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Abstract: Silicon carbide (SiC) polycrystalline powder. As the raw material for SiC single-crystal
growth through the physical vapor transport (PVT) method, its surface size and shape have a
great influence on growth of crystal. The surface size and shape of the evaporation area filled
with polycrystalline powder were investigated by numerical simulation in this study. Firstly, the
temperature distribution and deposition rate distribution for the PVT system were calculated by
global numerical simulation, and the optimal ratio of polycrystalline powder surface diameter to seed
crystal diameter was determined to be 1.6. Secondly, the surface of the evaporation area filled with
polycrystalline powder was covered by a graphite ring and a graphite disc, respectively, to change its
surface shape. The results show that adjusting the surface size and shape of the evaporation area
filled with polycrystalline powder is an effective method to control the growth rate, growth stability,
and growth surface shape of the single crystal. Finally, the result obtained by selecting appropriate
covered structures for actual growth indicates that this process can act as a reference for improving
the quality of single crystals.

Keywords: numerical simulation; SiC; single crystal growth; heat transfer; fluid flow

1. Introduction

SiC single crystals are a kind of material with broad development prospects. In
recent years, SiC has evolved from a high-potential wide bandgap semiconductor to a
widely used material in important fields such as power electronics, 5G communications,
renewable energy, rail transit, electric vehicles, aerospace, and other fields [1]. Its excellent
physical properties, such as high temperature resistance, high voltage resistance, radiation
resistance, and high thermal conductivity, make SiC an indispensable substrate material
for energy-saving applications at the electronic device and system level [2]. Its low cost,
large size, and the fact that it is defect-free are the biggest challenges for growing SiC single
crystals [3]. At present, the PVT growth system has proven to be suitable for SiC crystal
growth [4]. The growth of SiC single crystals via the PVT method occurs when heated
in a medium-frequency induction furnace and grown in a closed graphite crucible. The
elements Si and C are sublimed from the SiC polycrystalline powder and transported to
the SiC seed crystal at the top of the crucible for deposition and growth. The temperature
during the whole growth process is over 2200 °C. Many different physical and chemical
reactions are involved in the deposition and growth processes, including the sublimation of
SiC polycrystalline powder, the reaction of meteorological components with the side wall of
the crucible, and the final reaction deposition of SiC single crystals at the seed crystal [5,6].

In practice, growing SiC single crystals with large diameters and few defects has been a
very difficult task; with the increase in SiC single-crystal size, various possible defects, such
as dislocations, stacking faults, point defects, etc., increase exponentially in likelihood [7,8].
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Many researchers and teams have conducted various studies on the sublimation process
of high-quality SiC single crystals grown using the PVT method. Gao et al. [9] found
that controlling the temperature field and moving the graphite crucible upwards during
the sublimation process of SiC powder can optimize the temperature gradient of the
growth interface, reduce defects, stabilize polytypes, and thus improve the quality of single
crystals. Miiller et al. [10] found that SiC powder exhibits significant non-uniformity in
temperature distribution and investigated the relationship between the growth rate of
SiC single crystals and the growth time, as well as the limitations of heat transfer inside
the crucible. Furthermore, numerous researchers have exerted themselves to enhance the
crucible structure’s performance in packaging SiC polycrystalline powder. Wang et al. [11]
optimized the single-crystal growth model of the SiC PVT method by studying SiC powders
with different particle sizes, and improved the gas phase sublimation rate by changing the
surface structure of SiC powder. Kitou et al. [12] fitted conduits in crucibles and found
this to be beneficial for obtaining high-quality crystals. Chen et al. [13] investigated the
relationship of the distance between SiC powder and the seed crystal, the angle between
the upper surface of SiC powder and the crucible wall, and the bending degree of the SiC
powder surface with the growth rate, and found that the curved SiC powder surface had a
positive effect on the single-crystal growth rate. Much work has been conducted by many
teams on the sublimation process of SiC polycrystalline powder and on the optimization
of the crucible structure. However, there is currently a lack of studies on design and
optimization for the surface size and shape of polycrystalline powder.

