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8-inch N-type 4H-SiC single crystals were grown on 4° off-axis seeds by the physical vapor transport (PVT)
method. The electrical properties of 8-inch 4H-SiC wafers were assessed by contactless resistivity mapping. The
resistivity of the whole wafer is inhomogeneous with an inhomogeneity of 4.8 %, much higher than that of
standard 6-inch wafers with a resistivity inhomogeneity of 1.2 %. This nonuniformity phenomenon is attributed
to facet formation caused by discontinuities in the thermal field as the crystal diameter increases. Due to the facet
effect, the nitrogen doping concentration in the facet region is higher than that in other regions. By optimizing

the thermal field through adjustment of the growth conditions, a nearly flat and slightly convex 8-inch SiC crystal
growth interface was obtained. The uniformity of the resistivity of 8-inch SiC wafers is significantly improved,
with an inhomogeneity of 1.6 %.

1. Introduction

Silicon carbide (SiC) crystals have exceptional physical and electrical
properties, including a wide band gap, a high critical breakdown electric
field, a high thermal conductivity, a high carrier saturation velocity, and
excellent chemical stability, and are therefore widely used under severe
conditions [1-4]. The demand for SiC devices in automotive applica-
tions is increasing due to the accelerated popularization of new energy
vehicles and the widespread use of 800 V high-voltage fast-charging
platforms [5]. Currently, 6-inch commercial SiC substrates dominate the
market [6,7]. However, the SiC substrate cost is still high, but increasing
the SiC crystal diameter and improving the crystal quality is an efficient
approach to reducing the device cost, making 8-inch SiC wafers a
promising mainstream choice for industrial production [5].

However, as the crystal diameter increases from 150 mm to 200 mm,
the difficulty of controlling multiple physical fields significantly multi-
plies, especially with respect to the thermal field, which plays a critical
role in the growth process of large SiC crystals. Due to the larger size of
the growth crucible, the thermal resistance increases from the outside to
the inside. Consequently, the temperature at the center of the crystal and
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the raw material decreases, while the radial temperature gradient in-
creases, resulting in irregular crystal shapes. Due to the relatively high
temperature at the edges of the raw materials, the decomposition rate is
higher than that at the center, leading to vigorous gas flow near the
crucible walls. Consequently, the growth rate at the outer edges of the
crystals is accelerated. During crystal growth, the formation of "M'"-
shaped crystals is influenced by the surrounding polycrystalline struc-
ture [8]. This, consequently, leads to an increase in microdefects,
including polytypes [9], cracks, micropipes, and dislocations [10,11],
during the growth of 8-inch SiC crystals.

Substrate resistivity uniformity is a critical issue for 4H-SiC sub-
strates used for power devices. Substrate resistivity inhomogeneity
causes a variation in the on-resistance of vertical SiC power devices
when 4H-SiC substrates with such inhomogeneity are used for device
fabrication. The inhomogeneity of the substrate resistivity caused by the
inhomogeneity of the nitrogen doping concentration could also lead to a
greater misfit between the substrate and the homoepitaxial layer grown
on it, resulting in the introduction of misfit dislocations in the epilayer.
So a conductive substrate that has a uniform radial distribution of re-
sistivity across its surface must be obtained to ensure the high
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performance of power devices. Notably, the resistivity of 8-inch
conductive SiC is affected by the temperature during the growth pro-
cess. At higher temperatures, the nitrogen doping is reduced, causing the
resistance of SiC to increase. The radial temperature gradient across the
crystal growth surface causes lower nitrogen doping and higher re-
sistivity at the edges of the crystal than at the center [12]. As the
diameter of the crystal increases, the temperature gradient in the radial
direction increases. This makes the problem of uneven nitrogen doping
and resistivity even more apparent. Consequently, the achievement of
uniform resistivity in 8-inch N-type SiCis a significant challenge that
needs to be addressed.

To successfully overcome the challenges of growing 8-inch N-type
SiC crystals, the physical environment, especially the thermal field, must
be precisely controlled. Furthermore, the crystal growth crucible must
be carefully designed and optimized and the appropriate growth process
parameters established to obtain high-quality crystals. PVT is a semi-
closed black-box growth technique that prohibits direct observation of
process parameters under high temperature conditions from an experi-
mental perspective. Numerical simulation can rapidly provide depend-
able results and significantly decrease the cost of experimentation [8,
13-15]. Such efforts will enhance the quality and usability of these
crystals, making the application of SiC devices in various sectors, espe-
cially the development of electric vehicles, easier.

