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Abstract
Controlling the electrical properties of SiC requires knowledge of the nature and properties of extended defects. We have 
employed orthodox defect-selective etching and photo-etching methods to reveal typical and new structural defects in com-
mercial SiC wafers. For photo-etching, the etch rate increases as the free carrier concentration decreases. The etch rate 
can be used to estimate the free carrier concentration with higher precision, and over a larger lateral and depth range than 
that accessed by Raman scattering. The logarithmic dependence of the etch rate on the free carrier concentration has been 
characterized.

Keywords Defect-selective etching · silicon carbide · Raman spectroscopy · micro-pipes · dislocations · biaxial stress · 
optical phonons

Introduction

Knowledge of material defects is essential to improve mate-
rial quality and device performance. Wet chemistry in the 
form of preferential etches is an important tool for the study 
of defects and device fabrication. Preferential etches have 
been developed to reveal extended defects which are difficult 
to detect by other techniques.

Different types of defects, such as dislocations, stacking 
faults (polytype inclusions), second phase inclusions, voids, 
surface pits, and micro-pipes (MPs) are nucleated in SiC 
substrates and epitaxial layers.1–7 The influence of defects on 
the properties of epitaxial layers and on the performance of 
subsequently manufactured electronic devices has been thor-
oughly investigated,8–11 but there remains a constant need to 
reveal defects, identify their nature, and verify their effects.

Molten bases, transmission electron microcopy, and x-ray 
topography are frequently used for studying crystallographic 
defects (see, e.g.,1–6,12,13), while spectroscopic techniques are 
commonly used for analysis of electrical properties of bulk 
SiC single crystals and epitaxial layers.7,9–11,14,15 The advan-
tage of revealing defects, such as dislocations and stacking 
faults in SiC, using shallow open-circuit photo-etching, has 
also been demonstrated.16,17

Galvanic and electroless photo-etching methods have 
been effectively employed to reveal and provide a quanti-
tative analysis of crystallographic and electrically active 
defects in III–V compound semiconductors.18,19 By direct 
calibration of photo-etching methods with electron beam-
induced current (EBIC) measurements and Raman spec-
troscopy, the relationship between the photo-etch rate and 
carrier concentration was established for GaAs and GaN 
single crystals,20,21 introducing a quantitative analysis of 
extended defects and inhomogeneous properties of these 
semiconductors. Finally, the ultra-high sensitivity of the 
photo-etching method was demonstrated by clearly reveal-
ing growth striations induced by Marangoni convection in 
space-grown GaAs single crystals, while the EBIC method 
used on the same material failed  to measure any changes 
in carrier concentration across these non-homogeneities.22

In the present paper, photo-etching of SiC crystals in 
KOH solutions and in its modified version, named KSO-D 
(KOH +  K2S2O8

23), has been used to reveal and identify 
electrically active extended/structural defects. The presence 
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of peculiar types of hexagonal-shaped planar defects, as well 
as extended and fine-scale growth striations, have been high-
lighted/presented. To establish the properties of these com-
plex non-homogeneities, the etched samples were probed 
by micro-Raman scattering spectroscopy (µRS) to obtain 
insights into variations in free carrier concentration and 
stress.

Experimental

Two-inch (c. 5-cm) diameter n-type well-oriented 
(0001) 4H-SiC wafers with nominal carrier concentra-
tion ~ 6.8 ×  1018  cm−3 were cut into 5 × 10 mm samples. 
Two photo-etching systems were used to reveal defects: (1) 
0.1 M KOH solution as in Ref. 16 and (2) KSO-D etch previ-
ously developed for revealing defects in GaN,23 modified for 
4H-SiC treatment (0.2 M KOH + 0.1 M  K2S2O8), which will 
subsequently be called the KOH-KSO etch. Etching was per-
formed using illumination from a 300-W UV-enhanced Xe 
lamp (Oriel). Ti contacts sputtered on part of the SiC sample 
surface were used in the KOH solution etching (galvanic 
etching method), while KOH-KSO solution etching was on 
samples without evaporated Ti contact, but with Ti springs 
touching the etched SiC surface. Wax spots were placed on 
the sample surfaces to measure the etch rate. The etching 
depth profiles were recorded using a Tencore Alfa step pro-
filer and an NTegra atomic force microscope (AFM). A third 
etch, the molten KOH + NaOH eutectic solution with 10% 
of MgO (E + M  etch24), was used to reveal dislocations.

