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Abstract: Discrimination  of  dislocations  is  critical  to  the  statistics  of  dislocation  densities  in  4H  silicon  carbide  (4H-SiC),  which
are routinely used to evaluate the quality of 4H-SiC single crystals and homoepitaxial layers. In this work, we show that the inclin-
ation angles of the etch pits of molten-alkali etched 4H-SiC can be adopted to discriminate threading screw dislocations (TSDs),
threading edge dislocations (TEDs) and basal plane dislocations (BPDs) in 4H-SiC. In n-type 4H-SiC, the inclination angles of the
etch pits of TSDs, TEDs and BPDs in molten-alkali  etched 4H-SiC are in the ranges of 27°−35°, 8°−15° and 2°−4°, respectively. In
semi-insulating 4H-SiC, the inclination angles of the etch pits of TSDs and TEDs are in the ranges of 31°−34° and 21°−24°, respect-
ively. The inclination angles of dislocation-related etch pits are independent of the etching duration, which facilitates the discrim-
ination and statistic of dislocations in 4H-SiC. More significantly,  the inclination angle of a threading mixed dislocations (TMDs)
is found to consist of  characteristic angles of both TEDs and TSDs. This enables to distinguish TMDs from TSDs in 4H-SiC.
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 1.  Introduction

As one of the most important wide-bandgap semiconduct-
ors,  4H silicon carbide (4H-SiC) has been widely used in high-
power  electronics  and  high-frequency  electronics  owing  to
its  wide  band  gap,  high  carrier  mobility,  high  thermal  con-
ductivity  and  high  stability[1−6].  4H-SiC  has  also  shown  great
potential  as  the  platform  of  quantum  information  technolo-
gies[6−11].  After  decades  of  development  of  the  single-crystal
growth  and  homoepitaxy  of  4H-SiC,  the  density  of  fatal  mi-
cropipes  (MPs)  has  been  decreased  to  smaller  than  0.1  cm–2,
while the densities of threading screw dislocations (TSDs),  th-
reading edge dislocations (TEDs), and basal plane dislocations
(BPDs)  are  still  in  the  order  of  magnitude  of  103 cm–2[12, 13].
TSDs and TEDs have been found to increase the leakage cur-
rent and cause premature breakdown of 4H-SiC based power
devices[14−17].  BPDs  pose  significant reliability  issue  of  4H-SiC
based  bipolar  devices[18, 19].  Therefore,  reducing  the  densities
of dislocations is urgently required to fully explore the poten-
tial  of  4H-SiC,  which  is  based  on  discriminating  and  statistic
of dislocations.

Molten-alkali etching is usually adopted to reveal disloca-
tions  in  4H-SiC,  and  evaluate  the  quality  of  4H-SiC  substrates
and  homoepitaxial  layers[20−22].  By  removing  strained  surface

atoms  surrounding  dislocations  via  preferential  etching,  mol-
ten-alkali  etching  is  capable  of  forming  dislocation-related
etch  pits  at  the  surface  of  4H-SiC[23−25].  Various  additives,
such  as  NaOH,  K2CO3,  Na2O2 and  MgO,  have  been  proposed
to  facilitate  the  formation  of  hexagonal  etch  pits  and  in-
crease  the  morphology  difference  among  different  disloca-
tions[26−31] ,  and thus facilitating the discrimination of disloca-
tions in 4H-SiC[32].  It  is  believed that both TSDs and TEDs cre-
ate  hexagonal  pits  at  the  surface  of  molten-KOH  etched  4H-
SiC,  and  the  average  size  for  the  etch  pits  of  TSDs  is  about
two times larger  than those of  TEDs[33, 34]. However,  the mor-
phologies and densities of molten-KOH etched pits vary signi-
ficantly with alkali species, etching time and doping concentra-
tion  of  4H-SiC,  which  makes  it  difficult  to  discriminate  TSDs
and  TEDs[26, 35, 36].  More  significantly,  although  both  synchro-
tron X-ray topography (XRT) and transmission electron micro-
scopy  (TEM)  technologies  have  revealed  that  threading
mixed dislocations (TMDs) dominate the TD configurations of
4H-SiC,  the identification of  TMDs through molten-KOH etch-
ing  has  not  been  established[37−39].  This  hinders  the  under-
standing  on  the  role  of  TMDs  on  the  electronic  and  optical
properties  of  4H-SiC.  Furthermore,  BPDs  are  believed  to  cre-
ate  sea-shell  shaped  etch  pits  in  molten-KOH  etched  4H-SiC.
In n-type 4H-SiC, which are usually 4.0° off-axis sliced, the con-
fusion  of  the  sea-shell  shaped  etch  pits  of  BPDs  and  deflec-
ted quasi-circular etch pits of TEDs makes it difficult to discrim-
inate  TEDs  from  BPDs.  Therefore,  to  evaluate  the  quality  of
4H-SiC substrates and homoepitaxial layers, it is imperative to
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establish a standard approach to discriminate the type of dislo-
cations in 4H-SiC.