This study focuses on the problem of resistivity nonuniformity in 8-
inch N-type SiC crystals and discusses the origin and formation
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mechanisms of two facets. With the help of VR-PVT software simulation,
we optimize the thermal field by modifying the mounting conditions.
This leads to an improvement in the crystal surface morphology,
resulting in a nearly flat microconvex crystal, which enhances the re-
sistivity uniformity. Subsequently, the crystal is cut, ground, and pol-
ished to obtain SiC wafers with improved resistivity uniformity. These
findings are anticipated to boost the implementation of SiC devices in
various fields, including new energy vehicles.

2. Experiment

The growth of 8-inch N-type 4H-SiC single crystals was carried out
by the sublimation method within a temperature range of
2000-2400 °C. The growth process was performed on a 4° off-axis
4H-SiC seed in a graphite crucible, and the growth direction was
approximately parallel to the c-axis. Induction coils were used to heat
the crucible, with SiC powder placed at the bottom of the crucible as the
source material. The growth pressure was maintained at 1-5 mbar, and
argon gas was used as the carrier gas. Temperature measurements were
performed at the top lid via color pyrometry. During the growth process,
nitrogen was introduced as a donor dopant by flowing N, gas. After
short-term growth for 50 h, the macroscopic surface morphology of the
4H-SiC crystal was observed using an optical microscope. In addition,
the 4H-SiC single crystal was processed into standard 8-inch SiC sub-
strates. The resistivity of the wafers was tested using contactless
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Fig. 1. Image of a polished wafer and its resistivity before optimization:(a) Image of a polished standard 6-inch N-type SiC wafer; (b) resistivity of a polished standard
6-inch N-type SiC wafer; (c) image of a polished 8-inch N-type SiC wafer before optimization; (d) resistivity of a polished standard 8-inch N-type SiC wafer before

optimization.
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resistivity measurements. The wafers were subjected to contactless re-
sistivity measurement. Raman scattering spectra of n-type 4H-SiC sub-
strates were obtained in a backscattering configuration by using a
Horiba Jobin Yvon HR 800 system at room temperature. An excitation
source of a 532 nm laser (40 mW) was used as the excitation source. A
resolution of 0.1 ecm ™! was used for the Raman spectroscopy.

3. Results and discussion

6-and 8-inch crystals were grown in a mixed gas with the same
proportion of doped nitrogen gas. Fig. 1(a) displays a standard 6-inch N-
type SiC wafer with a dark surface area at the edge. Fig. 1(b) illustrates a
high degree of resistivity uniformity across the wafer. The minimum
resistivity value recorded is 0.0209 Q-cm, the maximum value is 0.0225
Q-cm, and the average resistivity is 0.2199 Q-cm, meeting the industry
requirements of 0.015-0.025Q-cm. At the same time, the resistivity in-
homogeneity of the 6-inch N-type SiC wafer is only 1.21 %, showing
good distribution uniformity. The uniformity of the resistivity of the 8-
inch crystal has significantly decreased, although it grew in a mixed gas
with the same nitrogen doping ratio as the 6-inch crystal. Fig. 1(c)
presents two dark-side regions on an 8-inch N-type SiC wafer. Further-
more, Fig. 1(d) demonstrates the low resistivity of the two dark-side
areas. As the SiC wafer grows in size, it becomes color-
inhomogeneous, indicating a worse resistivity inhomogeneity. Thiele’s
theory [16,17] suggests that selective interfacial adsorption causes the
formation of specific facets in crystals at a macroscopic scale. The
adsorption effect decreases the surface free energy of the crystals,
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resulting in an increased nitrogen concentration and a darker color in
certain small surface regions relative to other regions. The small dark
surface regions have higher nitrogen doping concentrations that lead to
reduced resistivity. This produces poor resistivity uniformity across the
wafer. The 8-inch N-type SiC wafer resistivity ranges from 0.01740 to
0.02289 Q-cm along the radial direction, and the average resistivity of
8-inch wafers is 0.2088Q-cm, about 5 % lower than 6-inch wafers,
meeting the industry requirements of 0.015-0.025Q-cm as well. Mean-
while, the resistivity inhomogeneity of the 8-inch N-type SiC wafer is
4.82 %, as displayed in Fig. 1(d). Raman spectroscopy was used to
evaluate different regions of Fig. 1(c). Fig. 2 shows that regions B and D
have a relatively high concentration of nitrogen. In these areas, the
LOPC mode shifts to higher wavelengths, the peak intensity decreases,
and the full-width at half-maximum (FWHM) gradually widens. This
occurrence is consistent with prior research [18]. The phenomenon is
caused by the coupling of the longitudinal optical phonon FLO mode
with the plasma constituent, which results in the formation of the LOPC
mode. The frequency of both the high-frequency branch (L+) and the
low-frequency branch (L-) changes as the carrier concentration varies
after coupling. This feature is a useful tool for calculating the carrier
concentration. Due to overdamping, only (L+) modes are observed for
SiC. S. Nakashima et al. [19] demonstrated a linear relationship between
the doping concentration in 4H-SiC and the frequency shift of the LOPC
mode:
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Fig. 2. (a) Raman spectra of different regions of the wafer before optimization; (b)Variation of Raman shift of the LOPC mode with position; (c¢) Variation of Raman
intensity of the LOPC mode with position; (d) Variation of Raman FWHM of the LOPC mode with position.
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Fig. 3. (a) There are two facets on the crystal surface; (b) there are circular steps in the facet area; (c) the step flows of the two small faces collide; (c) the facet

