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Abstract

®

CrossMark

In this work, the anisotropic deformation and anisotropic mechanical properties of 4H silicon
carbide (4H-SiC) single crystal wafers are proposed by using nanoindentation. The C face of a
4H-SiC wafer has higher hardness and lower fracture toughness than those of the Si face.
Because the deformation of 4H-SiC is assisted by the nucleation and slip of basal plane
dislocations (BPDs), especially the slip of Si-core partial dislocations (PDs) of the BPDs, the
nucleation and slip of the Si-core PDs in the Si face of 4H-SiC is easier than those in the C face,
which releases the nanoindentation-induced stress and results in the decrease of the hardness
and increase of the fracture toughness of the Si face of 4H-SiC wafers. Due to the hexagonal
lattice of 4H-SiC, the hardness along < 1100 > of 4H-SiC is higher than that along < 1120 >,
but the fracture toughness along the < 1100 > is lower than that along the < 1120 >, as a result
of the enhanced glide of dislocations along the most closely-packed direction. The insights
gained in this work are expected to shed light on the optimization of the mechanical processing

of 4H-SiC wafers.
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1. Introduction

With the explosive development of high-power and high
frequency electronics, 4H silicon carbide (4H-SiC) wafers
have attracted great interests owing to its wide bandgap,

* Authors to whom any correspondence should be addressed.

1361-6463/22/494001+8$33.00 Printed in the UK

high breakdown electric field, high electron saturation mobil-
ity, high thermal conductivity and strong radiation resistance
[1-5]. From physical vapor transport-grown 4H-SiC boules,
the processing of 4H-SiC wafers includes wire slicing, lap-
ping, and chemical mechanical polishing (CMP) [6]. Due
to the high hardness and high brittleness of 4H-SiC, the
high-density processing damages, low processing efficiency
and high processing costs are long-standing problems in the

© 2022 0P Publishing Ltd
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mechanical processing of 4H-SiC wafers [7]. It has been found
that processing-induced dislocations and subsurface damages
significantly degrades the quality of 4H-SiC based epitaxial
layers and thus the performance of 4H-SiC devices [8]. Redu-
cing the processing-induced damages by optimizing the pro-
cessing steps is one of the most challenging issues for the
mechanical processing of 4H-SiC wafers. During the lapping
and CMP of 4H-SiC wafers, the C face exhibits higher removal
rate and lower roughness than those of the Si face of 4H-SiC
wafers [9, 10]. This indicates that deformation mechanisms
of the Si face and C face of 4H-SiC wafers are different dur-
ing the mechanical processing. Given the hexagonal lattice of
4H-SiC, the preferential removal along the < 1120 > has been
found, though the anisotropic deformation mechanism is still
ambiguous. Based on thorough understanding on the aniso-
tropic deformation of 4H-SiC wafers, the processing of the Si
face and C face of 4H-SiC wafers can be optimized to reduce
the processing damages and costs while maintaining the high
quality of the 4H-SiC wafers.

Nanoindentation has been regarded as an ideal approach to
investigate the mechanical properties and deformation mech-
anisms of semiconductors [11, 12]. By combining the nanoin-
dentation tests and transmission electron microscope (TEM)
observations, the nucleation and slip of basal plane disloca-
tions (BPDs) are found to dominate the plastic deformation
of 4H-SiC [13, 14]. The formation and propagation of cracks
give rise to the brittle deformation of 4H-SiC, which is charac-
terized by the fracture toughness [15—-18]. The elastic-plastic
transition of the 4H-SiC crystal was determined at a depth of
~23 nm with the shear stress of 21 GPa [19-21]. It has been
found that the critical depth of the crack formation is 91.7 nm
for 4H-SiC [22]. In more recent studies, the nanoscale aniso-
tropy deformation behavior of 4H-SiC have been investigated
by nanoindentation [23]. It has been found that the (0001)
plane has higher hardness than that of (1010) plane. How-
ever, the anisotropic mechanical properties of Si face and C
face of 4H-SiC wafers, which is mostly relevant to the mech-
anical wafering process, is still ambiguous.