The etched samples were investigated by two room-tem-
perature micro-Raman spectrometers. The first (µRS-1) was 
a Jobin Yvon-Horiba T64000 spectrometer in the confocal 
mode, with 100 × microscope objective. The 514 nm line 
of an Ar ion-laser was used for excitation with a spot size 
of ~ 1 µm and a power of 1 mW under the objective. An 
XYZ piezo-stage was used to acquire Raman mapping and 
Raman profiles on the same area probed either by optical 
microscopy or by a step profiler.

The second micro-Raman spectrometer (µRS-2), 
employed to acquire longitudinal and transverse phonon 
Raman spectral images, was a co-axial micro-Raman sys-
tem consisting of a single-mode 488-nm laser, a half-meter 
Acton spectrometer with an 1800rgroove/mm holographic 
grating, and a Princeton Instruments back-thinned, deep 
depleted, nitrogen-cooled CCD (1340 × 400 pixel array). 
The spectral resolution of this configuration of the system 
was 2.5  cm−1, and the repeatability with which a line posi-
tion can be determined was within 0.1  cm−1. The laser power 
was attenuated using neutral density filters. Sample excita-
tion with the 488-nm laser was made co-axial with the detec-
tion axis using a SEMRock dichroic beam splitter. The laser 
was focused, and the Raman collected using a ×50 Mitutoyo 

microscope objective lens having a numerical aperture of 
0.65, yielding a spot size on the order of 360 nm. Two 
SEMRock long-pass filters were placed in front of the spec-
trometer to filter out the laser light. Samples were mounted 
on a precision, computer-controlled Aerotech XYZ transla-
tor having a bi-directional position accuracy of better than 
0.1 µm. Raman spectra and the incident laser power were 
measured and stored for each position in each spatial map.

The hexagonal SiC polytypes belonging to the space 
group  C6v

4 have n(H) atoms in their unit cells, where H 
stands for a hexagonal bi-layer of Si and C atoms. The 4H 
polytype, discussed in the present work, has 8 atoms in its 
unit cell. The axial modes (atomic displacements parallel to 
the crystal c-axis, corresponding to the (111) direction of 
the zinc blende structure) consist of Raman active  A1 and 
Raman inactive  B1 modes, while the planar modes (atomic 
displacements perpendicular to the crystal c-axis) consists 
of Raman and infrared active  E1 modes and Raman active 
 E2 modes. The unit cell length of each hexagonal polytype, 
along the c-axis, is n-times larger than that of the basic cubic 
(3-C) polytype. The stacking arrangement of these polytypes 
introduces an ordering, reducing the basic Brillouin zone in 
the Γ-L direction by 1/n. As a consequence, the dispersion 
curves of the phonons are folded, which allows the observa-
tion of the acoustic phonons at the center of the Brillouin 
zone, where the Raman scattering spectra are detected. 
This becomes handy for the identification of the polytypes 
and stacking faults imbedded in the bulk of the crystals. 
All of the first-order allowed phonons have been previously 
observed.25 All first-order phonons are observed in our sam-
ples, namely:  A1 longitudinal acoustic mode at 611  cm−1, the 
two TO modes at 778.5  cm−1  (E2 symmetry) and 798.9  cm−1 
 (E1 symmetry), and the  A1 (LO) phonon at 964  cm−1. Also 
observed (in the range 980  cm−1–1015  cm−1) is the LO pho-
non–plasmon coupled mode (LOPC mode) resulting from 
the interaction between the collective excitation of free 
carrier (plasmon) and the pure longitudinal optical mode 
(GaAs)].26 The Raman peak position and line shape of the 
LOPC mode are strongly sensitive to the free carrier concen-
tration and are conveniently used in this study to estimate the 
free carrier concentration across our samples.

