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Abstract

The physical vapor transport (PVT) method is being widely used to grow large-size single SiC crystals. The growth process is

associated with heat and mass transport in the growth chamber, chemical reactions among multiple species as well as phase change at the

crystal/gas interface. The current paper aims at studying and verifying the transport mechanism and growth kinetics model by

demonstrating the flow field and species concentration distribution in the growth system.

We have developed a coupled model, which takes into account the mass transport and growth kinetics. Numerical simulation is carried

out by employing an in-house developed software based on finite volume method. The results calculated are in good agreement with the

experimental observation.

r 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Wide-bandgap silicon carbide (SiC) is a promising
semiconductor material for electronic and opto-electronic
devices involving high power, high temperature, high
frequency and intense radiation. SiC based device technol-
ogy as well as the volume production of nitride based high
brightness blue and green LEDs fabricated on SiC
substrates have made tremendous progress within the last
several years [1].

Large size bulk SiC crystals are commonly grown by the
physical vapor transport (PVT) method [2–8]. The bulk
growth process is associated with many important physical
phenomena, such as electromagnetic field, radio frequency
(RF) induction heating, conduction and radiation heat
transfer, sublimation and condensation, mass transfer and
so on. The species transport process involves sublimation
of a heated SiC powder charge in the bottom region of a
graphite crucible, transport of sublimated vapor through
e front matter r 2006 Elsevier B.V. All rights reserved.
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an inert gas environment, and condensation on a cold pre-
oriented seed mounted at the bottom of the lid of the
crucible.
Process modeling in various degrees of complexity has

been performed by many investigators to achieve better
understanding of the transport mechanism. Bloem and
Giling [9] formulated some simple growth kinetics for the
semiconductor CVD processes. Kaneko [10,11] compiled
several growth models for various kinds of PVD and CVD
processes, considering the impinging molecular flux of a
rate-determining species in equilibrium, and used a sticking
coefficient to relate the growth rate with equilibrium vapor
pressure of the species. Balkas et al. [14] pointed out that
the growth rate is not only related to the growth
temperature but also to the temperature gradient. Chen
and co-workers [12,13] proposed a kinetics model for SiC
vapor growth, assuming that the species transport rate near
the seed is proportional to the supersaturation of SiC2

and Si vapor, and obtained the growth rate profile across
the seed surface from the temperature distribution in a
300 growth system. In the present paper, we solved the
incompressible Navier–Stokes equations and species
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equation coupled with the growth kinetics model to obtain
the flow field and species concentration distribution in the
growth system.
2. Physical and mathematical model

The SiC PVT growth system consists of an RF induction
coil, a graphite susceptor and insulation as shown in Fig. 1.
A sintered SiC powder charge is placed inside the
cylindrical graphite crucible. A seed crystal is attached to
the bottom of the lid of the crucible. The crucible is heated
to approximately 2100–2800K in an argon environment by
RF heating leading to dissolving and sublimation of the
charge.

The SiC vapor species are transported from the charge to
the seed by the advection (also called Stefan flow) due to
volumetric sublimation of SiC charge and the Fickian
diffusion driven by concentration gradient. An axi-
symmetric coordinate system is introduced where the axial
coordinate x is set as 0 (zero) at the charge and as L at the
seed (Fig. 1). Navier–Stokes equations are employed here
to simulate the flow of the gas mixture and a species
equation is used to describe the species transport. The
governing equations for flow and species transport of the
gas mixture can be written as

r � ðr̄vÞ ¼ 0, (1)

qr̄u

qt
þ r � ðr̄uvÞ ¼ �

qp

qx
þ mr2uþ r̄aðT � TbotÞg, (2)

qr̄v

qt
þ r � ðr̄vvÞ ¼ �

qp

qr
þ mr2v� m

v

r2
, (3)
Fig. 1. Growth system (lef
qcA

qt
þ r � ðcAvÞ ¼ DABr

2cA, (4)

where r̄ is the density of the gas mixture, v ¼ (u, v) is
velocity vector, u is axial velocity component, v is radial
velocity component, c is the molar concentration, m is the
dynamic viscosity, a is thermal expansion coefficient, T is
local temperature, Tbot is the reference temperature at the
bottom of the crucible, g is gravitational acceleration, and
subscripts A and B denote rate-determining species and
inert gas, respectively, DAB is binary diffusion coefficient.
A growth kinetics model has been developed by Chen et

al. [12] which assumes that the species transport rate near
the seed is proportional to supersaturation of the rate-
determining species, A, such that,