In this work, we find that the inclination angles of disloca-
tion-related  etch  pits  are  independent  of  the  etching  dura-
tion,  which  facilitates  the  discrimination  and  statistic  of  dis-
locations  in  4H-SiC.  We  propose  that  the  inclination  angles
for  the etch pits  of  molten-alkali  etched 4H-SiC can be adop-
ted  to  discriminate  TSDs,  TEDs  and  BPDs  in  4H-SiC.  In  n-type
4H-SiC,  the  inclination  angles  for  the  etch  pits  of  TSDs,  TEDs
and  BPDs  in  molten-alkali  etched  4H-SiC  are  in  the  range  of
27°−35°, 8°−15° and 2°−4°, respectively. In semi-insulating (SI)
4H-SiC,  the  inclination  angles  for  the  etch  pits  of  TSDs  and
TEDs  are  in  the  range  of  31°−34°  and  21°−24°,  respectively.
More  significantly,  the  inclination  angles  of  the  TMDs  are
found to consist of the TED-characterized angle and the TSD-
characterized  angle,  which  distinguishes  TMDs  from  TSDs.
Our work not only provides an approach to discriminating dis-
locations in 4H-SiC but also paves the way for further investiga-
tion on the effect of TMDs on the properties of 4H-SiC.

 2.  Experimental section

 2.1.  Materials and methods

SI  and  n-type  4H-SiC  boules  were  grown  by  the  physical
vapor  transport  (PVT)  approach,  with  the  growth  temperat-
ure of 2200 °C and pressure of 10 mbar.  SI  and n-type 4H-SiC
boules  were  then  subjected  to  the  on-axis  and  4.0°  off-axis
wire  sawing,  respectively.  4H-SiC  wafers  were  finally  ob-
tained after mechanically lapping and the chemical mechanic-
al  polishing  (CMP)  of  the  silicon  (Si)  face.  The  wafer  was  fi-
nally  cut  to  1  ×  1  cm2 as  samples.  Before  etching,  the  4H-SiC
samples  were  ultrasonically  cleaned  with  acetone,  ethanol
and  deionized  water.  Molten  KOH  etching  of  the  4H-SiC
samples  was  carried  out  in  a  Ni  crucible,  with  the  samples
tied by Ni wire. The KOH etching was carried out at 550 °C for
10−60 min. To distinguish the morphology of etch pits of dif-
ferent dislocations, the additives of Na2O2 and K2CO3 were ad-
ded,  with  the  weight  ratio  of  KOH  :  K2CO3 being  4  :  1  and
KOH  :  Na2O2 being  50  :  3.  After  etching,  the  samples  were
cleaned  by  the  same  procedure  before  etching.  Because  the
activation energy of the isotropic etching of C surface is smal-
ler  than  that  of  the  Si  surface,  the  isotropic  etching  of  the  C
surface  is  faster  than  that  of  the  Si  surface[40].  In  the  Si  sur-
face of 4H-SiC, the stressed atoms around dislocations are pref-
erentially  removed  during  the  molten-alkali  etching,  which

gives  rise  to  the  formation  of  specific  etch  pits  of  disloca-
tions. Therefore, the etch pits of the dislocations are better re-
vealed  in  the  Si-face.  Because  SI  4H-SiC  wafers  are  on-axis
sliced with the slicing angle being less than 0.12°, the disloca-
tion  line  of  a  BPD  is  parallel  to  the  surface.  The  molten-alkali
etching cannot reveal  BPDs in  SI  4H-SiC via  preferential  etch-
ing.  We  note  that  the  etch  pits  of  BPDs  can  only  be  formed
when  the  molten-KOH  etching  stops  at  the  interface  where
the  BPD-TED  conversion  occurs  during  the  growth  of  a  4H-
SiC  single  crystal[25, 28].  During  the  molten-KOH  etching  of  SI
4H-SiC,  the  molten-KOH  etching  firstly  attacks  the  strained
atoms along the dislocation line of a TED. As the molten-KOH
etching  proceeds,  the  isotropic  etching  reaches  the  interface
where the BPD-TED conversion occurs during the growth of a
4H-SiC  single  crystal.  The  lateral  etching  along  the  disloca-
tion  line  of  the  BPD  is  then  activated,  and  gives  rise  to  the
formation  of  etch  pits  of  BPDs  in  molten-KOH  etched  SI  4H-
SiC.  Clearly,  the  density  of  BPDs is  not  the  real  density  of  BP-
Ds  in  SI  4H-SiC.  Therefore,  BPDs  in  SI  4H-SiC  are  not  con-
sidered in this paper.

