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ABSTRACT

We investigate the crack-healing mechanism of 4H silicon carbide (4H-SiC) and reveal the effect of dopants on the crack-healing behavior
of 4H-SiC. Vickers indentation tests and thermal annealing are utilized to generate cracks and heal cracks in 4H-SiC, respectively.
High-temperature thermal annealing in the air atmosphere is found to be capable of effectively healing indentation-induced cracks and
releasing indentation-induced stress in undoped 4H-SiC by the formation and viscous flow of glass phase SiO,. Nitrogen (N) doping is
found to assist the atomic diffusion of 4H-SiC. The crack healing of N-doped 4H-SiC is realized by the synergy of host solid diffusion and
the padding of glassy SiO,. In contrast, vanadium (V) doping hinders the viscous flow of SiO, and results in the incomplete healing of 3
cracks in V-doped 4H-SiC. Although the generation of cracks lowers the bending strength of 4H-SiC, the healing of cracks by the padding &
of glassy SiO, is found to effectively recover the bending strength of indented 4H-SiC samples. Our work opens a pathway to design ~
thermal processing technologies to heal the cracks and enhance the mechanical properties of 4H-SiC wafers.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0140922

I. INTRODUCTION

4H silicon carbide (4H-SiC) holds great promise in the appli-
cations of high-power converters and high-frequency communica-
tions, owing to its superior properties including wide bandgap,
high breakdown electric field strength, high electron saturation
mobility, and strong radiation resistance.'™ After the single-crystal
growth of 4H-SiC boules, 4H-SiC substrate wafers are obtained by
mechanical processing technologies including wire sawing, grind-
ing, lapping, and chemical-mechanical polishing (CMP).*"® Due to
the high brittleness of 4H-SiC, cracks and microcracks are often
generated during the mechanical wafering of 4H-SiC substrates,”
which lowers the fracture strength, reduces the yield, and, thus,
increases the production cost of 4H-SiC wafers.

The most well-developed 4H-SiC substrate wafers are nitrogen
(N)-doped, vanadium (V)-doped, and undoped (often referred to
as high purity semi-insulating) 4H-SiC wafers.” N-doped 4H-SiC
wafers are used as the substrate for the homoepitaxy and applied in

4H-SiC based power devices. The thickness of n-type 4H-SiC sub-
strate wafers is 350 um.” During the device processing of 4H-SiC
based power devices, back grinding is frequently used to reduce the
thickness of 4H-SiC substrates to 150 um, which is critical to mini-
aturizing the device package, reducing the resistance and, thus,
power consumption of 4H-SiC based high-power devices.'” From
the point of view of improving the processing efficiency and reduc-
ing the cost, it is imperative to directly use thin 4H-SiC substrate
wafers of 150um for the homoepitaxy and device processing.
However, the thin 4H-SiC wafers are susceptible to the formation
and extension of cracks and microcracks during the processing of
4H-SiC wafers.'"'” Undoped and V-doped 4H-SiC wafers are used
as the substrates of the heteroepitaxy of gallium nitrides, during
which the formation and healing of cracks are of great importance
to the application of 4H-SiC wafers. Therefore, healing the cracks is
imperative to the application of 4H-SiC wafers. The concentrations
of N and V are in the orders of magnitude of 10* and 10" cm~3,
respectively.'>'* Understanding the effect of dopants on the creak
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healing behaviors of 4H-SiC is critical to optimize the processing
technologies and increase the yield of 4H-SiC wafers."”

In this work, we investigate the mechanism of the crack
healing of 4H-SiC and reveal the effect of dopants on the crack-
healing behavior of 4H-SiC. Vickers indentation tests and thermal
annealing are utilized to generate and heal cracks in 4H-SiC,
respectively. By combining high-temperature thermal annealing,
Raman spectra, and transmission electron microscope (TEM) obser-
vations, we find that high-temperature thermal annealing in the air
atmosphere is capable of effectively releasing the indentation-
induced stress, and healing indentation-induced cracks in undoped
4H-SiC by the formation and viscous flow of the glass phase SiO,. N
doping is found to promote the atomic diffusion of 4H-SiC, and the
crack healing of 4H-SiC is realized by the synergy of host solid diffu-
sion and padding of SiO,. In contrast, V doping hinders the viscous
flow of SiO, and results in the incomplete healing of cracks in
V-doped 4H-SiC. Although the generation of cracks lowers the
bending strength of 4H-SiC, the healing of cracks by the viscous flow
of SiO, is found to effectively recover the bending strength of
indented 4H-SiC samples.