Results and Discussion

Figure 1a shows an optical microscope image of planar 
defects revealed by shallow KOH photo-etching of n-type 
SiC; the etch depth of the perfect SiC matrix was 100 nm. 
These defects are not observed on polished surfaces before 
etching. Some hexagonal defects, such as the one indicated 
by the arrow, show complex morphology. A magnified view 
of the boundary of this non-homogeneously etched area is 
shown in Fig. 1b. The etch depth profile along the y–y’ line 
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is highlighted in Fig. 2a, and the corresponding profile of 
carrier concentration estimated from Raman measurements 
is represented in Fig. 2b. The increased etch rate corresponds 
to lower carrier concentration, as was observed previously 
for  GaAs20 and GaN.21

Apart from the hexagonal shaped non-homogeneities, 
relatively long straight line defects (indicated by the 
arrow), depicted in Fig. 3a, were revealed by the photo-
etching. Surface profiling of one of these lines, high-
lighted in Fig. 3b, showed that these lines are ridges with 
variable etch rates across them. Raman measurements 
(μRS-1) carried out along the x–x’ line, represented in 
Fig. 3c, confirmed that lower etch rates correspond to 
the increased carrier concentration. The “characteristic” 
of this gross defect (size, shape, carrier distribution, and 
etching behavior) lead to the conclusion that this defect 
is a growth striation (for comparison, see, e.g., defects 
revealed by photo-etching in  GaAs20). A summary of the 
measurements of carrier concentration related to the etch 
rate of both the hexagonal defects and the growth stria-
tion, acquired from different SiC wafers, are summarized 

in Fig. 4. Surprisingly, all the measurements of carrier 
concentration versus the etch rate performed on different 
samples fit well to a single line, as shown in Fig. 4b. Such 
an experimental result remains in contradiction to previ-
ously reported results for GaAs and GaN,20,21 where the 
relationship between etch rate (R) and carrier concentra-
tion (n) (R = f log(n) curve) of each sample showed a 
parallel shift. This observed discrepancy in SiC samples 
with similar average carrier concentration is most likely 
related to the relatively small ratio of surface area of non-
homogeneities versus the whole surface of the etched sam-
ple, while, in the previously examined GaN crystals, this 
ratio was in the range of tens of percent and was different 
in the two examined samples.21 This conclusion on the 
role of the percentage of areas with large carrier concen-
tration differences on the shift of R = f log(n) curves was 
explained in Ref. 27

A new gross defect characterized by a quadrupole 
pattern of striations (QPS), seen at the bottom of Fig. 5, 
is revealed by shallow electroless photo-etching (etch 
depth ~ 65 nm, in KOH-KSO solution for 10 min) of SiC 
samples. As a rule, the quadrupole patterns  are situated 
close to complex defects, such as outcrops of micro-pipes 
(MPs), that have dislocation half-loops pinned on them. 
These are basal plane dislocations (BPDs; D); ridges form 
along them during photo-etching, as shown in Fig. 5. It 
seems, however, that the QPS are independent of the exist-
ence and density of the BPDs, while the vicinity of MPs 
was always confirmed. It should be noted that: (1) emana-
tion of half-loops of prismatic and BPDs from MPs was 
explained based on synchrotron x-ray topography (see Fig. 
S1, after Ref 28 .) and some illustrative examples of the 
MP + D complex defect revealed in different SiC samples 
are presented in Fig. S2, and (2) the presence of inclusions 
in the MPs cannot be excluded. However, penetration of 
orthodox etching medium (molten E + M etch) placed 
on the Si-face and local dissolution of the back C-face of 
etched samples proves that the MPs form empty tubes. 
In addition, examination of both two-sides-polished and 

Fig. 1  Differential interference contrast (DIC/Nomarski) optical 
image of Si-surface of n-type SiC crystal after shallow photo-etching 
in a KOH solution: (a) different hexagonal shape defects; a magni-
fied fragment of the defect boundary indicated by the arrow in (a) is 
shown in (b).