 2.2.  Characterization

(̄)

After  etching,  the  Si  face  of  the  sample  was  observed by
the  optical  microscope  (OM)  (OLYMPUS  BX53M).  The  shapes
and depth profiles of etch pits were characterized by three-di-
mensional  imaging  using  the  laser  scanning  confocal  micro-
scope  (LSCM)  (Zeiss  LSM900).  Transmission  electron  micro-
scopy  (TEM)  micrographs  were  obtained  by  Talos  (F200X  G2)
operated at 200 kV using the two-beam dark-field (TBDF) meth-
od.  To  analyze  the  structural  characteristics  of  a  TMD,  a
Thermo  Scientific  Helios  5  UX  focused  ion  beam  (FIB)  system
was used to prepare the cross-sectional TEM specimen at the
bottom of the etch pit of the TMD in the  plane. A 30 kV,
1  nA  Ga+ beam  was  used  to  fabricate  the  sample  and  the
sample was finally thinned using a 30 kV, 10 pA Ga+ beam.

 3.  Results and discussion

After molten-KOH etching, etch pits are formed at the sur-
face  of  4H-SiC,  as  a  result  of  the  preferential  etching  around
dislocations. Figs.  1(a)–1(c)  present  OM  images  of  n-type  4H-
SiC  wafers  subjected  to  molten-KOH  etching  with  the  etch-
ing durations ranging from 20 to 40 min. As the etching time
increases,  the  average  size  of  etch  pits  increases.  According
to the traditional discrimination approach, the large hexagon-
al  pits,  small  hexagonal  pits  and  sea-shell  shaped  pits  are  at-

 

Fig. 1. (Color online) Representative OM images of etched 4H-SiC samples. The doping profiles and etching durations are labelled in etch figure.
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±nccc (n = , )(⟨̄⟩/) aaa
tributed  to  the  etch  pits  of  TSDs,  TEDs,  and  BPDs,  respect-
ively.  The  Burgers  vectors  for  TSD  and  TED  are 
and ,  respectively.  The  strain  field  surrounding  the
TSD is  larger  than that  of  the TED.  Therefore,  the size  of  etch
pits of TSDs are larger than those of TEDs. Due to the 4.0° off-
axis  slicing  of  n-type  4H-SiC,  the  etch  pits  of  TEDs  deviate
from regular hexagon or circle, and confuse with those of BP-
Ds. Figs. 1(d)–1(f) display OM images of SI 4H-SiC wafers subjec-
ted  to  molten-KOH  etching  with  the  etching  durations  ran-
ging  from  20  to  40  min.  It  can  be  seen  that  the  etch  pits  of
TDs  are  similar.  Even  for  SI  4H-SiC  etched  by  molten  KOH  for
40  min,  the  average  size  ratio  of  TSDs  and  TEDs  is  only
1.1−1.2.  More  significantly,  TMDs  are  not  found  with  the  ap-
proach.

We  then  investigate  the  effect  of  etching  additives  on

the  discrimination  of  dislocations  in  4H-SiC,  with  the  etching
duration  of  30  min.  For  n-type  4H-SiC  samples,  K2CO3 re-
duces  the  etching  rate  of  KOH  and  decreases  the  average
size of etch pits in 4H-SiC.  K2CO3 also enlarges the size differ-
ence  between  TDs  [Fig.  2 (b)].  Na2O2 are  found  to  increase
the  etching  rate  and  increase  the  average  size  of  etch  pits
[Fig. 2(c)]. These results agree well with previous research[26, 27].
Due to the high etching rate of  SI  4H-SiC,  the effect  of  addit-
ives on the etching rate of SI  4H-SiC is not that obvious com-
pared  to  what  happens  in  n-type  4H-SiC.  For  SI  4H-SiC,
neither K2CO3 nor Na2O2 enlarges the etch-pit morphology dif-
ference  among  different  dislocations.  Therefore,  additives
only  change  the  size  difference  for  etch  pits  of  dislocations,
but  exerts  negligible  effect  on  the  discrimination  of  disloca-
tions in 4H-SiC.