Il. EXPERIMENTAL METHODS

Undoped, N-doped, and V-doped 4H-SiC single-crystal boules
were grown by the physical-vapor-transport (PVT) approach. The
concentrations of V and N are in the order of magnitude 10'7 and
10" cm™, respectively. 4H-SiC wafers were obtained by slurry-wire
sawing, grinding, lapping, and CMP. The surface roughness of all
samples is smaller than 0.2nm. 4H-SiC wafers were cut into

10 x 10 mm?> samples. Vickers indentation (MTS, Nano Indenter

Indented surface 40 pm

(e)

1673K 40 ym
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XP) tests were carried out in the center of the samples with a load of
9.8N in air. The healing of cracks was achieved by annealing the
indented 4H-SiC samples in an air atmosphere under temperatures
ranging from 1473 to 1873 K and durations ranging from 20 min to
10 h.

The surface profiles of 4H-SiC samples before and after
thermal annealing were collected using a scanning electron micro-
scope (SEM) (Carl Zeiss, Gemini300) and a three-dimensional
optical profilometer (Bruke, ContourX-200). The residual stress
was identified by Raman spectroscopy (LabRAM Odyssey, Horiba)
excited by a 100 mW, 532 nm laser. The cross-sectional transmis-
sion electron microscopy (TEM) specimens of indent imprints
were fabricated by the focused ion beam (FIB) technique using a
FEI, Helios 5 UX FIB. TEM analysis was then performed using an
FEI Tecnai G* field emission transmission electron microscope
operating at 200kV to characterize the microstructures of the
cross-sectional morphologies of the 4H-SiC samples. The bending
test of a crack-healed specimen was carried out at room tempera-
ture to 1273 K. All the bending tests were performed on the stage
of a three-point bending-test system with a 16 mm bending span
(the crosshead speed is 0.5 mm/min) at room temperature and ele-
vated temperatures. The samples were heated to a testing tempera-
ture at a rate of 10 °C/min and soaked for 20 min before testing.'

Ill. RESULTS AND DISCUSSION

Figure 1 shows the SEM images of indent imprints in
undoped 4H-SiC before and after crack healing at various tempera-
tures. As shown in Fig. 1(a), the length of cracks is approximately
50 um after indentation. Material removal due to the propagation

1473 K 40 pm

(H

1773 K

40 pm

FIG. 1. SEM images of (a) an indent imprint after indentation and [(b)—(e)] indent imprints after thermal annealing for 1h at different temperatures of undoped 4H-SiC.

The annealing temperatures are labeled in each figure.
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of cracks is observed around the indentation. The healing of cracks
is observed after thermal annealing of the indented 4H-SiC
samples with the annealing duration of 1h. As the annealing tem-
perature increases from 1473 to 1773 K, the surface of the indented
4H-SiC gradually becomes smooth and the indent imprint and
cracks can be faintly seen. This indicates that the indent imprint
and cracks are healed by high-temperature annealing at the air
atmosphere [Figs. 1(b)-1(d)]. Under the annealing temperature of
1773 K, the indent imprint and cracks are invisible, indicating that
they are completely healed [Fig. 1(d)]. When the annealing temper-
ature is as high as 1873 K, pits and bulges are found at the surface
of indented 4H-SiC [Fig. 1(e)]. The effect of the annealing duration
on the crack-healing behaviors of indented 4H-SiC is then evalu-
ated. As shown in Fig. S1 in the supplementary material for the
indented 4H-SiC sample healed at 1773 K, the optimal annealing
duration is lh. Therefore, we use the annealing temperature of
1773 K and annealing duration of 1h to investigate the crack-
healing mechanism and the effect of dopants on the crack healing
of 4H-SiC.