JA ¼ wAðpAðLÞ � p�AðLÞÞ, (5)

where JA is the molar flux of the vapor species A, the
superscript * denotes equilibrium state, pA and pA* is the
vapor pressure and equilibrium vapor pressure of the
transport species, respectively, wA ¼ ð1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pMSiCRT
p

Þ, R is
the gas constant, MSiC and is the molecular weight of SiC.
Boundary conditions at the seed and charge surface for

the governing equations take the form

JA ¼ ucA �DAB
qcA

qx

� �
jx¼L, (6)

JB ¼ ucB �DBA
qcB

qx

� �
jx¼L ¼ 0, (7)

pAjx¼0 ¼ p�AðTmaxÞ, (8)

JB ¼ ucB �DBA
qcB

qx

� �
jx¼0 ¼ 0. (9)
t) and crucible (right).
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The above flux boundary conditions couple the species
transport equation and the growth kinetics at the seed.

3. Results and discussion

Computations on species distribution and flow field are
performed by a finite-volume-based code. Temperature
field inside the growth system as shown in Fig. 2a was
obtained using the procedures as in Ref. [13]. Current in
the induction coil is chosen as 1400A and the induction
frequency is chosen as 8 kHz in this case. The maximum
Fig. 2. (a) Temperature field in the crucible an

Fig. 3. (a) Equilibrium pressure and actual vapor pressure of SiC
temperature in the charge is 2792K appearing in the region
near the crucible wall at the bottom of the charge.
Temperature at the charge is 2695K on average and is
higher than that of the seed, say, 2665K on average. The
temperature difference between the charge and seed forms
a temperature gradient, which is critical for the transport of
SiC species and the enlargement of the bulk crystal. By
solving the governing Eqs. (1)–(4) combined with the
corresponding boundary conditions, the flow field in the
crucible can be obtained based on the calculated tempera-
ture field as is shown in Fig. 2b. Total pressure in the
d (b) flow field between charge and seed.

vapor species and (b) supersaturation of SiC vapor species.
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growth system is controlled at 8 kPa. The magnitude of the
velocity is of the order of 0.1m/s. At the charge surface,
velocity is larger near the wall than that in the center.

The species equation is solved to obtain the concentra-
tion distribution on the seed surface as shown in Fig. 3a.
Distributions of equilibrium pressure and actual vapor
pressure of the SiC vapor species are shown in Fig. 3a. It
can be seen that both of the pressures increase from the
center to the edge of the seed. The magnitude varies from
338 to 366 Pa. Realistic pressure is a little higher than the
equilibrium pressure so as to maintain a supersaturation at
the seed. Fig. 3b shows the distribution of supersaturation
along the seed. Though the difference is only several Pa, it
is critical for the transport of the SiC vapor species to the
seed. It is shown that the value is larger at the center than
that at the edge. Since the growth rate is proportional to
the supersaturation of SiC vapor species, the growth rate is
larger at the center than near the wall leading to the convex
shape of bulk crystal. This has been verified by experi-
mental observations that the as-grown SiC single crystal
surface is convex in shape.

4. Conclusions

Numerical simulation has proved to be an accurate and
efficient method to obtain a better understanding of the
transport mechanisms in the growth process. The Navier–-
Stokes equations and species equation were used to obtain
the flow field and species distribution. Mass transport and
growth kinetics are coupled by imposing flux boundary
conditions. By setting up an axi-symmetric model for the
flow and species transport of the gas mixture, the flow field
and concentration distribution are studied. Numerical
results are in good agreement with the experimental
observations. The present model is able to capture the
characteristics of the mass transport and growth kinetics in
the SiC growth process by the PVT method, thus indicating
that we can optimize the growth process by the modeling
and simulation approach.
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