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ABSTRACT

The role of dopants on deformation and mechanical properties of 4H silicon carbide (4H-SiC) is proposed by using nanoindentation. It is
found that the hardness, elastic modulus, and fracture toughness of 4H-SiC substrate wafers all decrease on the order of vanadium (V) dop-
ing, undoping, and nitrogen (N) doping. For all three types of 4H-SiC, basal plane dislocations (BPDs), threading edge dislocations, and
cracks are formed during the nanoindentation. Polymorph transitions from 4H-SiC to amorphous SiC and 3C-SiC are found as the penetra-
tion depth of the indent increases from the subsurface to the deeper region. N doping is found to weaken the bond strength of 4H-SiC, which
enhances the glide and piling up of BPDs in nanoindentated N-doped 4H-SiC. In contrast, V doping effectively hinders the glide of BPDs,
which accumulates a high-stress field and facilitates the polymorph transition from 4H-SiC to 3C-SiC and amorphous SiC. The insight on
the effects of dopants on the deformation and mechanical properties of 4H-SiC may help the design of the processing of differently doped
4H-SiC substrate wafers.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0083882

As a leading wide-bandgap semiconductor, 4H silicon carbide
(4H-SiC) is attracting great attention due to the explosive demand of
electrical vehicles, 5G communications, and renewable-energy sys-
tems.1–4 4H-SiC single crystals are usually grown by the physical vapor
transport (PVT) approach. After the growth, 4H-SiC is processed to
form substrate wafers by using wire cutting, lapping, and chemical
mechanical polishing (CMP). Despite the progress of the substrate-
wafer processing of 4H-SiC over years, high-density processing dam-
ages remain in 4H-SiC substrate wafers.5,6 In addition, the processing
of 4H-SiC substrate wafers suffer from the issues of low yield, low effi-
ciency, and limited control of flatness given the high hardness and
brittleness of 4H-SiC.7 Clearly, the improvement of the processing
capacity and, thus, quality of 4H-SiC substrate wafers demands thor-
ough understanding of the deformation mechanism and, thus,
mechanical properties of 4H-SiC.

Nanoindentation has been demonstrated as a powerful technique
for investigation of mechanical properties of 4H-SiC.8 Nawaz et al.
measured the nanoscale elastic-plastic response of 4H-SiC through the

nanoindentation experiment and revealed that the hardness and elastic
modulus of 4H-SiC are 36 and 413GPa, respectively.9 It has been theo-
retically shown that nanoindentation generates defects such as basal
plane dislocations (BPDs) of 4H-SiC and gives rise to polymorph tran-
sition.10 Meanwhile, dopants have been found to interplay with defects,
changing the behavior of defects in semiconductors.11,12 For commer-
cially available 4H-SiC substrate wafers, vanadium (V) and nitrogen
(N) are the most common dopants, which lead to semi-insulting and n-
type 4H-SiC, respectively.13 The concentrations of V and N are typically
on the order of magnitude of 1017 and 1019 cm�3, respectively.14–16 It is
reasonable to expect that the high-concentration dopants may interplay
with processing-induced defects and affect the deformation of 4H-SiC
during the processing of 4H-SiC substrate wafers. However, the effect
of dopants on the deformation mechanism and, thus, the mechanical
properties of 4H-SiC is still ambiguous, which hinders the optimization
of processing capacity of 4H-SiC substrate wafers.

In this work, nanoindentation is employed to investigate the
deformation of undoped, V-doped, and N-doped 4H-SiC substrate
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wafers. Undoped 4H-SiC is usually referred to as high-purity semi-
insulating (HPSI) 4H-SiC, which is grown without any intentional
doping. We find that the hardness, elastic modulus, and fracture
toughness of 4H-SiC all decrease on the order of V doping, undoping,
and N doping. For all the three types of 4H-SiC, BPDs, threading edge
dislocations (TEDs) and cracks are formed during the nanoindenta-
tion. Polymorph transitions from 4H-SiC to 3C-SiC and amorphous
SiC are found as the penetration depth of the indent increases from
the subsurface to the deeper region of nanoindented 4H-SiC. N doping
is found to weaken the bond strength of 4H-SiC, which enhances the
glide and piling up of BPDs. In contrast, V doping effectively hinders
the glide of BPDs, which accumulates high-stress field upon nanoinden-
tation. The high-stress field enhances the polymorph transitions from
4H-SiC to 3C-SiC and amorphous SiC. With the insight on the effects
of doping on the deformation of 4H-SiC, our work paves the way for
design of the processing for differently doped 4H-SiC substrate wafers.