In order to clarify the mechanism of the healing of indent
imprints and cracks by high-temperature annealing, we investigate
the micro-Raman spectroscopy of the center of the indent imprint
before and after crack-healing treatment. As shown in Fig. 2(a), the
Raman spectra of the indent imprint exhibit three characteristic
peaks located at 204, 776, and 964 cm™, which are attributed to
the first order of the folded modes of the transverse acoustic
branch (FTA), transverse optical branch (FTO), and the longitudi-
nal optical branch (FLO) of 4H-SiC, respectively.'”'” Two weak
peaks locating at 1524 and 1713cm™" representing the second-
order Raman scattering of 4H-SiC are also observed.” After the
thermal annealing at 1773 K for 1h, the Raman peak located at
490 cm™! is observed at the center of the indent imprint, which is
the characteristic peak of amorphous S$iO,.'**’ This suggests that
the crack healing is achieved by the oxidation of undoped 4H-SiC
under an air atmosphere. In addition, the crack healing reaction of
the specimen is estimated as SiC(s) + %Oz (s) = SiO(1) + CO(g).
Furthermore, the broadening of the FTA peak indicates the degra-
dation of the 4H-SiC crystalline character. The peak-intensity map-
pings of the characterized peaks of amorphous SiO, (490 cm™")
and 4H-SiC (204 cm™) are then carried out to verify the crack-
healing mechanism of undoped 4H-SiC. As shown in Figs. 2(b)
and 2(c), the peak intensity of 490 cm™! inside the indent imprint
is much higher than that of the pristine surface, while the peak
intensity of 204 cm™" inside the indent imprint is much lower than
that of the pristine surface. This indicates that the padding of
amorphous SiO, is more involved in the crack healing of 4H-SiC
than the solid diffusion of 4H-SiC. We note that the Raman spectra
of the 4H-SiC surface after crack healing have two broadened peaks
located at 1330 and 1618 cm™", which are attributed to the graphiti-
zation of the surface due to silicon overflow during crack healing.”’

During crack healing, the padding of amorphous SiO, might
be affected by the residual stress induced by indention. We then
employ the micro-Raman peak mapping of the FTO mode, which
is associated with the residual stress of 4H-SiC, to characterize the
distribution of the residual stress of indented 4H-SiC before and
after crack healing. The positive and negative shifts of the peak of
the FTO mode indicate the compressive stress and tensile residual
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FIG. 2. (a) Micro-Raman spectra obtained at the center of indent imprints of
undoped 4H-SiC before and after crack healing at 1773 K. Micro-Raman inten-
sity mapping of the peaks locating at (b) 204 and (c) 490 em™" of the indent
imprints on the surface of undoped 4H-SiC. Peaking-position mapping of the
FTO mode of the cross-sectional indent imprint of 4H-SiC (d) before and (e)
after crack healing. The white arrows in (c) point to the direction of the residual
stress in undoped 4H-SiC after indentation.

stress, respectively.””™** For undoped 4H-SiC after indentation, the
FTO peak shifts to lower wavelength numbers at the subsurface of
the indent imprint, indicating that there exists tensile stress after
indentation [Fig. 2(d)]. The deeper region below the indent
imprint has compressive stress, evidenced by the higher wavelength
numbers of the FTO peak in this region [Fig. 2(d)]. After crack
healing, the compressive stress under the indent imprint is released,
as evidenced by the uniform distribution of the FTO peak position
[Fig. 2(e)]. This indicates that the release of residual stress is
accompanied by crack healing. The activation of the padding of
amorphous SiO, needs to overcome the energy barrier to make
one molecule transition from one particular state to another.”’
In the case of crack healing of 4H-SiC, the activation of viscous
flow mainly originates from the gravity of glass phase SiO,. The
peaking-positron Raman mapping suggested that the direction of
internal stress is opposite to the direction of the gravity compo-
nents, which hinders the viscous flow of glass phase Si0,.”"~**
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The effect of dopants on the crack healing of 4H-SiC is then
evaluated by investigating the change in the indentation depths of
differently doped 4H-SiC before and after thermal annealing. As
shown in Figs. 3(a) and 3(b), the indent imprints of undoped

(a) 1

Indented undoped 4H-SiC
Annealed undoped 4H-SiC

Depth (um)

40 50 60 70 80 90
Distance (pm)

Indented N-doped 4H-SiC
I Annealed N-doped 4H-SiC
0
E
S
£ .
H
-1 b=
-2 PN T RN R S

40 50 60 70 80 90
Distance (um)

~
(g)

~
-

Indented V-doped 4H-SiC
i Annealed V-doped 4H-SiC

Depth (um)

