deeper round plate. With the assistance of LSCM, we take the
depth of the etch pits of TDs into account (Figure 1 (b)).
Interestingly, there exist three kinds of depth profiles for the
etch pits. As shown in Figure 1(c), the depth profiles of the
smaller etch pits are gentle; they correspond to the etch pits of
TEDs. The depth of the “Type-I” etch pit is more than 10 μm,
and the slope is unitarily steep throughout the etch pit (Figure
1(d)). The depth of the “Type-II” etch pit is smaller than that
of the “Type-I” etch pit. The depth profile of the “Type-II”
etch pit can be divided into two parts. The slope for the deep
center of the “Type-II” etch pit is relatively gentle, which is
similar to that of TEDs. The slope of the outer fringe is steeper
than that of the deep center, which is similar to those of TSDs
(Figure 1(d)).
It is well-known that the strained atoms surrounding

dislocations are more vulnerable to the attacking of OH−.
Upon molten-KOH etching, the surface strained atoms are
removed from dislocations, which gives rise to the formation of
etch pits at the surface of n-type 4H-SiC. TEDs in n-type 4H-
SiC are formed by adding or removing an atomic plane along
the [0001] direction. The strained atoms along the vertical
dislocation line are removed during etching, which gives rise to
the formation of smaller etch pits. The dislocation line assisted
etching leads to the fact that the bottom of the etch pit of TED
ends in a point (Figure 2(a)). TSDs with the Burgers vector of

±c are formed due to the spiral growth of n-type 4H-SiC and
create steps when terminating at the surface of 4H-SiC. The
molten-alkali etching process enlarges the surface step by
removing the highly strained atoms and penetrates along the
spiral dislocation step. The step-assisted etching mechanism
gives rise to the larger each pit which ends by the circular plane
(Figure 2(b)). The TMD is the mixture of the TSD and
TEDa. During the molten-KOH etching, the dislocation step
assisted etching mechanism along the TSD is first activated.
This gives rise to the larger etch pit of the TMD, as well as the
steep slope of the outer fringe. As the etching process reaches
the dislocation line of the TED-characterized dislocation, the
dislocation line assisted etching mechanism along the TED is
then activated, resulting in the gentle slope and terminal point
of the center (Figure 2(c)). With the etching mechanism of
TSDs and TMDs, we attribute the “Type-I” and “Type-II” etch
pits to TSDs and TMDs, respectively. It should be noted that
the stress fields around TDs, the etching mechanisms and thus
the etch-pit morphologies of TDs in differently doped 4H-SiC
are the same. Furthermore, the similar etching mechanisms
and etch-pit morphologies of TDs also apply to other
hexagonal polymorphs of SiC, such as 2H and 6H-SiC, due
to the similar strain fields around the dislocations and crystal

symmetry of the host. Given the Burger vector of TMDs being
the mixture of those of TSDs and TEDs, the properties of
TMDs are a mixture of those of TSDs and TEDs. Therefore,
we then investigate the electronic and optical properties of
representative TSDs and TEDs in n-type 4H-SiC.

3.2. Electronic Properties of TDs. The electronic
properties of TSDs and TEDs are analyzed by detecting the
contact potential difference (CPD) between the tip and the
etched n-type 4H-SiC by the KPFM approach. The value of
VCPD is defined by33

=
Φ − Φ

V
qCPD

sample tip

(1)

where Φsample and Φtip are the work functions of the Pt−Ir
coated tip and the sample, respectively, and q is the electronic
charge. Therefore, KPFM is capable of imaging the local work
function and, thus, the local Fermi energy of semiconductors.
Figure 3(a) and (b) displays the surface potential mapping of

the representative TSD and TED in n-type 4H-SiC,
respectively. It is clear that the surface potentials for the etch
pits of the TDs are higher than that of the dislocation-free
region. By plotting the line profiles of the surface potentials, we
find that the surface potentials of TSDs and TEDs are higher
than the perfect region by 130 mV and 15 mV, respectively
(Figure 3(c) and (d)). According to eq 1, the local work
functions of TSDs and TEDs are lower than that of the perfect
region of n-type 4H-SiC. Therefore, the nominally “local Fermi
energies” of TSDs and TEDs are higher than that of the perfect
region. That is to say, TSDs and TEDs both create donor
states in n-type 4H-SiC with the N-doping concentration of 1
× 1018 cm−3, which increases the local Fermi energies around
them.
The positions of the donor states of TSDs and TEDs are

then calculated by

χΦ = + −E E( )C F (2)

where χ is the electron affinity of 4H-SiC (3.8 eV) and EC and
EF are the energies of the conduction band minimum and
Fermi level, respectively. The measured surface potential of the
tip is higher than that of the Au tip by 400 mV, with the
standard work function of Au being 5.2 eV. With eqs 1 and 2,
we find that the local Fermi energies of TSDs and TEDs are

Figure 2. Schematic diagram showing the etching mechanism of the
(a) TED, (b) TSD, and (c) TMD in 4H-SiC.