Undoped, V-doped, and N-doped 4H-SiC substrate wafers were
purchased from SICC Co., Ltd. In V-doped and N-doped 4H-SiC sub-
strate wafers, the concentrations of V and N are found to on the order
of magnitude of 1017 and 1019 cm�3, respectively (Fig. S1). The surface
roughnesses of the Si face for all the substrate wafers are all smaller
than 0.2 nm. Nanoindentation tests were conducted using a nanoin-
dentation system (Nanointender G200, Agilent) with a Berkovich
indenter. Various peak loads ranging from 50 to 500mN were carried
out on the Si face of all the substrate wafers. The indents for each load
were repeated for eight times to obtain reliable data. During each
nanoindentation test, the loading time and unloading time were both
10 s, and the holding time was 5 s. The indenter ridge was set to be
parallel to the [1100] of the 4H-SiC substrate wafer, as shown in Fig.
S2. Confocal Raman spectroscopy was carried out using a WITec
Alpha300R micro-Raman spectrometer with a 75 mW green-diode
laser operating at 532nm. A scanning electron microscope (SEM)
(Carlzeiss, Gemini300) was employed to characterize the lengths of
cracks for nanoindented 4H-SiC. The cross-sectional transmission
electron microscopy (TEM) specimens of the indents were prepared
using a focused ion beam (FEI, Helios 5 UX). TEM and high-
resolution TEM (HRTEM) micrographs were obtained by a FEI
Tecnai G2 TEM operated with the accelerating voltage of 300 kV.

The load–displacement curves of 4H-SiC substrate wafers under
peak loads (Pmax) ranging from 50 to 500mN are smooth. As shown in
the inset of Fig. 1(a), the only pop-in event occurs at the load of
400mN in undoped 4H-SiC. Because the pop-in behavior occurs under
relatively large load, the pop-in event is most likely to associate with the
formation and propagation of cracks in undoped 4H-SiC. As shown in
Fig. S2, the maximum indentation depths for undoped, V-doped, and
N-doped 4H-SiC under the peak load are 500mN are 994, 990, and
1015nm, respectively. The measured elastic modulus and hardness of
4H-SiC as functions of the indentation load are plotted in Fig. 1. The
hardness of 4H-SiC decreases with the increase of indentation load, as a
result of the indentation size effect (ISE).17 In the non-ISE region, the
hardness of undoped 4H-SiC is 34.86 0.4GPa, which is consistent
with those reported in the literature.18 More significantly, we find that
the hardness of 4H-SiC decreases on the order of V doping, undoping,
and N doping, which coincides well with the dopant dependence of the
penetration depths. This explains why the N-doped 4H-SiC boules are
easier to be sliced, and the slicing-induced damage is easier to be
removed by the following lapping.19

The hardness of semiconductors is related to the glide and piling
up of dislocations.20,21 For 4H-SiC, the dominant dislocation responsi-
ble for the deformation is the BPD. One of the most important factors
affecting the glide of BPDs is the stacking fault energy (SFE). The
increase in SFE indicates that SFs are difficult to expand, which makes
BPDs difficult to glide and easier to cross slip. Because the values of
SFE for 4H-SiC decrease on the order of V doping, undoping, and N
doping,10,20 the hardness of 4H-SiC decreases on the order of V dop-
ing, undoping, and N doping.