40 50 60 70 80 90
Distance (pm)

FIG. 3. The indentation depth taken along the diagonal direction before and
after crack healing at 1773 K of indent imprints of (a) undoped, (b) N-doped,
and (c) V-doped 4H-SiC.
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4H-SiC and N-doped 4H-SiC are completely healed after thermal
annealing at 1773 K for 1h. In contrast, the maximum residual
depth of the indent imprint of V-doped 4H-SiC decreases from
2.38 to 1.19 um after thermal annealing, indicating that the indent
imprint of V-doped 4H-SiC is not completely healed [Fig. 3(c)].
Meanwhile, we find that the maximum residual depth of the indent
imprints decreases in the order of V-doped, undoped, and
N-doped 4H-SiC, as a result of decreased hardness and
brittleness.'”

The recovery ratio (8) of the indented 4H-SiC is calculated

13

by

(b —h)

3 PR

1

where hy and h, are the maximum residual depths of the indent
imprint before and after thermal annealing, respectively. The calcu-
lated recovery ratios of undoped, N-doped, and V-doped 4H-SiC
are 1, 1, and 0.5, respectively.

The cross-sectional microstructure and elemental distribution
of the filled indent imprints of differently doped 4H-SiC are inves-
tigated by TEM and EDX to reveal the effect of dopants on the
crack healing mechanism of 4H-SiC. As shown in Fig. 4(a), the
indent imprint of undoped 4H-SiC has been completely healed
after thermal annealing. The distribution of the C element verifies
that the indent imprint and lateral cracks are formed after indenta-
tion.”* The distributions of Si and O are found in the filled cracks
and the indent imprint, while C almost disappears in the crack
filling of undoped 4H-SiC. This indicates that the padding of amor-
phous oxides is involved in the crack healing of undoped 4H-SiC.
For N-doped 4H-SiC, the EDX mappings of C, Si, and O elements
are found in the filled cracks and indent imprint [Fig. 4(b)]. This
suggests that both the padding of amorphous oxides and the solid
diffusion of 4H-SiC participate in the crack healing of N-doped
4H-SiC. The solid diffusion is considered to be hardly occurred in
undoped 4H-SiC due to the low diffusion coefficients and high
activation energies of both Si and C atoms.””~”' N dopants have
been found to be capable of assisting the long-range transport of Si
atoms in SiC.”” The activation energies of atomic diffusion in
undoped 4H-SiC and N-doped 4H-SiC are —7.41+0.05 and
—8.20 £ 0.08 eV/atom, respectively.”””” This explains why the
healing of N-doped 4H-SiC also originates from solid diffusion.
Since the elemental distribution of O is more obvious than that of
C, the effect of the padding of amorphous oxides prevails over the
effect of solid diffusion. We note that voids are found in the healed
cracks in N-doped 4H-SiC, indicating the incomplete healing
of cracks at the center of cracks due to the incomplete dense of
oxides. For V-doped 4H-SiC, the surface of the indent imprint is
covered by a SiO, layer, and the solid diffusion of host atoms is not
found in V-doped 4H-SiC [Fig. 4(c)]. This indicates that the
healing of cracks in V-doped 4H-SiC is achieved by the padding of
amorphous SiO,. V doping is found to decrease the fracture tough-
ness of 4H-SiC and accumulate high residual stress upon indenta-
tion,"””" which hinders the padding of amorphous SiO,, thus
resulting in the fact that the indent imprint is not completely
healed after thermal annealing.

L1:0€:Z) ¥20Z IMdY L1

J. Appl. Phys. 133, 145704 (2023); doi: 10.1063/5.0140922
Published under an exclusive license by AIP Publishing

133, 145704-4


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

Cc

-

indentation

C

N ——— -

indentation

———

ARTICLE

scitation.org/journalljap

FIG. 4. Cross-sectional TEM images and the corresponding EDX mapping micrographs of C, Si, and O elements of (a) undoped, (b) N-doped, and (c) V-doped 4H-SiC
after crack healing at 1773 K. The white arrow in the EDX mapping micrographs of C elements indicates the lateral cracks.