In this work, the anisotropic mechanical properties and
anisotropic deformation mechanisms of 4H-SiC wafers are
systematically investigated combining nanoindentation tests,
Raman spectroscopy, and scanning electron microscopy
(SEM) measurements. The C face of a 4H-SiC wafer has
higher hardness and lower fracture toughness than those of the
Si face. The deformation of 4H-SiC is assisted by the nucle-
ation and slip of BPDs, especially the slip of the Si-core PD
of the BPDs. Therefore, the lattice-plane dependent deforma-
tion of 4H-SiC originates from different environments for the
nucleation and slip of Si-core PDs. The nucleation and slip of
the Si-core PD in the Si face of 4H-SiC is easier than that in
the C-face, which releases the nanoindentation-induced stress
and results in the decrease of the hardness and the increase
of the fracture toughness of the Si face of 4H-SiC wafers.
With the hexagonal lattice of 4H-SiC, the hardness along the
< 1100 > is higher than that along the < 1120 >, but the frac-
ture toughness along the < 1100 > is lower than that along the
< 1120 >, as a result of enhanced glide of dislocations along

the most closely-packed lattice direction. The insights gained
in this work are expected to shed light on the optimization of
the mechanical processing of 4H-SiC wafers.

2. Experimental methods

4H-SiC wafers were purchased from SICC Co., Ltd. The
C face and Si face of the 4H-SiC samples were treated by
CMP, with the surface roughness being less than 0.3 nm.
The surface roughness of the 4H-SiC wafers were measured
by atomic force microscope (AFM) (Bruker, Dimension XR)
with 10 x 10 um? scanning area. As shown in figures 1(a)
and (b), the surface roughness of the C face and Si face are
0.14 nm and 0.12 nm, respectively. Nanoindentation tests
were carried out by the Nanointender G200 (Agilent) with a
Berkovich indenter. Series of nanoindentation tests were per-
formed under the peak loads ranging from 50 to 500 mN.
Nanoindentation tests for each load were repeated by eight
times to obtain reliable data. For each test, the loading and
unloading times were set to be 10 s and the holding time was
5 s. The thermal drift was maintained below 4-0.05 nm-s~!.
The hardness and elastic modulus values were determined by
the Oliver and Pharr method [24, 25]. In order to investigate
the anisotropic mechanical properties of 4H-SiC wafers, the
nanoindentation tests were carried out on the Si face and C
face of the 4H-SiC samples (As shown in figure 1(c)). On
each lattice plane, the directions of the indenter ridge were
set to be parallel to the < 1100 > and < 1120 > of the 4H-
SiC wafers, respectively (As shown in figure 1(d)). According
to the planes and indenter directions, the anisotropic nanoin-
dentation tests are referred to as Si face < 1100 >, Si face
< 1120 >, C face < 1100 > and C face < 1100 > in this
work. Confocal Raman spectroscopy was carried out using
a WITec Alpha300R micro-Raman spectrometer equipped
with a 75 mW green-diode laser operating at 532 nm. After
each nanoindentation test, the SEM (Carl Zeiss, Gemini300)
was immediately employed to characterize the lengths of the
cracks of the nanoindentated 4H-SiC sample to avoid the
spring back behavior.

3. Results and discussion

Figures 2(a) and (b) shows the typical load-displacement (P-5)
curves of the C face and Si face of 4H-SiC under peak loads
ranging from 50 to 500 mN. In these cases, the indenters are
oriented along < 1120 >. Under the load of 500 mN, pop-in
events occur in both the C face and Si face of the 4H-SiC wafer.
Because the pop-in events occur at the high load of 500 mN,
the formation and propagation of cracks or micro cracks could
be the origin of the pop-in events [26]. It is clear the maximum
indentation depth of the C face is larger than that of the Si
face under the same load, indicating that the C face has higher
hardness than the Si face of 4H-SiC.