Numerical simulation has been widely used in the calculation and simulation of crystal
growth to simulate the temperature field, electromagnetic field, and flow field within the
growth system, where the output temperature gradient can calculate the mass transfer and
stress distribution, which can effectively provide strong support for the optimization of
the crystallization process [14]. In addition, existing detection methods face difficulties in
real-time observation of the growth inside graphite crucibles. Moreover, the growth cycle of
SiC single crystals is long, and the cost is high. Therefore, the growth of SiC single crystals
was simulated using an axisymmetric global numerical model [15,16]. Through simulation
experiments, the internal related physical field distribution was visualized. According to
the structure and mechanism of the SiC single-crystal promotion system grown using the
PVT method, the mathematical model of the physical field was established, the boundary
conditions were set, the grid was completed, and the multi-field coupling numerical
simulation system was constructed using finite element software. The effects of the surface
size and shape of polycrystalline powder on the growth of single crystals was explored
using the magnetic field, temperature field, and flow field coupling model. Therefore,
we investigated the effects of the surface size and shape of polycrystalline powder on
single-crystal growth. Firstly, the effects of ratio of polycrystalline powder diameter to seed
diameter on crystal growth were discussed, and the optimal ratio was determined. Then,
after adopting the optimal ratio, the surface of polycrystalline powder was covered by a
graphite ring and a graphite disc, respectively, to change its surface shape. The temperature
field and flow field distribution of the optimized growth system were calculated. The effect
of adding cover on the polycrystalline powder surface on the growth space was analyzed.
In the end, the optimal ratio of polycrystalline powder diameter to seed diameter was
obtained, and the ideal cover ratio of the surface of polycrystalline powder was studied. At
last, an ideal coverage structure was selected for actual single-crystal growth and detection.

2. Model and Numerical Methods

The SiC PVT growth reactor, illustrated in Figure 1, consists of various components,
including seed, polycrystalline powders, crucible, and induction coils, among others, with
a focus on 4-inch SiC single-crystal growth. In a closed graphite crucible, the elements Si
and C were sublimated from the SiC polycrystalline powder on the bottom and transported
to SiC single crystals at the top of the crucible for crystallization. The specific geometric
size of the main part of the growth sensor is shown in Table 1, and modeling was carried
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out according to the size. Due to the symmetrical distribution of the growth reactor and
its interior, the entire model can be simplified into a quarter geometric model, which can
greatly reduce the amount of calculations required for computer numerical simulation.
After introducing an intermediate-frequency, alternating current into the induction coil, the
constantly changing current generated a corresponding magnetic field in the growth space.
The magnetic field induced a current inside the graphite crucible, resulting in joule loss and
heat generation. The SiC polycrystalline powder began to undergo thermal decomposition
and sublimation at a temperature of more than 2200 °C, forming a temperature gradient
between the higher-temperature polycrystalline SiC powder and the lower-temperature top
region of the SiC seed crystal. Under the action of the temperature gradient, the relevant
gas-phase substances were transported upwards and reacted, and the mixed gas was
transported to the surface of SiC seed crystal for reaction to produce high-purity SiC, and
then attached and deposited to form SiC single crystals [17].
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Figure 1. Reactor for 4-inch PVT SiC single-crystal growth (mm).

Table 1. Geometric parameters of growth reactor model (mm).

Part Size
inner diameter of reactor 150
reactor height 400

insulation thickness 50

inner diameter of growth crucible 80
outer diameter of growth crucible 100
growth crucible height 200

SiC powder thickness 60

SiC seed crystal thickness 1

The following conditions were applied for electromagnetic induction: (1) The system
is axisymmetric, and is analyzed in a two-dimensional plane for simulation. (2) All media
within the reactor have different linear electrical characteristics in the same direction. which
are independent of temperature. The following boundary conditions were applied to heat
transfer: (1) Heating chamber is axisymmetric and simulated by a three-dimensional model
of a quarter cylinder. (2) The global simulated thermal field of the growth chamber is
calculated according to the radiation equation. In addition, in the thermal field analysis,
the temperature of the tube wall of the insulation layer was taken as room temperature
(23 °C), the surrounding environment was regarded as an absolute black body, and the
radiation coefficient of the insulation tube wall was 0.8. Based on the above assumptions,
the calculation equation for the coupling of electromagnetic induction and thermal analysis
was as follows [18-20]:
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where p;, is the magnetic permeability, ¢, is the dielectric constant, ¢ is the conductivity,
cc is the complex conjugate; z is the axial coordinate, r is the radial coordinate, and w is
the angular frequency. The boundary conditionis A = 0,7 = 0 and (r? + z%) — oo; Geddy 18
the volume density of the generated thermal power; Qy, is the heat transfer in the reaction
chamber; ¢ is the thermal radiation between the walls (ignoring heat transfer caused by
chemical reactions); and T, is the ambient temperature.