exhibits concentric circles.

Where n is the doping concentration in 4H-SiC, € and &, represent the
dielectric constants at static and high frequencies, respectively. More-
over, m* is the 4H-SiC effective mass, and Ao is the frequency shift of the
LOPC mode concerning the frequency of the undoped sample wo.

In the case of 4H-SiC, the effective mass m* = 0.29m, resulting in a
linear relationship between Aw and as [19]:

n=123x 10" Aw 2

Therefore, in high resistivity and high nitrogen doped regions, the
LOPC mode shifts to higher wavelengths. The thermal field in crystal
growth affects the amount of nitrogen doping and the resistivity of the
crystal. To study the phenomenon of uneven resistivity of 8-inch wafers,
the thermal field situation of the 8-inch SiC crystal is discussed.

To study the thermal field situation of the 8-inch SiC crystal, short-
term growth of crystals was performed for 50 h. As shown in Fig. 3(a),
optical microscopy revealed that the crystals grown before optimization
of the thermal field had two distinct facet regions. In region (b), a cir-
cular spiral step flow is observed on the (000 1) surface, whereas in
region (d), a concentric circular step flow is observed on the (000 1)
surface. These two step flows intersect in region (c). In region (b), the
formation of spiral steps is caused by the growth mechanism of screw
dislocations on the crystal surface. Due to the exposed screw dislocation
heads on the crystal surface, these spiral steps do not disappear during
the growth process. In fact, the spiral steps converge and split under the
influence of impurity adsorption, defect blocking and other factors,
resulting in step bunching at the edges of the small-face region. These
phenomena break the original sixfold symmetry of the crystal, resulting
in a circular shape. The hillock-shaped small face shown in region (d) is
composed of concentric circular steps. This occurs because the distance
between a pair of left and right screw dislocations exceeds the critical
nucleus diameter, which triggers the development of a closed step flow
(see Fig. 3).

When 4H-SiC is grown on a 4° off-axis seed, the symmetry axis of the
thermal field forms a 4° angle with <000 1 >. When the orientation of
the local growth interface significantly deviates from the singular plane
(000 1), the step density at the interface is high, and the step width is less

than the diffusion length of the surface adsorbed atoms. In this case, the
diffusion of surface atoms does not affect the growth rate, leading to step
flow growth. When the orientation of the locally grown interface is very
close to the singular plane (000 1), the step density is low, and the step
width is much larger than the diffusion length of the surface adsorbed
atoms. In this case, the diffusive motion of the surface-adsorbed Si and C
atoms becomes the main limiting factor for the growth rate in this re-
gion, leading to a slowdown in the growth rate and the formation of a
facet. There are dislocation outcrop points in the facet, and under certain
supersaturation, the conditions required for spiral dislocation growth
are satisfied. The growth mode is spiral dislocation growth mode, that is,
the dislocation outcrop points on the interface form spiral steps to
promote growth, as shown in Fig. 4.

The assembly structure is shown in Fig. 5(a). The thermal field of the
8-inch SiC crystal under the above mounting conditions was simulated
using VR-PVT software, and the simulation result of the temperature
field distribution in the growth cell is shown in Fig. 5(b), and the tem-
perature field of the 8 inch SiC crystal is shown in Fig. 5(c). The tem-
perature field distribution of this growth cell is uneven, and the
temperature field is not continuous in the crystal growth surface area,
resulting in an uneven and undulating crystal surface shape, forming
two convex surface small areas on the crystal.