Figure 3. Surface potential mapping images of containing the etch pit
of (a) TSD and (b) TED. Line profiles for the surface potentials
across the etch pit of the TSD and TED are shown in parts (c) and
(d), respectively.
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pinned at the positions of 0.33 eV and 0.78 eV under the
conduction band minimum (CBM) of n-type 4H-SiC,
respectively. Huang et al. found that the local work function
decreases in the order of defect-free region, TSD, and TED,
indicating that TDs behave as acceptors in 4H-SiC epitaxial
layers with the N concentration of 1 × 1016 cm−3.34 The
different electronic properties of TDs may be attributed to the
different N concentrations in 4H-SiC samples. In our recent
work, we find that positively charged N dopants tend to
accumulate at the core of BPDs in n-type 4H-SiC and
contribute to the donor-like behavior of BPDs in n-type 4H-
SiC.35 Similarly, the donor-like behavior of TDs in n-type 4H-
SiC could be originated by the accumulation of N dopants at
the core of TDs. The local donor-like states of TDs lower the
local conduction band of TDs in n-type 4H-SiC and pave the
way for analyzing the electron transport mechanism and
reliability of 4H-SiC power devices.
3.3. Optical Properties of TDs. The PL spectra of the

perfect region of n-type 4H-SiC is first measured. We first
measure the PL spectra of the perfect region of n-type 4H-SiC.
As shown in Figure 4(a), the band-edge emission around 390

nm and the broad defect-related emission ranging from 450 to
750 nm are found for the n-type 4H-SiC substrate, which agree
well with previous researches.36,37 The broad band emission is
the so-called D1 luminescence band of 4H-SiC, which was
attributed to the surface oxides of 4H-SiC.38 Due to the
indirect band gap of 4H-SiC, the PL intensity of the band-edge
emission is similar to that of D1 luminescence. The micro-PL
spectra at the centers of the etch pits of TDs are then

measured. It turns out that the emission peaks at the centers of
TDs are similar to that of the perfect n-type 4H-SiC surface.
By normalizing the intensities of band-edge-emission peaks,

we find that the PL intensities for the D1-luminescence centers
of the TDs are all higher than that of the dislocation-free
region of n-type 4H-SiC (Figure 4(a)). For the TED, the PL
intensity inside the etch pit is stronger than that of the surface.
The PL intensity is the strongest at the center of the etch pit,
where the dislocation line of TED appears (Figure 4(b)). The
PL intensity inside the etch pit of the TSD is also stronger than
that of the surface, with the circular bottom emitting the
strongest D1 luminescence (Figure 4(c)). For the TMD,
which is composed of the TED-characterized center and the
TSD-characterized outer fringe, the PL intensity decreases in
the order of TED-characterized center, TSD-characterized
outer fringe, and dislocation-free surface (Figure 4(d)). This
indicates that even in n-type 4H-SiC substrates with relatively
short carrier lifetime, the radiative recombination at the centers
of TDs is stronger than that at the dislocation-free region. The
enhanced D1 luminescence of TDs in n-type 4H-SiC indicates
that the identification and statistics of TDs can be realized by
wafer mapping of the PL intensity of the D1 luminescence.
Based on the above results, we analyze the radiative

recombination at TDs in 4H-SiC. Due to the attacking of
OH− species, the oxygen complex, which is the primary
candidate of the D1 luminescence, is the dominating surface
state of the etched 4H-SiC samples. The oxygen complexes
create continuum defect states both under the CBM and above
the valence band maximum (VBM) of 4H-SiC [“TD-free” in
Figure 5].37 According to the etching mechanism of TDs, the

bottoms of the etch pits of TEDs, TSDs, and TMDs are ended
by the dislocation line of TED, the spiral dislocation step of
TSD, and the dislocation line of TED, respectively. Similar to
what happens in gallium nitrides, TDs introduce occupied
defect levels above the VBM and unoccupied defect states
under the CBM of 4H-SiC.28,39 As evidenced by surface
potential measurements, the local Fermi energies of TDs are
higher than the dislocation-free region, indicating that the
positions of the defect states of TDs are higher than that of the

Figure 4. (a) Micro-PL spectra collected at the centers of TED, TSD,
and TMD, as well as that collected at the dislocation-free region of
centers 4H-SiC. OM images and micro-PL intensity mapping images
of TED, TSD, and TMD are shown in parts (b), (c), and (d),
respectively.

Figure 5. Schematic diagram showing the defect states of the
dislocation-free region (TD-free), ground state of the TD (TD-gr),
and excited state of the TD (TD-ex) of 4H-SiC. The dark yellow and
red lines represent the defect states of oxygen complexes and TDs,
respectively. The closed and open circles represent electrons and
holes, respectively.
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dislocation-free region. Therefore, the ground state for defects
in 4H-SiC is featured by the occupied defect level above the
VBM and the unoccupied defect level under the CBM, which
is caused by the surface states of oxygen complexes and the
defect states of TDs (“TD-gr” in Figure 5). Upon UV
irradiation, electrons are excited to the CBM of 4H-SiC, which
leaves holes in the VBM and the original occupied level of TDs
(“TD-ex” in Figure 5). The electron−hole recombinations
mediated by TDs are illustrated in Figure 5. Photoexcited
electrons first relax to the unoccupied TD states under the
CBM and then recombine with holes at the TD state above the
VBM. The electron−hole recombination gives rise to the
enhanced D1 luminescence around TDs in n-type 4H-SiC.

4. CONCLUSIONS

In conclusion, we have systematically explored the etching
mechanism, electronic properties, and optical properties of
TDs in 4H-SiC. By discriminating TEDs, TSDs, and TMDs
through the analysis of the diameters, depths, and inclination
angles of molten-KOH etched pits, we have clarified that the
etching of TEDs, TSDs, and TMDs is assisted by dislocation
lines, dislocation steps, and successively dislocation line and
step, respectively. TSDs and TEDs introduce donor levels at Ec
− 0.11 eV and Ec − 0.06 eV in n-type 4H-SiC, respectively. We
also find that photogenerated carriers tend to recombine at
TDs. Both TDs and oxygen complexes give rise to the broad
band D1 luminescence in 4H-SiC, because micro-PL
intensities at the centers of TDs are stronger than those in
dislocation-free regions. Based on the understanding of the
electronic and optical properties of TDs, we propose the two-
stage recombination process mediated by TDs and oxygen
complexes in 4H-SiC. Our work sheds light on tailoring the
properties of 4H-SiC by tuning the electronic and optical
properties of TDs.
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