To clarify the anisotropic deformation of 4H-SiC along dif-
ferent lattice orientations, we then investigate the effect of
the direction of the indenter on the mechanical properties of
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Figure 1. AFM images of (a) C face and (b) Si face of a 4H-SiC
wafer. Schematic diagram of (c) C face and Si face of 4H-SiC and
(d) the definition of indenter orientations. The blue and red triangles
indicate the indenter orientations along < 1120 > and < 1100 >,
respectively.

(0001)

{1120)

4H-SiC. Taking the nanoindentation at the Si face of 4H-SiC
as an example, the P-A curves of nanoindentated 4H-SiC along
< 1100 > and < 1120 > are shown in figures 2(b) and (c). It
turns out that the maximum indentation depth along < 1120 >
is higher than that along < 1100 > , suggesting that the hard-
ness of 4H-SiC along < 1100 > is higher than that along
<1120 >.

The measured values of the hardness of the C face and Si
face of 4H-SiC as functions of the peak loads are displayed
in figure 3(a). Due to the influence of unintentional scratches,
pits, bumps and subsurface damages of the sample, the single
nanoindentation result may be different to other, resulting in
the high standard deviation of hardness and modulus. The val-
ues of the hardness of both the C face and Si face of 4H-SiC
decrease with the increase of the peak load. This is attributed
to the indentation size effect (ISE), which originates from the
burst of dislocations during the loading process [27, 28]. In the
non-ISE region, the values of the hardness of the C face and
Si face are 37.0 £ 0.3 GPa and 35.0 £ 0.2 GPa, respectively.
These values agree well with those reported in the literature
[19, 21, 23]. It turns out that the hardness of the C face is
higher than that of the Si face, which suggests that BPDs in the
C face of 4H-SiC are more difficult to slip and the BPDs tend
to pile up once they are generated. The mechanical properties
along different direction of the indenter are also exhibited in
figure 3(b) and figure 3(d). As shown in figure 3(b), the val-
ues of the hardness of 4H-SiC along < 1100 > and < 1120 >
also decrease with the increase of the peak load, as a result of
the ISE effect. It is clear that the hardness of 4H-SiC along the
< 1100 > is higher than that along the < 1120 >. The lattice-
orientation dependent hardness is attributed to the nature of the
active slip system of 4H-SiC. Because atoms are more closely
packed along the < 1120 >, the slip of dislocations in the slip
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Figure 2. P-h curves for (a) C face < 1120 >, (b) Si face < 1120 >
and (c¢) Si face < 1100 > of the 4H-SiC wafer at various maxmium
load from 50 to 500 mN.

system of the (0001) < 1120 > requires lower stress compared
to that in the slip system of the (0001) < 1100 > under the
same peak load [29]. This gives rise to the lower hardness of
4H-SiC along < 1120 >.

As shown in figure 3(c), the values of the elastic modulus of
both the C face and Si face of the 4H-SiC wafer decrease with
the increase of the indentation load. The possible reason for the
load-dependence of the elastic modulus may be attributed to
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Figure 3. Values of hardness for (a) the C face and Si face of 11 Si face

4H-SiC along < 1120 >, and (b) those of the Si face along

< 1120 > and < 1100 >. Values of elastic modulus for (c) the C
face and Si face of 4H-SiC along < 1120 >, and (d) those of the Si
face along < 1120 > and < 1100 >. The values of hardness and
elastic modulus are calculated by the average value of the eight
times of nanoindentation results.