The two facet regions on the SiC crystal surface are closely related to
the shape of the 8-inch SiC crystal growth front. Typically, the shape of

facet,
spiral growth

remainder part,
step flow growth

Fig. 4. Schematic diagram of growth mechanism of SiC single crystal using 4°
off-axis 4H-SiC {000 1} face seed.
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Fig. 5. (a) Assembly structure before the optimization; (b)the temperature field distribution in the growth cell before optimization; (c) the temperature field of the 8

inch SiC crystal before optimization.

the SiC crystal growth front is believed to be determined by the thermal
field, following isothermal lines [12,17]. With the increase in seed
diameter to 8 inch, the continuity of the thermal field decreases, and the
equilibrium isothermal line Tg is shown in Fig. 6. The crystal surface
with an orientation of approximately <000 1> is exposed to the vapor.
At this point, the step density on the surface is low, and the adsorption of
Si and C atoms on the surface limits the crystal growth rate, resulting in a
slow growth rate in this region. Through this process, two small facet
regions with a <000 T > orientation are formed. Dislocation outcrops
exist in the two facet regions and under certain supersaturations the
conditions required for spiral dislocation growth exist. The growth mode
is spiral dislocation growth mode. This means that the dislocation out-
crops at the interface form spiral steps to promote growth.

Before optimization, the temperature field of the 8-inch crystal
growth rises and falls, and the surface of the growing crystal fluctuates.
To correct this phenomenon, we used VR-PVT software to optimize the
thermal field under the above assembly conditions. The mountain-
shaped shelter structure was placed on the crucible lid as shown in
Fig. 7(a). This shelter structure can effectively regulate the temperature
field and the gas flow near the crucible wall. The temperature field
simulation of the optimized assembly showed that the temperature field
distribution within the growth cell is more uniform in the shelter

A=

Te

AXi’S 2000 1>

Fig. 6. Schematic diagram of facets forming at the crystal interface.

structure as shown in Fig. 7(b). The temperature field distribution of the
crystal is relatively flat, and the 8-inch crystal shape is almost flat and
slightly convex as shown in Fig. 7(c).

With the help of the simulation results of the thermal field obtained
by VR-PVT software, the assembly structure was optimized, and an 8-
inch SiC single crystal with an almost flat microconvex surface and
only a small facet was successfully grown. Notably, the almost flat
microconvex surface reduces the step height of the nonsurface regions,
thereby reducing the incorporation of impurities into these regions,
leading to an increase in the carrier concentration and improving the
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Fig. 7. (a) Assembly structure after the optimization; (b) the temperature field distribution in the growth cell after optimization; (c) the temperature field of the 8
inch SiC crystal after optimization.

VA e

Fig. 8. Image of a polished wafer and its resistivity after optimization (a) image of a polished 8-inch N-type SiC wafer after optimization; (b) resistivity of a polished
standard 8-inch N-type SiC wafer after optimization.
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resistivity uniformity of the crystal [18]. After being cut, ground, and
polished, the crystals were transformed into 8-inch SiC wafers and tested
for resistivity. The test results indicate that the wafers have a small facet
at the edge, as shown in Fig. 8(a), and the color is uniform throughout.
The resistivity uniformity within the wafer, as shown in Fig. 8(b), is
good, with a maximum resistivity of 0.02187 Q-cm and a minimum
resistivity of 0.02069 Q-cm recorded. The change in resistivity is only
1.61 %, indicating a more uniform distribution and meeting the industry
requirement of 0.015-0.025 Q-cm. These results indicate that the re-
sistivity does not vary significantly in different regions of the crystal,
showing good overall resistivity uniformity.

4. Conclusion

In this study, as the crystal size increased, the uniformity of the
thermal field sharply decreased, resulting in two facet regions on the 8-
inch crystal surface and an increase in the non-uniformity of the 8-inch
chip resistivity. This study also confirmed through Raman testing that as
the resistivity increases, the peak position of the LOPC mode shifts to
higher wavelengths, the peak intensity decreases and the FWHM widens.
Temperature-field optimization simulation of eight-inch silicon carbide
crystal using VR-PVT software, and a special shelter structure obtained
the thermal field with small radial temperature gradient and good dis-
tribution uniformity. Based on this temperature field, a nearly flat
microconvex 8-inch silicon carbide crystal was obtained. After pro-
cessing the crystal into an 8-inch SiC wafer, the resistivity uniformity
increased significantly, and the resistivity inhomogeneity was only 1.61
%. This provides a simple and feasible way to improve the resistivity
uniformity of the 8-inch SiC single crystals grown by the PVT method.
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