Since we reveal that the cracks in 4H-SiC can be healed by
thermal annealing, we then evaluate whether the mechanical prop-
erties of 4H-SiC can be recovered after thermal annealing. The
bending strengths of the differently doped indented 4H-SiC
samples as functions of the crack-healing temperature are shown in
Fig. 5(a). It is clear that the bending strength of differently doped
4H-SiC gradually increases with the increase in the crack-healing
temperature, indicating that the bending strength can be recovered
by the healing of cracks. However, when the annealing temperature
is higher than 1773 K, the bending strength decreases dramatically,
which is ascribed to the material loss through the formation of
volatile species (SiO and CO). More significantly, the bending
strength of undoped 4H-SiC and N-doped 4H-SiC recovers up to
572 and 584 MPa, respectively, which are consistent with the
bending strength of 4H-SiC at room temperature.”” This indicates
that the mechanical properties of undoped and N-doped 4H-SiC
can be completely recovered after crack healing. For V-doped
4H-SiC, the bending strength is partially recovered due to the
incomplete crack healing. We have also investigated the effect of
the crack length on the bending strength of 4H-SiC to determine
the critical crack size. As shown in Fig. S2 in the supplementary

material, the bending strength of crack-healed 4H-SiC dramatically
decreases when the crack length is higher than 450 um. Therefore,
the critical crack size for undoped 4H-SiC is 450 um. When the
crack size is higher than 450 um, the crack cannot be healed by
thermal annealing at 1773 K, 1 h.

The effect of dopants on the bending strength originates from
the different crack healing mechanisms in differently doped
4H-SiC. N doping is found to increase the bending strength of
4H-SiC with the assistance of the solid diffusion of 4H-SiC.
In contrast, V doping increases the residual stress of Vickers inden-
tation, which hinders the SiO, glass viscous flow and results in
the lower bending strength of V-doped 4H-SiC. Due to the high
integration of 4H-SiC devices, the operating temperature for
4H-SiC devices is usually high. The stable operating temperature of
4H-SiC devices reaches 800 K. Figure 5(b) shows the effect of the
bending-test temperature on the bending strength of the differently
doped 4H-SiC after thermal annealing at 1773 K for 1h. The
bending strength for undoped 4H-SiC keeps a high value
(~580 MPa) of up to 873 K. Over 873K, the bending strength
decreases suddenly and exhibited a low value of ~300 MPa as a
result of the softening of the glass phase SiO, at high
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FIG. 5. Dependence of the bending strength on the (a) crack-healing tempera-
ture and (b) testing temperature of differently doped 4H-SiC. The bending
strength is the average value of the bending strength for the five measured
values, with error bars connecting the maximum and the minimum values.

temperature.”’ In contrast, the bending strength for N-doped
4H-SiC holds a steady value of ~540 MPa. As mentioned earlier,
the solid diffusion of Si and C atoms played a partial role in the
crack healing of N-doped 4H-SiC. The re-sintering 4H-SiC can
maintain a relatively high strength under the high test temperature.
However, the bending strength for V-doped 4H-SiC remains at a
relatively low value of ~300 MPa after crack healing, resulting from
the incomplete crack healing of V-doped 4H-SiC.

IV. CONCLUSIONS

In conclusion, we have systematically investigated the crack-
healing mechanism and the effect of dopants on the crack-healing
mechanism of 4H-SiC. Vickers indentations and cracks of undoped

ARTICLE scitation.org/journalljap

4H-SiC are completely healed by thermal annealing at 1773 K
for 1h in the air atmosphere. The crack-healing mechanism of
undoped 4H-SiC has been confirmed to be the oxidation-induced
crack healing and solid diffusion, in which the former is achieved
by the viscous flow of the glass phase SiO, and the volume expan-
sion from SiC to SiO,. N doping is found to assist the solid diffu-
sion of 4H-SiC to fill cracks by promoting the self-diffusion of
4H-SiC, which result in the high bending strength of N-doped
4H-SiC at high temperature. In contrast, V doping hinders the
SiO, glass viscous flow due to the residual stress of Vickers inden-
tation and results in the incomplete crack healing of V-doped
4H-SiC. Our work indicates that the mechanical processing
induced cracks and microcracks can be healed by high-temperature
thermal annealing in the air atmosphere, which recovers the
mechanical properties of 4H-SiC wafers.

SUPPLEMENTARY MATERIAL

See the supplementary material for the SEM images of the
indent imprints after thermal annealing at different temperatures in
undoped 4H-SiC.
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