As shown in Fig. 1(b), the elastic modulus of 4H-SiC decreases as
the indentation load increases, which is ascribed to the combined
effect of surface roughness, tip roundness, and tip area function.20

When the indentation load increases to the value larger than 400mN,
the elastic modulus for undoped 4H-SiC reaches the saturation value
of 4796 3.2GPa, which agrees well with previous results.21

Furthermore, we find that the elastic modulus of 4H-SiC decreases on
the order of V doping, undoping, and N doping. The effect of dopants
on the elastic modulus of 4H-SiC can be understood by the effect of
dopants on the bond strength.22,23 In 4H-SiC, N and V are stabilized
at the substitutional sites of C and Si, respectively.24 Upon doping,

FIG. 1. The average values of (a) hardness and (b) elastic modulus as functions of
the indentation depth for undoped 4H-SiC, V-doped 4H-SiC, and N-doped 4H-SiC.
The indents on each wafer were repeated for eight times with the error bars con-
necting the maximum and the minimum values.
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V–C bonds and N–Si bonds substitute parts of original Si–C bonds in
V-doped and N-doped 4H-SiC, respectively. The bond strength
increases on the order of N–Si (439 KJ/mol),25 Si–C (451 KJ/mol),25

and V–C (469 KJ/mol).26 Therefore, the bonds are strengthened upon
V doping while weakened upon N doping, which gives rise to the
enhanced elastic modulus in V-doped 4H-SiC and the reduced elastic
modulus in N-doped 4H-SiC.

We then calculate the indentation fraction toughness (KIC) by
27

KIC ¼ A
a
l

� �1
2 E

H

� �2
3 P

c2=3
; (1)

where A is a constant that relates to the indenter geometry (for the
Berkovich indenter used in our work, A¼ 0.0016), P is the applied
load, c is the crack length, a is the indent size from center to corner, l is

the crack length from the indent corner to crack tip (c¼ aþ l), and E
and H are the elastic modulus and hardness of 4H-SiC, respectively.
The crack length c of the indent is determined by

c ¼ 1
3

c1 þ c2 þ c3ð Þ: (2)

The definition of c1, c2, c3 is illustrated in Fig. S4. The values of a and
l are defined by the same approach (as shown in Fig. S4). The calcu-
lated crack length, as well as the values of KIC for undoped 4H-SiC, N-
doped 4H-SiC, and V-doped 4H-SiC are tabulated in Table I. The
crack length increases on the order of V-doping, undoping, and
N-doping. Meanwhile, V doping increases the fracture toughness of
4H-SiC, while N doping decreases the fracture toughness of 4H-SiC.
The changes in the fracture toughness for differently doped 4H-SiC
are attributable to the changes in bonding energies.

In order to clarify the effect of dopants on the deformation mech-
anism of nanoindented 4H-SiC, the crystalline properties, lattice dis-
tortions, and electronic properties of the nanoindentated region were
investigated by micro-Raman spectroscopy. As shown in Fig. 2(a), the
folded mode of the transverse acoustic branch (FTA) located at
204 cm�1, the folded modes of the transverse optical branches (FTO)
located at 776 and 796 cm�1, as well as the folded mode of the longitu-
dinal optical branches (FLO) located at 964 cm�1 are found at the pris-
tine and nanoindented surface of 4H-SiC, which agree well
with previous research.28,29 We first discuss the effect of nanoindenta-
tion on the structural properties of 4H-SiC. As shown in Fig. 2, the
intensities of the FTA peak, FLO peak, and FTO peak all decrease after
nanoindentation as a result of atomic displacement during nanoinden-
tation. Because the broadening of the FTA peak only relates to the
crystalline character of 4H-SiC,28 we compare the broadening of the
FTA peaks to evaluate the effect of nanoindentation on the structural
change of differently doped 4H-SiC. The broadening of the FTA peak
for nanoindentated 4H-SiC increases on the order of V doping,
undoping, and N doping, indicating that the hardness and fracture
toughness of 4H-SiC decrease on the order of V doping, undoping,
and N doping, which verifies the mechanical properties of 4H-SiC
measured by nanoindentation. The change in the intensity of the FTO
(796 cm�1) may be attributed to either a phase transition or a severe
lattice distortion.26 To distinguish these possibilities, we take the inten-
sity of the FTA mode into account. The relative variation of these two
peaks can be used to characterize the phase transition of 4H-SiC.28

Therefore, we take the intensity ratio for the FTO peak to FTA peak
as r FTO

FTA

� �
to characterize the phase transition of nanoindentated

4H-SiC.28 As tabulated in Table II, the value of r FTO
FTA

� �
increases after

nanoindentation for all the three types of 4H-SiC, which indicates that
amorphization or the polymorph transition may occur during the
nanoindentation.30

