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Abstract

A 2-D flow-kinetics model for the PVT growth has been used to describe the phenomena of multi-phase flow, mass transfer and

kinetics in the growth process of SiC crystals. The model couples the 2-D gas flow calculations and the growth kinetics at the crystal

interface. We calculated the axisymmetric flow field and species concentration field as well as growth rate profile by a finite volume-based

code. Species transfer in the cavity is dominated by the diffusion at growth pressures of 8–14 kPa. Supersaturation at the crystal interface

is less than 1 Pa at growth pressures of 8–14 kPa.

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

Wide-bandgap materials such as silicon carbide, alumi-
num nitride are needed for electronic and optoelectronic
applications under high-temperature, high-power and high-
frequency conditions. Seeded sublimation growth techni-
que (modified Lely method) has been widely used to
produce SiC and AlN crystals since 1970s [1,2]. Many
investigators studied the growth process of SiC crystals by
numerical simulation method [3–12]. Hofmann et al. [3,4]
developed a numerical process model based on a finite
volume scheme FASTEST to simulate the heat transfer in a
2 in SiC growth set-up, and demonstrated the flow field in
the growth chamber caused by the buoyancy effect. Pons
et al. [5,6] used a finite element code Flux-Expert to
calculate the electromagnetic field and temperature dis-
tribution. Selder et al. [7] simulated the heat and mass
transfer and compared the calculated growth rates with the
experimental data. The 1-D flow-kinetics model for the
PVT growth of SiC was proposed in Refs. [8–10] which
assumes that the growth rate is proportional to the
supersaturation of SiC species near the growth interface,
e front matter r 2006 Elsevier B.V. All rights reserved.
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and the transport of SiC vapor species is by both the
Fickian diffusion and Stefan flow. Models of sufficient
complexity for the SiC growth process by different groups
were reviewed in Refs. [11,12].
By using the 1-D flow-kinetics model, the growth rate

was predicted as a function of the inert gas pressure, the
axial temperature gradient and the growth temperature [8],
and the predicted growth rates compared well with the
experimental growth rate as a function of inert gas pressure
measured in Ref. [13]. The relationship between the growth
rate and the temperature difference between the charge and
the seed was further examined in Ref. [14], and the
predicted growth rates using the 1-D flow-kinetics model
compared well with the experimental growth rate as a
function of temperature difference measured in Ref. [15].
However, for the outward growth of the single crystal using
the PVT method, a positive temperature gradient is
required along the seed surface. A 2-D flow-kinetics model
for the PVT growth is more appropriate to describe the
characteristics of the growth process.
The schematic of the PVT growth is shown in Fig. 1,

where a sintered SiC powder charge is placed inside the
cylindrical graphite crucible while a seed crystal is attached
to the bottom of the crucible lid. An axial temperature
gradient in the growth chamber is achieved by properly
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Fig. 1. Physical model of PVT growth of SiC crystals. The coordinate

system on the right-hand side gives a sketch of the pressure P along the

axial coordinate z in the growth system (details are given in the text).
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locating the radio frequency (RF) induction coil; the
temperature of the SiC powder, Tcharge, in the lower
portion of the crucible is maintained higher than that of the
seed crystal, Tseed. Temperatures measured outside the
crucible, e.g., Ttop on the top of the crucible and Tbottom on
the bottom of the crucible are used to monitor the growth
process. Mass spectrometric investigations conducted in
Ref. [16] have shown that the basic components of the
evaporation of SiC are Si, SiC2, Si2C and SiC. The content
of the other components of evaporation (Si2, C, C2, C3) in
the vapor is insignificant.

2. Flow-kinetics model for the PVT process

We here examined the PVT mechanism using the 2-D
flow-kinetics model for the multi-phase flow, mass transfer
and the growth interface kinetics. We assume that the fluid
inside the crucible is Newtonian, the fluid flow is
incompressible, and the buoyancy effect is negligible. The
Navier–Stokes (N–S) equations for the advection and
diffusion are

r � ðr̄vÞ ¼ 0, (1)

qr̄u

qt
þ r � ðr̄uvÞ ¼ �

qp0

qz
þ mr2u, (2)

qr̄v

qt
þ r � ðr̄vvÞ ¼ �

qp0

qr
þ mr2v� m

v

r2
, (3)

where u and v are the vertical and radial velocities,
respectively, v ¼ (u, v), m is the dynamic viscosity, p0 is the
pressure variation generated by the fluid flow inside the
crucible, which is assumed much less than the inert gas
pressure. The density r̄ of gas mixture inside the crucible is
given as

r̄ ¼ rSiC2
þ rSi þ rAr ¼ cAMSiC2

þ cAMSi þ cBMAr, (4)
where the subscripts A and B denote the rate-determining
species and inert gas, respectively, c is the molar
concentration, and M is the molecular weight. Since the
gas mixture can be treated as ideal gas under the growth
conditions, the total pressure p of the gas mixture can be
expressed as a function of molar concentration of each
components using Dalton’s law of partial pressures,

p ¼ 2pA þ pB ¼ ð2cA þ cBÞRT , (5)

where R is the gas constant. Taking into account the
advection and Fickian diffusion, the species equation is

qcA

qt
þ r � ðcAvÞ ¼ DABr

2cA, (6)

where DAB is binary diffusion coefficient and its depen-
dence on temperature and pressure is given approxi-
mately by