the combined effect of the surface roughness, tip roundness,
and the tip area [30]. As the indentation load increases to
400 mN, the elastic modulus of the C face and Si face of
4H-SiC reaches the saturation values of 426 + 0.1 GPa and
411 +£ 0.1 GPa, respectively, which are consistent with previ-
ous results [28, 31]. It is clear that the elastic modulus of the
C face is higher than that of the Si face of the 4H-SiC wafer.
The elastic modulus of 4H-SiC is related to the ability of the
crystal to resist deformations, which dependents on the nuc-
leation and slip of dislocations [20]. In 4H-SiC, the slip of
the Si-core PDs dominates the slip of nanoindentation-induced
BPDs. The nucleation and slip of the Si-core PDs at the Si face
is easier than those at the C face of 4H-SiC, which lowers the
elastic modulus of the Si face. Figure 3(d) shows the values of
elastic modulus of 4H-SiC as functions of the peak load along
the < 1120 > and < 1100 >. The elastic modulus of 4H-SiC
along < 1100 > is larger than that along < 1120 >. Besides
the slip of dislocations, the elastic modulus of a crystal is also
correlated with the elastic potential energy, which depends on
the number and the bonding energy of broken bonds during the
slip of dislocations. Because there exist more broken bonds
along the < 1100 >, higher energy is required to initiate the
slip of dislocations along the < 1100 >. Therefore, the elastic
modulus of 4H-SiC along the < 1100 > is higher than that
along the < 1100 >.

The hardness anisotropy and elastic-mudulus anisotropy
are defined as the ratio of that along the < 1120 > and
< 1100 >. Figure 4(a) displays the variations of the hard-
ness anisotropy as functions of the indentation load. Both
orientations exhibited hardness anisotropy. However, the Si
face exhibited a higher hardness anisotropy. The hardness

-
o

=
©

Elastic-modulus anisotrop

o
)

0 100 200 300

Load(mN)

Figure 4. Variations in (a) hardness anisotropy and
(b) elastic-modulus anisotropy of the Si face and C face of 4H-SiC.

anisotropy originated from the different dislocation slip sys-
tem of 4H-SiC. On the Si face, the shear stress could be easily
released through the Si-core dislocation slip, resulting in per-
minent hardness anisotropy. In contrast, the dislocations on the
C face are difficult to slip; thus, the hardness along different
crystal orientations are basically the same. Therefore, the slip
of the Si-core dislocations lead to higher hardness anisotropy
of the Si face. Figure 4(b) shows the elastic modulus aniso-
tropy for C face and Si face of 4H-SiC wafers. Both Si face
and C face exhibited elastic-modulus anisotropy. Moreover,
the elastic-modulus anisotropy (figure 4(b)) of Si face and C
face shows no significant difference as the error bars are larger
than the elastic anisotropy difference.

The micro-Raman spectra are then measured to charac-
terize the deformation mechanism of 4H-SiC. As shown in
figure 5, the Raman spectra is measured at the nanoindent-
ated C face, nanoindentated Si face and the pristine sur-
face of 4H-SiC. It shows that all the Raman peak positions
are found for both the pristine and nanoindentated 4H-SiC,
which located at 204 cm~! (FTA mode), 776 cm~! (FTO
mode) and 796 cm~! (FTO mode) and 964 cm ™' (FLO mode),
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Figure 5. Raman spectra obtained for the nanoindentated
(a) C face, (b) Si face and (c) the pristine surface of 4H-SiC.

matching well with the Raman spectra of 4H-SiC [32, 33].
We find that the peak of the FTA mode broadens for the
nanoindentated C face and Si face of 4H-SiC, as a result of
lattice distortions caused by formation of dislocations. The
broadening of the FTA peak of the nanoindentated Si face is
more severe than that of the C face, which indicates that the
amount of nanoindentation-induced dislocations and thus the
lattice distortion is more prominent for the nanoindentated Si
face of 4H-SiC.

As shown in figure 6, the micro-Raman spectra for 4H-
SiC along < 1120 > and < 1100 > are adopted to character-
ize the lattice-orientation dependent deformation of 4H-SiC
wafers. The FTA (204 cm '), FTO (776 cm~! and 796 cm ™),
and FLO (996 cm™!') modes are found at the nanoindent-
ated surface of 4H-SiC. It is found the broadening of the
FTA mode for the nanoindentated surface along < 1120 > is
more severe than that long < 1100 >, suggesting that the lat-
tice distortions caused by the dislocation slip along < 1120 >
is more severe than that along < 1100 >. This is consist-
ent with the nanoindentation measurement results, which sug-
gested that the dislocations along < 1120 > could slip more
easily than those along < 1100 >; thus, the hardness of <
1120 > is lower than < 1100 >. Of note, the intensity of the
FTO mode located at 796 cm™! increases after nanoindent-
ation, which is correlated with severe lattice distortions or
phase transitions. The relative variations in FTO (796 cm™ )
and FTA (204 cm™') have been commonly used to distin-
guish whether phase transition has occurred. As tabulated in
table 1, the ratio r(%) is unchanged for the nanoindentated C
face and Si face in the < 1100 > and < 1120 >. This indicates
that the phase transition of 4H-SiC did not occur in nanoin-
dentated 4H-SiC.