Moreover, we find a new peak located at 972 cm�1, which is
attributed to the FLO mode of 3C-SiC.28 For V-doped 4H-SiC, we
find that the peak of the FTA mode is broader than that of undoped
4H-SiC as a result of the lattice distortion caused by the large size mis-
match between V and Si. After nanoindentation, the increase in r FTO

FTA

� �
for V-doped 4H-SiC is more prominent than that of undoped 4H-SiC.
This indicates that the amorphization or the polymorph transition for
nanoindentated V-doped 4H-SiC is more prominent than that of
nanoindentated undoped 4H-SiC. For N-doped 4H-SiC, the peak
of the FLO mode notably shifts to higher wavenumbers as a result of

FIG. 2. Raman spectra obtained at the pristine surface and nanoindented surface
for (a) undoped, (b) N-doped, and (c) V-doped 4H-SiC under the peak load of
500 mN.
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increasing electron concentration in N-doped 4H-SiC. The high con-
centration of N also results in the lattice distortion, which broadens
the peak of the FTA mode in highly N-doped 4H-SiC. The increase in
the r FTO

FTA

� �
is smaller than that of V-doped 4H-SiC but slightly larger

than that of undoped 4H-SiC. This indicates that the nanoindentation
induced amorphization or polymorph transition increases on the
order of undoped 4H-SiC, N-doped 4H-SiC, and V-doped 4H-SiC. In
N-doped 4H-SiC, the nanoindentation-induced stress can be easily
released by the slip of BPDs. In V-doped 4H-SiC, where BPDs are
more difficult to slip due to the higher SFE, the nanoindentation-
induced stress is more difficult to be released by the slip of BPD. The
high stress field, thus, enhances the polymorph transition from 4H-
SiC to amorphous SiC and 3C-SiC.

We then take V-doped 4H-SiC as an example to observe the
indent by TEM to clarify the microstructure of the nanoindentated
4H-SiC. As shown in Fig. 3(a), the piling up of dislocations is found at
the subsurface of the indent, which is found to be the origin of the
decrease of the intensities of the FTA, FLO, and FTO peaks for nano-
indented 4H-SiC. Below the deformation region, a long median crack
extends straightly downwards the interior 4H-SiC as a result of brittle
deformation.31 According to the density of dislocations, we divide the
deformation region into three regions, which are referred to as region
I, region II, and region III. As shown in Fig. 3(b), region I is severely
deformed, which is featured by high density of shear bands beneath
the nanoindented surface. Region II is characterized by the formation
of Moir�e fringes, which originate from the rotation superposition of
two neighboring lattices with the same spacing. BPDs connected by a
TED are observed around the Moir�e fringes [Fig. 3(c)]. As shown in
Fig. 3(d), region III is characterized by the formation of high density of
BPDs.

HRTEM observations on the severally deformed region I are
then carried out to observe the detailed structural deformation of
nanoindentated 4H-SiC. As shown in Fig. 4(b), amorphization is

found in the subsurface of the indent. The fast Fourier transform
(FFT) image of the area verifies the existence of the amorphous layer.
For the deeper region away from the indent, the staking sequence of
atomic layers transforms to that of 3C-SiC [Fig. 4(c)]. The FFT image
of the region consistently indexed as that of the h110i diffraction of
3C-SiC. TEM and HRTEM observations give direct evidence for the
deformation mechanism of the nanoindentated 4H-SiC. BPDs, TEDs,
and cracks are formed during the nanoindentation. Microscopically,
the phase transitions from 4H-SiC to amorphous SiC and 3C-SiC are
found as the penetration depth of the indent increases from the sub-
surface to the deeper region of 4H-SiC.

We also carried out TEM and HRTEM observations on the
indent imprints of undoped and N-doped 4H-SiC. As shown in Fig.
S5, BPDs, TEDs, and cracks are also formed after the nanoindentation
of undoped and N-doped 4H-SiC. By comparing the cross-sectional
TEM images for the indent imprints of differently doped 4H-SiC, we
find that the density of BPDs is the largest in N-doped 4H-SiC, which
coincides well with the Raman results. There are two cracks appearing
near the shear bands, which indicates that N doping lowers the frac-
ture toughness of 4H-SiC. The density of BPDs is the lowest in nano-
indentated V-doped 4H-SiC, while the phase transition is only
observed in nanoindentated V-doped 4H-SiC, which indicates that V
doping hinders the formation and slip of BPDs, accumulating high-
stress field upon nanoindentation. The high-stress field enhances the
polymorph transitions from 4H-SiC to amorphous SiC and 3C-SiC.