 

Fig. 2. (Color online) Representative OM images of molten-KOH etched 4H-SiC with the etching duration of 30 min. The doping of 4H-SiC and mol-
ten additives are labelled in the figure.

 

(a)

(b)

(c)

Fig. 3. (Color online) The LSCM images and depth profiles of (a) TSD, (b) TED, and (c) BPD.
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From  above analysis,  we  find  that  the  two-dimensional
morphology  cannot  discriminate  TDs  and  BPDs  in  SI  and  n-
type 4H-SiC. We then characterize the three-dimensional mor-
phology  of  etch  pits  by  LSCM.  As  shown  in Fig.  3,  there  are
three kinds of  etch pits  in  molten-KOH etched n-type 4H-SiC.
Consistent  with  OM  observations,  the  larger  hexagonal  etch
pits  are  attributed  to  etch  pits  of  TSDs.  The  depth  for  the
etch pit  of  TSD is  more than 10 μm, and the slope is  unitarily
steep  throughout  the  etch  pit,  with  the  value  of  the  inclina-
tion angles (θ) being 34.05° [Fig. 3(a)].  The size of the etch pit
of  a  TED  is  relatively  small.  Due  to  the  off-axis  slicing  of  n-
type 4H-SiC,  the  etch  pit  of  TED is  oval  shaped,  with  the  ma-
jor  axis  and  minor  axis  being  25  and  22 μm,  respectively
[Fig. 3 (b)]. The depth profile for the TED etch pit is a nonregu-
lar  triangle,  with  the  depth  being  2.4 μm,  and  the  value  of
the  inclination  angle being  7.18°  [Fig.  3(b)].  We  find  that  the
etch  pits  of  BPDs  are  relatively  smaller  and  shallower  than
those  of  TEDs.  As  shown  in Fig.  3(c),  the  major-axis  size,
minor-axis  size  and  inclination  angle  for  the  etch  pit  of  the
BPD are 23 μm, 18 μm, and 2.70°, respectively.

With  this discussion,  we  investigate  the  distribution  of
sizes  and  inclination  angles  of  etch  pits  in  molten-KOH
etched  4H-SiC  with  the  etching  temperature  of  550  °C  and
the  etch  duration  of  30  min.  For  molten-KOH  etched  n-type
4H-SiC,  the  size  distribution  for  the  etch  pits  of  TEDs  and
TSDs clearly separated, while the size distribution for the etch
pits  of  TEDs  and  BPDs  partially  overlapped  with  each  other
[Fig.  4(a)].  This  indicates  that  the  size  of  etch  pits  cannot  dis-
criminate  TEDs  from  BPDs  in  n-type  4H-SiC.  We  find  that  the

values of inclination angles (θ) for the etch pits of TSDs, TEDs
and  BPDs  are  in  the  ranges  of  27°−35°,  8°−15°  and  2°−4°,  re-
spectively  [Fig.  4(a)].  This  indicates  that  the  dislocations  in  n-
type 4H-SiC are successfully discriminated by verifying the in-
clination  angles  of  the  etch  pits  of  dislocations.  In  SI  4H-SiC,
the  size  distribution  of  the  etch  pits  of  TEDs  and  TSDs  par-
tially overlapped with each other, while the inclination angles
(θ)  for  the  etch  pits  of  TEDs  and  TSDs  are  in  the  ranges  of
31°−34°  and  21°−24°,  respectively  [Fig.  4(b)],  which  is  similar
to  Katsuno et  al.’s  results[41].  This  also  indicates  that  disloca-
tions  in  SI  SiC  are  also  well  discriminated  by  the  inclination
angles  of  the  etch  pits.  However,  because  the  SI  wafers  used
for  the  experiments  are  on-axis,  the  BPD  data  are  not  avail-
able.