Fig. 2  (a) Surface profile of etch depth along the y–y’ line from Fig. 1b after shallow photo-etching in a KOH solution; (b) carrier concentration 
profile along the same y–y’ line obtained from Raman measurements (µRS-1).
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Fig. 3  (a) Differential interference contrast (DIC/Nomarski) optical 
image of linear defect (vertical line) revealed by KOH photo-etching 
(three traces of surface profiling are visible); (b) surface depth and (c) 

carrier concentration profiles (from Raman scattering, µRS-1), meas-
ured along the x–x’ line.

Fig. 4  KOH etch rate versus free-carrier concentration: (a) Raman 
spectra (µRS-1) of the LOPC mode measured at three points on the 
etched samples that correspond to three different carrier densities; 
(b) relationship between the logarithm of the free carrier concentra-

tion n (determined from Raman spectroscopy) and the etch rate R for 
the KOH etch. The equation of the linear fitting is: R =  − 11.5 log 
(n) + 217. Sample 1 (see Fig. 3(a–c)) and Sample 2 (see Figs. 1(b) 
and 2(b)).
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one-side-polished and photo-etched samples proves that 
MPs form via-tubes (see Fig. S3 and Fig. S4, respectively).

Figure 6 shows a part of the quadrupole striation defect 
from Fig. 5 as viewed by (a) optical microscopy and (b) 
AFM. These quadrupole striations are not detectable in 
high spatial resolution Raman measurements using the free 
carrier-sensitive LOPC phonon line or the strain-sensitive 
 E2 phonon line. These surface relief striations were made 
visible due to the different etch rates existing for the bands 
of material that make up the striations. Because MPs and 
screw-type dislocations constitute effective sources of 
growth steps, large hillocks are formed around these defects 
during vapor-phase growth.29–32 The lapped and polished 
surface of the SiC wafer intersects the non-planar growth 
front. Subsequent photo-etching reveals changes in the com-
position of the vapor phase before the growth front, which 
appears as growth striations. Figure 6c shows a surface pro-
file measured across the striations seen in the AFM measure-
ment and shown in Fig. 6b. The difference in the etch rate 
between ridges and valleys across these striations (average 
etch depth p ~ 65 nm, Δp ~ 7 nm,  Ve max ~ 7.2 nm/min 
and  Ve min ~ 6.5 nm/min) allows estimation from Fig. 4b 
that the corresponding carrier concentrations are 6 ×  1018 
and 6.88 ×  1018  cm−3, respectively. This result confirms the 
photo-etching method of detecting very small differences 
in electrical properties of n-type SiC is more sensitive than 
measurements of the Raman free carrier-sensitive LOPC 
line.

Apart from isolated hexagonal defects shown in Fig. 1a, 
large hexagonal-shaped defects are frequently observed 
around MPs. A typical example of such a complex defect 
is shown in Fig. 7a. The photo-etch rate of four overlapped 

Fig. 5  Defects revealed by shallow KOH-KSO photo-etching in 
n-type SiC sample; differential interference contrast (DIC/Nomarski) 
image.

Fig. 6  A KOH-KSO etch-
revealed feature of the quadru-
pole-striation defect shown in 
Fig. 5. Post-etch, these striations 
are seen as surface-topography, 
optically visible (a) in this dif-
ferential interference contrast 
(DIC/Nomarski) optical image 
and measurable in detail using 
AFM (b). (c) A bimodal height 
profile measured from (b); 
combining this with the etch 
rate dependence on free-carrier 
density, one can infer the mag-
nitude of the charge oscillations 
responsible for these bands.
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hexagons is variable and slightly larger than the etch rate 
of the surrounding defect-free matrix. The estimated car-
rier concentration from Raman measurements (μRS-1) at 
different positions (1–5 as shown in Fig. 7a) confirmed the 
relationship indicated in Fig. 4b; the hexagons with lower 
carrier concentration are etched at a higher rate as compared 
to the matrix. Figure 7b shows the same defect as Fig. 7a, 
after an additional etch was carried out to create etch-pits 
at the surface termini of threading dislocations. There is 
no apparent association between the four superimposed 
hexagons and the locations of the etch-pits. Figure 8 shows 
Raman maps (μRS-2) of the Raman shift of the free carrier-
sensitive LOPC mode (a) and the strain sensitive  E2

2 phonon 
(b) for the same defect shown in Fig. 7. The isolated spots on 
Fig. 8b correspond to the locations of the etch-pits seen in 
Fig. 7b. These etch-pits are not detectable in the free carrier-
sensitive Raman map shown in Fig. 8a.