Figure 7 shows a typical SEM images of the indenter prints
for Si face < 1100 >, Si face < 1120 >, C face < 1100 > and

(a) 2000 T 7 A—T T
1 I 2 |——nanoindentated
I T76cm’ (1120} I surface
| |
'LBT‘: 1 1 996 cm™!
§ 15[ 204 cm! !
c ’ 1
R 1 I 1
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Figure 6. Raman spectra obtained for the nanoindentated Si
surfaces of 4H-SiC along (a) < 1120 >, (b) < 1100 > and
(c) the pristine Si surface.

C face < 1100 > of 4H-SiC. As shown in the figure 7(a), all
cracks are well- developed (¢ > 2a), where a is the size of
the indenter print from the center to the corner, / is the crack
length from the indented corner to the crack tip, and c is the
crack length (¢ = a + [). The crack length c of the indent was
determined by [34]:

1
c:g(cl—kcz—i—c‘g) (H

where the definitions of c¢j, ¢, and c¢3 are illustrated in
figure 7(a). The values of a and ! were also defined using
the same approach. As shown in figure 7, no lateral cracks
were observed. It should be noted that the lateral cracks could
potentially affect the plastic deformation zone and influence
radial crack length. Therefore, nanoindentation without lateral
cracks could be used to compare the fracture toughness of 4H-
SiC. As shown in figure 8, the crack lengths for the C face
were longer than that for Si face, suggesting that the cracks
in the C face formed and propagated more easily than in the
Si face. The average crack length of nanoindentated 4H-SiC
with a load of 500 mN is plotted in figure 8. The crack length
for nanoindentated 4H-SiC decreased in the order of C face
< 1100 >, C face < 1120 >, Si face < 1120 > and Si face
< 1100 >.

Considering that the crack length is inversely proportional
to the fracture toughness, we speculated that the fracture
toughness increased in the order of C face < 1100 >, C face
< 1120 >, Si face < 1120 > and Si face < 1100 >.

The fraction toughness (Kjc) of 4H-SiC is then calculated

by [34]:
ayt(ENS P
ke=(9) (5) 2 @
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FTO

Table 1. Summary of Raman intensities for FTO mode (796 cm ™), FTA mode (204 cm™!), as well as their ratio r(—) on the pristine
surface, as well as the nanoindentated Si face < 1100 >, Si face < 1120 >, C face < 1100 > and C face < 1100 > of 4H-SiC.

FTA

) 1 FTO
796 cm 204 cm r(52)
Si face < 1100 > Pristine surface 1343
Nanoindentated surface 1379 1324 1.04
<1120 > Pristine surface 1343
Nanoindentated surface 1351 1318 1.03
C face < 1100 > Pristine surface 1300
Nanoindentated surface 1343 1332 1.00
<1120 > Pristine surface 1340
Nanoindentated surface 1305 1326 0.98
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Figure 8. Average crack length for the nanoindentated 4H-SiC
along different orientations at the Si face and C face of 4H-SiC
under the load of 500 mN. The error bars represent the standard
deviation.

