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a b s t r a c t

The physical vapor transport (PVT) method is used to grow silicon carbide (SiC) crystals, which are

difficult to be grown by other methods. In this paper, a field-coordination theory is involved to optimize

the SiC PVT growth process. By using a finite volume-based computational method, we calculate the

flow field as well as species concentration field before and after improvement of the thermal design,

respectively. The shape of the SiC crystal grown using the improved thermal design is also shown.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

The main method of growing SiC bulk is the PVT method at
temperatures above 2000 1C, which involves many important
physical phenomena, such as electromagnetic induction, mass
and heat transfer, chemical reactions and so on. Simulation of PVT
growth process is a useful tool for optimizing the thermal design
and improving the crystal growth procedure. Researchers have
done significant works on modeling and simulation of SiC crystal
PVT growth. Hofmann et al. [1,2] calculated the temperature
distribution and used the simulation technique to investigate the
heat and mass transfer in the SiC single crystal growth process for
the first time. Lilov [3] indicated the main components of the
evaporation of SiC are Si, SiC2 and Si2C. The effect of the other
components of evaporation in the vapor is insignificant. Muller
et al. [4,5] simulated the temperature distribution in the growth
system, it is shown that the temperature in the powder is highly
non-uniform and the radial variations of 30–50 K were observed
along the powder surface. Chen et al. [6–10] developed a 2-D
coupled flow-kinetics model for the PVT growth of SiC crystal. The
model couples calculations of the 2-D gas flow and the growth
kinetics at the crystal interface. The species equation is used to
simulate species transfer taking into account convection and
diffusion and the growth rate is supposed to be determined by
system temperature, temperature gradient and inert gas pressure.

Although a lot of work has been done on modeling of growth
processes, there is still no theories on how to optimize the growth
processes. In this paper, a field-coordination theory is involved to
optimize the SiC PVT growth system. The flow field and species
concentration field as well as growth rate profile are calculated
after the thermal design is improved.
ll rights reserved.
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2. PVT growth method of SiC

The schematic of a typical PVT SiC growth system is shown in
Fig. 1. The graphite crucible is filled with SiC powder charge at the
bottom, and a SiC seed is placed at the top of the crucible. The SiC
powder charge is heated by the RF induction heating, then the
powder sublimates and transport to the SiC seed and crystallizes
at the seed surface. At the seed surface, it can be divided into two
zone, the crystal zone and non-crystal zone. At the non-crystal
zone, the mass transfer of SiC species should be restrained in
order to limit the growth of polycrystalline SiC.

The coupled flow-kinetic model composed of calculations of
the multi-phase flow, mass transfer and the growth kinetics. We
assume that the fluid in the crucible is Newtonian and incom-
pressible, and the buoyancy effect is negligible. The Navier–Stokes
equations are used to describe the flow in the graphite crucible

rUðrvÞ ¼ 0, ð1Þ
Fig. 1. Schematic of the SiC growth chamber.
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Fig. 2. Temperature field in the SiC growth chamber.

Fig. 3. (a) Flow and (b) concentration fields before improvement of the design at a

pressure of 3 kPa.
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where A, B denote the reaction gas and inert gas (Ar), respectively.
DAB is a binary diffusion coefficient, it is approximately given by
DAB ¼D0ðT=T0Þ

n
ðp0=pÞ.

The boundary conditions are described as the Hertz–Knudsen
equation at the seed

ucA�DAB
@cA

@z

� �
9z ¼ L ¼ wAðpAðLÞ�pn

AðLÞÞ, ucB�DBA
@cB

@z

� �
9z ¼ L ¼ 0:

At the SiC charge

pA9z ¼ 0 ¼ pn

AðTmaxÞ, ucB�DBA
@cB

@z

� �
9z ¼ 0 ¼ 0:
Fig. 4. (a) Flow and (b) concentration fields after improvement of the design at a

pressure of 3 kPa.
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At the graphite insert above the powder charge

u¼ v¼ 0,
@cA

@z
¼ 0:

At the axis and the wall of the crucible, the boundary condi-
tions are:

@u

@r
9r ¼ 0 ¼ 0,

@cA

@r
9r ¼ 0 ¼ 0,

@p

@r
9r ¼ 0 ¼ 0,

u9r ¼ R ¼ v9r ¼ R ¼ 0,
@cA

@r
9r ¼ R ¼ 0,

@2p

@r2
9r ¼ R ¼ 0:
3. Numerical simulation and optimization

The field-coordination theory proposed by Guo et al. [11,12]
indicates that decreasing the angle between the velocity and
temperature gradient vectors is a significant way to enhance the
heat transfer. On the contrary, increasing the angle between the
velocity and temperature gradient vectors could weaken the heat
transfer. This theory could also be used for the mass transfer. We
could decrease the angle between the velocity and concentration
gradient vectors to enhance the mass transfer and increase the
angle between the velocity and concentration gradient vectors to
Fig. 5. (a) Flow and (b) concentration fields before improvement of the design at a

pressure of 8 kPa.
weaken the mass transfer. In this paper, the improvement is
achieved by inserting a graphite insulation above the power
source. The effect of the graphite insert on the shape of the SiC
crystal growth face will be discussed.

We set up an axi-symmetric model for the PVT growth system,
and calculate the temperature field in the crucible. The current in
the coil is set as 1100 A and the induction frequency is set as
10 kHz. The temperature difference between the edge region and
central axis as well as the temperature difference between SiC
powder surface and seed surface can be observed in Fig. 2. We
assume that the thermal field does not change after inserting the
graphite insulation above the powder charge.

We calculate the flow field and species concentration field
when the system pressure is set as 3 kPa. The flow and concen-
tration field before improvement of the thermal design are
presented in Fig. 3a and b. There is a boundary layer of velocity
along the inner surface of the crucible. The directions of the
velocity vector and concentration gradient vector are almost the
same, the SiC crystal growth would be enhanced at the non-
crystal zone. The flow and concentration fields after improvement
Fig. 6. (a) Flow and (b) concentration fields after improvement of the design at a

pressure of 8 kPa.



Fig. 7. Profiles of the SiC growth rate before and after improvement of the design

at a total pressure of 3 kPa, dash line—before improvement, solid line—after

improvement.

Fig. 8. The shape of the grown crystal interface after improvement of the thermal

design.
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are presented in Fig. 4a and b. At the non-crystal zone, the angle
between the velocity vector and concentration gradient vector
increases slightly, so the growth of polycrystalline would be
restrained.

Furthermore, we calculate the flow and species concentration
fields (Fig. 5a and b) at induction frequency of 10 kHz, current of
1100 A and pressure of 8 kPa. The species concentration and flow
field are significantly influenced by the total system pressure. The
flow and concentration fields after improvement of the thermal
design are presented in Fig. 6a and b.

Fig. 7 shows profiles of the growth rate on the SiC crystal
surface before and after improvement of the thermal design. By
inserting a graphite insulation above the powder charge, the flow
velocity is enhanced at the axis while restrained at the edge of the
crystal. The growth rate decreases slightly due to blocking of the
vapor by the graphite insulation above the powder source.
However, the shape of the growth rate profile improves after
inserting the graphite insulation. An appropriate temperature
difference between the edge and the center of the crystal causes
a convex crystal surface. The crystal surface changes to a concave
shape when the temperature difference is negative. An appro-
priate growth rate of SiC crystal could be obtained by controlling
the total system pressure.

Fig. 8 shows the shape of the grown crystal interface after
improvement of the thermal design. The shape of the crystal
interface is improved, thus the yield of the crystal growth can be
improved and the cost of growing high-quality SiC crystals can be
reduced.
4. Conclusion

A field-coordination theory is involved to optimize the SiC PVT
growth system. We calculate the flow field as well as species
concentration field before and after improvement of the thermal
design. By inserting the graphite insulation above the powder
source, the mass transfer can be improved in the crystal zone. We
also performed growth experiments to verify the field-
coordination theory. The yield of crystal can be increased by
improving the shape of the crystal growth interface. The effect of
the graphite insert inside the crucible on the heat transfer will be
studied in the future.
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