To  verify  the  effectiveness  of  discriminating  dislocations
by  verifying  the  inclination  angles  of  etch  pits,  and  compare
the  approaches  to  discriminate  dislocations  by  verifying  the
sizes  and  inclination  angles  of  etching  pits,  we  investigate
the  change  of  the  size  and  inclination  angles  of  etch  pits
when  the  etching  duration  from  10  to  60  min.  As  shown  in
Fig.  5(a),  the  average  size  of  etch  pits  of  TDs  and  BPDs  in
both n-type and SI 4H-SiC continually increases with the etch-
ing  duration.  This  makes  it  difficult  to  establish  an  absolute
value  to  discriminate  TDs  and  BPDs  by  verifying  the  size  of
etch  pits  of  dislocations.  However,  the  inclination  angles  of
etch  pits  in  both  n-type  and  SI  4H-SiC  basically  do  not
change with the etching duration [Fig. 5(b)]. Therefore, the dis-
crimination of TSDs, TEDs, and BPDs can be realized by verify-

 

(a)

(b)

Fig.  4.  (Color  online)  The  relationship  between  the  sizes  and  inclina-
tion angles of the etch pits in (a) n-type SiC and (b) SI SiC.

 

(a)

(b)

Fig.  5.  (Color online)  The average (a)  size and (b)  inclination angle of
etch pits of different dislocations as functions of the etching duration
in both n-type and SI 4H-SiC.
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ing  the  inclination  angles  of  etch  pits,  which  does  not  de-
pend  on  the  etching  durations.  This  means  that  by  verifying
the inclination angles of etch pits, one can discriminate disloca-
tions in 4H-SiC without optimizing the etching durations.

Besides  these  common  etch  pits,  we  find  a  new  kind  of
etch  pits.  As  shown  in Figs.  6(a)  and 6(b),  the  new  etch  pits
have  similar  etch-pit  size  of  TSDs.  Unlike  TSDs,  the  bottom
of  the  new  etch  pit  is  a  small  circular  plane.  As  shown  in
Figs.  6(c)  and 6(d),  the  depth  profile  of  the  new  etch  pit  can
be  divided  into  two  parts:  the  slope  for  deep  center  of  the
new  etch  pit  is  relatively  gentle,  with  the  inclination  angle
(θ1)  being  28°.  The  slope  of  the  outer  fringe  is  steeper  than
that  of  the  deep  center,  with  the  inclination  angle  (θ2)  being
9°.  According  to  the  distribution  for  the  inclination  angles  of
etch  pits  of  TSDs  and  TEDs,  we  attribute  the  new  etch  pit  to
the  etch  pit  of  TMD.  The  Burgers  vector  of  the  TMD  is c + a,
therefore,  it  can  be  regarded  that  TMD  is  the  mixture  of  the
TSD  and  TED.  During  the  molten-KOH  etching,  the  highly
stained  atoms  along  the  spiral  dislocation  line  are  firstly  re-
moved, resulting in the larger size and the steep slope of the
outer  fringe  for  the  etch  pit  of  TMD.  As  the  etching  process
continues,  the  atoms  surrounding  TEDs  with  lower  strain  be-
gin  to  be  removed.  The  etching  along  the  TED-characterized

dislocation line rise  to  the gentle  slope and terminal  point  at
the center of the etch pit of TMD.

̄

To further explain that the etch pit is of the TMD etch pit.
The dislocation line of etch pit was analyzed by the TBDF meth-
od through observation from different directions by inclining
the sample. We find that the dislocation line is visible both at
g =  0002  [Fig.  7(a)]  and g = [Fig.  7(b)].  This  indicates  the
Burgers  vector  of  TMD  has  both c and a components,  which
verifies the mixing Burger vector of the TMD.

 4.  Conclusion

We have investigated the effect of etching durations and
etching  additives  on  the  morphologies  of  molten-KOH
etched  pits  of  different  dislocations  in  4H-SiC.  We  find  that
the inclination angles of dislocation-related etch pits are inde-
pendent of the etching duration, which facilitates the discrim-
ination  of  different  dislocations  and  statistic  of  dislocation
densities  in  4H-SiC.  Therefore,  the  inclination  angles  of  the
etch pits of molten-alkali etched 4H-SiC can be adopted to dis-
criminate  TSDs,  TEDs  and  BPDs  in  4H-SiC.  In  n-type  4H-SiC,
the inclination angles for the etch pits of TSDs, TEDs, and BP-
Ds in molten-alkali etched 4H-SiC are in the range of 27°−35°,
8°−15°  and  2°−4°,  respectively.  In  SI  4H-SiC,  the  inclination
angles  for  the  etch pits  of  TSDs and TEDs are  in  the range of
31°−34° and 21°−24°, respectively. More significantly, the inclin-
ation  angles  of  TMD  are  found  to  consist  of  TED-character-
ized  angle  and  TSD-characterized  angle.  Within  this  ap-
proach,  TMDs  are  distinguished  from  TSDs,  which  paves  the
way for further investigations on the role of TMDs in the per-
formances of 4H-SiC.
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