The following conditions were applied to mass transfer: (1) In numerical calculation,
the gas phase in the growth space is regarded as an ideal gas, and the diffusion of the
growth space can be simplified into a binary diffusion system, which mainly includes two
components: ideal gas and shielding gas argon. (2) Due to the growth kinetics, a growth
layer, also known as the adsorption layer, is formed on the surface of the seed crystal, and
a detachment layer or desorption layer formed by gas phase components is formed on the
surface of the SiC polycrystalline powder. When the pressure of the mixed gas at the seed
crystal surface is not less than the equilibrium partial pressure, it is more easily adsorbed.
In the desorption layer, when the pressure of the mixed gas is not high enough to balance
the partial pressure, it will escape and diffuse. (3) The material transfer in the reactor
has the most significant impact on the mass transfer rate of the components of the mixed
gas phase. Therefore, the impact of the adsorption layer and the desorption layer can be
ignored in the calculation process, and only the impact of the material transfer process on
the mass transfer density needs to be considered. Based on the above assumptions and
Fick’s law, the equation for calculating mass transfer is as follows [21]:

Dap (PA(powder) - PA(seed)>

Ja = RTpogL )

where | represents the flow rate of mass flow, P represents the equilibrium partial pressure,
L is the distance between the seed crystal and SiC polycrystalline powder, Ty represents
the average temperature in the growth reactor, P4 powdcr) represents the surface pressure of
SiC polycrystalline powder, Py q..q) represents the surface pressure of the seed crystal, Dap
is the diffusion coefficient of the component in the growth reactor, and R is the gas constant.

The following hypothetical conditions were applied to fluid flow: (1) The fluid in the
growth chamber is a single fluid. (2) The fluid in the growth chamber is incompressible.
(3) The buoyancy effect caused by the temperature gradient needs to be considered in the
calculation. Therefore, the equations can be expressed as [22,23]:

—vu+ (u-V)u+ VP = —p'a,Tg (8)

—Vu=0 )
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where u represents velocity, P is the pressure, v is the viscosity coefficient, p’ is the density
of the mixed gas, g is the gravity vector, ay is the isobaric expansion coefficient of an
ideal gas, AT is the temperature difference, L is the inner diameter of the crucible, and the
Grashof number (G;) is the ratio of the buoyant force to the viscous force.

3. Results
3.1. Effects of Ratio of Polycrystalline Powder Diameter to Seed Crystal Diameter

Figure 2 shows a cross-sectional diagram of the 4-inch PVT SiC growth crucible, with
a two-dimensional coordinate system established at the bottom center of the crucible as the
origin. In a closed crucible, the elements Si and C are sublimated from SiC polycrystalline
powder on the bottom, then transported to the SiC single crystal on top of the crucible
for deposition and growth. The ratio of the diameter of the evaporation area filled with
polycrystalline powder to the seed crystal diameter can be expressed as:

D= Dpowder /Dseed (11)

Dpowder is the diameter of the evaporation area filled with polycrystalline powder;
Dgeed is the seed crystal diameter. Based on the actual situation of crystal growth and the
experimentation with controlling variables, the method of adjusting the polycrystalline
powder diameter Dp,owder While keeping the seed crystal diameter Dgeeq unchanged was
adopted to change the size of D. In addition, the axial temperature gradient needed to
be defined as: Tpowder tO Tseeq; the radial temperature gradient was also defined as Tegge
to Teenter-

mm
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80

40
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Figure 2. Schematic diagram of the ratio of Dpowder t0 Dseeq in the cross-section of SiC growth
crucible.

For the temperature distribution, the axial temperature gradient along the central
axis and radial temperature gradient along the seed surface at different values of D are
given in Figure 3. As D increased, the axial temperature gradient gradually increased to
become stable. The reason for this is that the magnetic induction at the lower part of the
reactor was stronger than the magnetic induction at the top of the reactor, resulting in an
axial temperature gradient. The heat generated by the sidewall of reactor had a significant
influence on axial temperature gradient when D was small. While D increased, the axial
temperature gradient was less affected by side heating of the crucible and more affected by
heat production at the crucible bottom. When D > 1.5, the heat generated by the sidewall of
crucible had a low influence on the axial temperature gradient, and the axial temperature
gradient remained stable. The heat generated by the side wall of the reactor created a radial
temperature gradient. The radial temperature gradient along the seed surface increased
monotonically with the increase in D.
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Figure 3. Temperature gradient distribution at different values of D.