Figure 7. Typical SEM images of nanoindentated 4H-SiC under a
peak load of 500 mN: (a) Si face < 11§Q >, (b) Si face < 1100 >,
(c) C face < 1120 > and (d) C face < 1100 >, where the dimension
of ¢, [ and a are illustrated in figure 7 (a).

where P is the applied load, A is a constant that relates to
the indenter geometry (Berkovich indenter used in this study,
A =0.0016), and E and H denote the elastic modulus and hard-
ness of 4H-SiC, respectively. We derive the fracture tough-
ness using ten nanoindentation tests without lateral cracks. As
shown in table 2, the calculated fracture toughness increased
in order of C face < 1100 >, C face < 1120 >, Si face <
1120 >, Si face < 1100 >, which is consistent with the con-
clusions show in figure 7. The fracture toughness for the Si
face and C face are 3.81 4 0.02 MPa-m? and 2.94 + 0.02
MPa-m? , respectively. This is consistent with the values pre-
viously reported [23]. It has been widely recognized that frac-
ture toughness is correlated with surface energy and disloca-
tions. As previously mentioned, the Si-core dislocations in the
Si face can easily slip and releases the shear stress induced
by nanoindentation. In contrast, the C face hinders the slip of

dislocations and accumulated a high-stress field at the C face,
which facilitates the formation of cracks in the C face. In addi-
tion, it has been previously reported that the surface energy of
the Si face is higher than that of the C face. The lower surface
energy of the C face make it easier for cracks to form in the C
face of 4H-SiC. Therefore, the C face was believed to have a
higher fracture toughness than the Si face.

At last, we discuss effect of anisotropic deformation on
the mechanical processing of 4H-SiC substrate wafers. The C
face of 4H-SiC wafers has higher hardness and lower fracture
toughness than those of the Si face. Under the same processing
parameters during the wire slicing of 4H-SiC, the amount of
processing-induced dislocations and surface damages of the
C face is higher than that of the Si face of 4H-SiC, which
agree with the study reported by Yao et al [35]. The lattice-
orientation dependent deformation may provide clue to optim-
ization of the feed direction of the wire during the wiresawing
of 4H-SiC wafers. In addition, the flatness of 4H-SiC wafers
might be optimized by tuning the sequence of lapping due to
the different surface-damage thickness of the C face and Si
face of 4H-SiC wafers. During the lapping of sliced 4H-SiC
wafers, the material removal thicknesses of the Si face and C
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Table 2. Average crack lengths, values of E/H and fracture toughness (Kic) for the Si face < 1120 >, Si face < 1100 >, C face < 1120 >

and C face < 1100 >.

Crack length (um) E/H Kic
Si face < 1100 > 2.97 +0.19 13.58 £ 0.13 3.81 +0.02
<1120 > 3.09 + 0.06 13.78 £ 0.25 3.62 + 0.01
C face < 1100 > 3.53+0.24 13.56 4+ 0.35 2.94 +0.02
<1120 > 3.61 +£0.14 13.75 £ 0.67 1.87 +0.03
face are the same. In order to optimize the processing paramet- ORCID iDs
ers of 4H-SiC wafers and decrease the costs of 4H-SiC wafers,
the removal-material thickness of the C face can be decreased. Rong Wang (© https://orcid.org/0000-0003-3333-0180
On the other hand, during the lapping of 4H-SiC wafers, the ~Xiaodong Pi (2 https://orcid.org/0000-0002-4233-6181
machining stress for the Si face can be lower than that for C
face.
References

4. Conclusions

In conclusion, we have systematically investigated the aniso-
tropic deformation of 4H-SiC and found that the hardness and
elastic modulus values of the C face were higher than the Si
face. The fracture toughness of the C face was lower than that
for Si face. The anisotropic deformation mechanism of 4H-SiC
resulted from the nucleation and slip mechanisms of the dislo-
cations. The Si-core dislocations in the Si face is easier to slip
and nucleation than those in the C face, resulting in the lower
hardness and higher fracture toughness of the Si face. In con-
trast, the C-core dislocations in the C face were difficult to slip,
which accumulates high stresses in the C face and reduces the
fracture toughness of 4H-SiC. The hardness of 4H-SiC along
< 1100 > is higher than that of < 1120 > and the fracture
toughness along < 1100 > is lower than that of < 1120 >, as a
result of enhanced glide of dislocations along the most closely
packed direction. The insights gained in this work are expected
to shed light on the optimization of the mechanical processing
of 4H-SiC wafers.
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