It should be noted that in semi-insulating (undoped and V-
doped) and n-type (N-doped) 4H-SiC substrate wafers, the dominant
intrinsic defect is the carbon vacancy (VC). It was found the concentra-
tion of VC is on the order of magnitude of 1012–1015 cm�3.32,33 The
concentrations for common impurities of oxygen and hydrogen are
found to be on the order of magnitude of 1012 and 1014 cm�3, respec-
tively.34,35 The concentrations of VC and common impurities are

TABLE I. Crack lengths (c), indentation fracture toughness (KIC) for undoped, V-
doped, and N-doped 4H-SiC.

Undoped
4H-SiC

N-doped
4H-SiC

V-doped
4H-SiC

Crack length (lm) 6.666 0.34 7.366 0.36 6.006 0.44
KIC (MPam1/2) 2.356 0.01 1.746 0.01 2.376 0.02

TABLE II. Summary of the Raman intensities for the FTO mode (796 cm�1), FTA
mode (204 cm�1), and their ratio r FTO

FTA

� �
at the pristine surface, as well as those at

the nanoindented surface for undoped, V-doped, and N-doped 4H-SiC.

796 cm�1 204 cm�1 r FTO
FTA

� �
Undoped 4H-SiC Pristine surface 1712 1952 0.88

Indented surface 1396 802 1.74
V-doped 4H-SiC Pristine surface 1672 1875 0.89

Indented surface 696 234 2.97
N-doped 4H-SiC Pristine surface 1925 2183 0.88

Indented surface 843 463.8 1.82

FIG. 3. (a) Cross-sectional TEM image of an indent imprint in V-doped 4H-SiC. The
indenter is indicated by the white triangle. (b)–(d) Zoom-in images for regions I–III
as displayed in (a).
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negligible compared to those of N (�1019 cm�3) and V (�1017 cm�3).
Therefore, the effect of dopants significantly prevails over the effect of
intrinsic defects and common impurities on the deformation and
mechanical properties of 4H-SiC.

Finally, we discuss the role of dopants on the processing of 4H-
SiC substrate wafers. The hardness and fracture toughness of 4H-SiC
increase in the order to N doping, undoping, and V doping. During
the processing of differently doped 4H-SiC substrate wafers, the
flatness-control difficulty increases in the order to V doping, undop-
ing, and N doping. With the same processing parameters, the process-
ing damage and removal rate of 4H-SiC substrate wafers increase in
the order to V doping, undoping, and N doping. Therefore, less proc-
essing loss is expected for V-doped 4H-SiC substrate wafers.

In conclusion, we have systematically investigated the deforma-
tion mechanism and mechanical properties of N-doped, V-doped, and
undoped 4H-SiC by using nanoindentation. It has been found that the
mechanical properties, including the hardness, elastic modulus, and
fracture toughness of 4H-SiC all decrease on the order of V doping,
undoping, and N doping. During the nanoindentation, BPDs, TEDs,
and cracks are formed due to the shear stress in all the three types of
4H-SiC. Polymorph transitions from 4H-SiC to 3C-SiC and amor-
phous SiC have been found as the penetration depth of the indent
increases from the subsurface to the deeper region of 4H-SiC. The
dopant-dependence for the deformation of 4H-SiC has been estab-
lished. N doping is found to weaken the bond strength of 4H-SiC,
enhancing the slip and piling up of BPDs. In contrast, V doping effec-
tively hinders the slip of BPDs, accumulating high-stress field upon
indentation. The high-stress field enhances the polymorph transitions
from 4H-SiC to amorphous SiC and 3C-SiC. With the insight on the

effects of doping on the deformation of 4H-SiC, our work paves the
way for design of the processing for differently doped 4H-SiC wafers.

See the supplementary material for details on sample preparation
and discussion of the typical load–displacement curves of 4H-SiC,
TEM, and HRTEM images of nanoindented undoped 4H-SiC and N-
doped 4H-SiC, as well as details on fracture toughness calculations.
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