Raman maps (μRS-2) of a simple hexagonal defect are 
shown in Fig. 9. Figure 9a shows a map of the Raman-shift 
of the LOPC mode, which increases with increasing free 
carrier concentration. Figure 9b shows a map of the Raman 
shift of the E2 phonon which increases with increasing 
compressive stress. Relative to the material surrounding 
the hexagonal defect, the free carrier concentration on the 
border of the defect is depressed, while the free carrier con-
centration within the defect tends to be higher. The results 
of photo-etching and Raman measurements clearly show the 
well-defined morphology of these planar defects and their 
electrical properties. However, the mechanism of forma-
tion of these defects remains unclear. Although the dimen-
sions and shape of planar defects are similar to the hexago-
nal voids or so-called planars,33,34 the non-homogeneities 
shown in Figs. 1a and 7a have different natures. It seems 
that these defects are formed due to non-uniform incorpo-
ration of dopants or impurities, as was recently suggested 
from the abnormal behavior of the LOPC mode recorded in 
the hexagonal defects.14 It should be mentioned that none 
of the hexagonal defects revealed by photo-etching, shown 
in Figs. 1a and 7a, have any correlation with dislocations 
(except for association with MPs). This conclusion is based 
on the comparison of images of the same complex defect 
revealed by photo-etching and followed by a conventional 
etch used to decorate dislocations with etch pits (see Fig. 7a, 
b).

Conclusions

It has been shown that shallow photo-etching in KOH and 
KOH-KSO aqueous solutions (etch depth less than 100 nm) 
clearly reveals electrically active non-homogeneities in 
n-type 4H-SiC crystals. Peculiar hexagonal-shaped defects 
were revealed by etching and examined using Raman spec-
troscopy. The non-homogeneous distribution of carriers 

Fig. 7  Differential interference contrast (DIC/Nomarski) opti-
cal images of hexagonal defects formed around a micro-pipe and 
revealed by KOH photo-etching (a) and subsequent orthodox etch-
ing in molten (E + M) etch (b). Carrier concentrations from Raman 
LOPC mode at positions: (1) n = 4.5 ×  1018, (2) n = 3.7 ×  1018, (3) 
n = 3.3 ×  1018, (4) n = 3.4 ×  1018, (5) n = 4.4 ×  1018  cm−3.

Fig. 8  Raman spectra (μRS-2) were measured at 2-µm intervals 
over a 90  µm × 114  µm region containing a four-hexagon defect in 
4H-SiC. Spatial maps are shown for the Raman shift of the (a) LOPC 
mode and the (b)  E2

2 phonon. The Raman shift of the LOPC mode 
increases with increasing free carrier concentration. The Raman shift 
of the  E2

2 phonon shifts with stress. The small etch pits that decorate 
screw/edge dislocations do not show up in the free carrier concentra-
tion map (a), but do show up in the stress map (b). Note the region of 
highest free carrier concentration is at the middle of this four-hexagon 
defect.

Fig. 9  Raman spectra (μRS-2) were measured at 4-µm intervals over 
a 132 µm × 120 µm region containing a hexagonal defect in 4H-SiC. 
Spatial maps are shown for the Raman shift of the (a) LOPC mode 
and the (b)  E2

2 phonon. The Raman shift of the LOPC increases with 
increasing free carrier concentration. The Raman shift of the  E2

2 pho-
non shifts with stress.
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across these defects and across growth striations was com-
pared with the photo-etch rate and the quantitative relation-
ship R = f log(n) was established. This relationship follows 
the general rule previously established for other III–V semi-
conductors. No correlation was found between the hexagonal 
defects and the dislocations.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11664- 023- 10272-6.
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