Therefore, the temperature field distribution of PVT system can be affected by the ratio
of polycrystalline powder diameter to seed crystal diameter. The temperature gradient
requirements can be satisfied by appropriate values of D, and high-quality SiC single
crystals can be obtained. At D < 1.5, low axial temperature gradients led to a lack of
power for mass transfer. In the case of D > 1.7, the axial temperature gradient was
stable, and the radial temperature gradient increased linearly. The thermal stress during
single-crystal growth increased with the increasing radial temperature gradient, and crystal
defects were easily generated. Therefore, D needs to be limited. According to the results
of temperature gradient distribution, D = Dpowder/Dseed = 1.5 ~ 1.7 is more suitable for
SiC single-crystal growth.

For the flow field distribution, the deposition rate along the surface of the seed crystal
is given in Figure 4. The crystal growth rate can be reflected by the deposition rate. As D
increased, the deposition rate decreased. At D < 1.5, the deposition rate of the seed crystal
center was lower than that of the edge, the growth surface shape was slightly concave,
and crystal defects were easily generated. In the case of D > 1.5, the deposition rate of
the seed crystal center was higher than that of the edge, and the growth surface shape
was slightly convex. Combined with changes in temperature gradient, D = 1.6 ~ 1.7 is
suitable for SiC single-crystal growth. Among these two options, considering the radial
temperature gradient and the micro convexity of the single-crystal growth surface, D = 1.6
is the best choice.

5-
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Figure 4. Deposition rate distribution at different values of D.

3.2. Effects of Cover of Polycrystalline Powder Surface

According to the above research results, the effects of the cover on single crystal
growth were studied at D = 1.6. Two cover methods were investigated. The central part of
the surface of the evaporation area filled with polycrystalline powder was covered by a
graphite disc. The edge part of the surface of the evaporation area filled with polycrystalline
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powder was covered by a graphite ring. The cover was symmetrically distributed, and the
cover ratios (R) were 1/5,2/5,3/5, and 4/5, as shown in Figure 5.

1207 1207
Disc | Cover Ring Cover
TR0 / 807
401 407
mm % mm
0 40 80 120 0 40 80 120
(@) (b)

Figure 5. (a) Graphite disc cover, (b) graphite ring cover.

The temperature field of the optimized growth space was analyzed. The temperature
gradient distributions at different cover ratios for the case of the graphite disc cover is
shown in Figure 6a. The temperature gradient distributions at different cover ratios for
the case of the graphite ring cover is shown in Figure 6b. With the graphite disc, as the
covered area increased, the axial temperature gradient increased slightly, while the radial
temperature gradient gradually decreased. The reason for this is that the heat induced by
the graphite disc gradually increased as the graphite disc area increased, thus increasing
the axial temperature gradient.

T T T 245

—=— Axial —e— Radial

18.8 T T T T
—=— Axial
—e— Radial

. 184}
12.40
134
18.0
e 13.2
f— 12.35 176
Radial

17.2+

Axial Temperature Gradient ('C/cm)

Radial Temperature Gradient (‘C/cm)
Radial Temperature Gradient (‘C/cm)

2.30

2/5 3/5 4/5 1/5 2/5 3/5 4/5
Cover Ratio Cover Ratio

(a) (b)

Figure 6. Temperature gradient distribution at different cover ratios: (a) graphite disc cover,
(b) graphite ring cover.

The temperature distribution in the growth space was analyzed in the case of the
graphite ring cover. As the covered area increased, the axial temperature gradient and
radial temperature gradient increased. This is because, as the graphite ring area increased,
the temperature of the polycrystalline powder near the crucible wall increased due to the
heat induced by the graphite ring, thus increasing the axial temperature gradient and radial
temperature gradient.

For the flow field distribution, the deposition rate distribution along the seed crystal in
the case of the graphite disc cover is shown in Figure 7a, and the deposition rate distribution
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in the case of the graphite ring cover is shown in Figure 7b. The cover ratios (R) were 1/5,
2/5,3/5,and 4/5.
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Figure 7. The deposition rate distribution at different cover ratios (R): (a) graphite disc cover,
(b) graphite ring cover.

For the graphite disc, the deposition rate decreased as the covered area increased, and
the deposition rate at the center decreased more significantly than that at the edge. At cover
ratio of less than 2/5, the center deposition rate was high, the edge deposition rate was low,
and the crystal surface was slightly convex, making it easy to obtain high-quality single
crystals. When the coverage rate was greater than 2/5, the edge deposition rate was higher,
while the center deposition rate was lower, and the shape of the crystal growth surface was
slightly concave. In combination with the temperature gradient variation of single-crystal
growth, the graphite disc cover ratio should be less than 2/5 to better control the shape
and quality of the crystal growth.

For the graphite ring, the deposition rate decreased with the increasing covered area.
The deposition rate decreased significantly as the cover ratio increased from 1/5 to 2/5. The
center deposition rate decreased from 1 x 1077 m/s to 0.4 x 10~7 m/s in the case of a cover
ratio of 4/5, and the mass transfer was significantly affected by the graphite ring cover.
Figure 7b shows that both the center and edge deposition rates gradually decreased as the
covered area increased, with the center deposition rate remaining consistently higher than
the edge deposition rate, while the edge deposition rate had a more pronounced decreasing
trend. The growth surface became convex in shape as the difference in deposition rate
between the center and the edge increased.

The axial gradient and radial temperature gradient can be changed using a graphite
disc or ring to cover the polycrystalline powder surface, thus influencing the process of
mass transfer and changing the crystal deposition rate distribution. The two covers, the
graphite disc and graphite ring, have different effects on the growth of crystals. As the
coverage increases, the difference in deposition rate between center and edge of the seed
crystal gradually decreases and increases, respectively.

Finally, according to the simulation results of the structure, temperature field, and
flow field of the coverage type combined with the actual situation, it was decided to use
a graphite ring with a cover ratio of R = 1/5 as the optimized component for the actual
growth of SiC single crystals. The final result was a SiC ingot with a diameter of 12 mm
and a height of 20 mm, and after processing, the diameter of the SiC wafer was 10 mm
and the thickness was 0.3 mm. The SiC ingot obtained via the PVT process, combined
with the aforementioned graphite ring covering the SiC polycrystalline powder with a
coverage rate of R = 1/5 for actual growth, is shown in Figure 8. As can be seen from the
figure of the growth ingot, the surface of the grown SiC ingot was relatively flat, without
significant fluctuation, and the edge growth of the ingot was also relatively complete, with
good overall quality. Then, the sample ingot of SiC was characterized using XRD, and
the characterization results of the sample detection are presented in Figure 9. It can be
concluded that the grown crystal was a (0004) 4H-SiC single crystal. Therefore, the addition
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of a graphite ring with an appropriate proportion results in higher quality and more optimal
growth of SiC single crystals, which can play a certain expected optimization role.

Figure 8. PVT SiC ingot obtained by adding R = 1/5 graphite ring for an optimized structure.

—— detecting sample
(OOON) 4H-SiC

Intensity (a.u.)

)

(0004) r

(0002)
(0006)
(0008)

T T T T T

20 30 40 50 60 70 80
26/degree

Figure 9. The XRD curves for the detecting sample and standard (000N) of 4H-SiC.

4. Conclusions

A global numerical model was used to calculate the temperature gradient and deposi-
tion rate distribution of an SiC single crystal grown using the PVT method. The ratio of the
evaporation area filled with polycrystalline powder diameter to the seed diameter and the
influence of evaporation area filled with polycrystalline powder surface shape on crystal
growth were investigated, and the appropriate shape and size for actual single-crystal
growth and characterization were selected.

The optimal cover ratio was researched, combining the temperature gradient and de-
position rate distribution. When the ratio of the evaporation area filled with polycrystalline
powder diameter to the seed diameter (D) was less than 1.5, the axial temperature gradient
was small, leading to a lack of mass transfer power. In addition, the edge deposition rate
on the surface of the seed crystal was higher than the center deposition rate; thus, the
surface shape was concave, which tends to generate stress and affect the quality of the
single crystal. At D > 1.7, the radial temperature gradient linearly increased, causing a
synchronous increase in thermal stress and increasing the possibility of crystal defects; the
surface shape was convex. The results indicate that when D = 1.6, the temperature gradient
and the slightly convex surface are more suitable for crystal growth.

The influence of two different covers and diverse cover ratios on the crystal growth was
researched at D = 1.6. When the cover ratio of the graphite disc was less than 2/5, the central
deposition rate was slightly higher than that of the edge. The growth surface was slightly
convex, indicating the superior quality of the single-crystal growth. The difference in the
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deposition rate between the center and edge of the graphite ring gradually increased as the
coverage rate increased, resulting in severe convexity on the growth surface. In summary,
the process of mass transfer can be influenced by cover, which alters the distribution of
the deposition rate, impacts the surface shape, and affects the uniformity of single-crystal
growth. Selecting an appropriate proportion of cover structures allows for more precise
growth control and establishes a certain reference value to enhance single-crystal quality.
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