DAB ¼ D0
T

T0

� �n
p0

p

� �
, (7)

with 0:05oD0o2 cm2 s�1, n ¼ 1.8, T0 ¼ 273K, p0 ¼ 1 atm
[8]. Here, we used D0 ¼ 0:1 cm2 s�1 for our simulations.
The relevant reactions on the seed are

SiC2ðgÞ þ SiðgÞ32SiCðsÞ, (8)

Si2CðgÞ3SiCðsÞ þ SiðgÞ, (9)

where subscripts s and g denote solid and gas, respectively.
The molar flux JA of the vapor species A,

JA ¼ wA pAðLÞ � p�AðLÞ
� �

, (10)

where wA ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pMART
p

, and pA and p�A are the vapor
pressure and equilibrium vapor pressure of the transport
species, respectively. The rate-determining species, A, is
chosen as SiC2 at To2900K, as Si at T42900K [17].
If the ratio of reaction rates of Eqs. (8) and (9) is 1:x,

then the ratio of the transport species SiC2, Si, and Si2C are
1: (1�x): x. The growth rate GSiC of SiC crystal thus
becomes

GSiC ¼
ð2þ xÞMSiC

rSiC
JA. (11)

The calculated equilibrium partial pressures of SiC2, Si
and Si2C at 2600K are 100, 293, and 53 Pa, respectively,
while the partial pressures at 2700K are 310, 702, and
161 Pa. If we set SiC2 as the rate determining species, the
ratio of Si2C and SiC2, x, is about 0.52. Since the combined
transport rate of Si and Si2C is equal to the transport rate
of SiC2, so the value of x does not influence the transport
rate of the total species. In the following analysis, we set x

as 0 for simplicity. One may multiply the predicted growth
rate by a factor of 1+x/2 if x is not 0. The value of x has to
be determined by comparison of predictions and experi-
mental measurements.
On the seed, the molar flux of the rate-determining

species A can also be expressed in terms of advection and
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Fig. 2. Concentration distribution (a, c) and flow field (b, d) in the growth chamber at growth pressures of 8 kPa (a, b), and 12 kPa (c, d), respectively.
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Fickian diffusion,

JA ¼ ucA �DAB
qcA

qz

� �
jz¼L. (12)

Accordingly, the molar flux of inert gas B is zero at the
seed,

JB ¼ ucB �DBA
qcB

qz

� �
jz¼L ¼ 0. (13)
From Eqs. (5), (12) and (13), the molar flux of gas mixture
can be written as

Joutlet ¼ u
p

RT
jz¼L ¼ 2wAðpA � p�AÞjz¼L. (14)

Furthermore, the vapor pressure at the surface of the SiC
source is assumed to be the same as the equilibrium vapor
pressure p* corresponding to the maximum temperature in
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Fig. 3. (a) Supersaturation pressure psup and (b) growth rate vs. radial

position r at growth pressures of 8, 10, 12 and 14 kPa.
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the SiC charge,

pAjx¼0 ¼ p�AðTchargeÞ. (15)

The molar flux of inert gas B is also set as zero at the
charge surface,

JB ¼ ucB �DBA
qcB

qz

� �
jz¼0 ¼ 0. (16)

The equilibrium vapor partial pressure can be obtained
by the thermodynamic analysis of the chemical reactions,
and is a function of temperature.

We used the iteration method to solve the N–S equations
and mass equation coupled with the boundary conditions
(13)–(16). For example, from Eq. (13) we can obtain
velocity, u, at the outlet at each time step, and from Eq.
(14) we can obtain concentration, cA. Then, we solve the
N–S equations and mass equation by setting the velocity
and concentration of species A at the outlet as boundary
conditions.

3. Calculation of the flow and concentration fields

The temperature field in the growth system was obtained
by the thermal analysis considering induction heating and
heat transfer [8]. For an induction frequency of 8 kHz and
a current of 1400A in the induction coil, the seed
temperature Tseed ¼ 2671K, the charge temperature
Tcharge ¼ 2691K, and the bottom hole temperature
Tbottom ¼ 2540K. The growth temperature, Tseed, may
vary for different growth systems and growth pressures,
and here we used the current temperature as a case to
illuminate the PVT growth mechanism.

The concentration distribution of vapor species A (SiC2)
corresponding to the growth pressure of 8 and 12 kPa are
presented in Figs. 2a and c, respectively. We can assume
the concentration distribution of the combined species Si2C
and Si is the same as that of SiC2. There is a large negative
concentration gradient along the axial direction from the
charge surface to the seed, and the molar fluxes caused by
diffusion are around 10.1, 13.0 and 15.7 times as much as
that by convection at the center of seed for pressures of 8,
10, and 12 kPa, respectively. The mass transfer in the
growth cavity is dominated by diffusion in the current
cases. The concentration at the charge, which remains the
highest in the field, is almost two times as much as that of
the concentration near the seed. As can be seen from the
contour lines, there is a positive concentration gradient on
the seed surface, and this is caused by the positive
temperature gradient along the seed surface.

The corresponding flow fields are presented in Figs. 2b
and d. The velocity profile on the charge surface is not
uniform due to the non-uniform temperature distribution,
and a high velocity corresponds to a high local tempera-
ture. The radial velocity distribution at the seed depends
strongly on the growth kinetics, and a high velocity
corresponds to a low local temperature. The high velocity
induced by a low temperature at the center of seed causes a
faster growth rate than that near the edge of the seed
leading to a convex shape of the crystal. The velocity on the
side wall of the crucible is zero.
The partial pressure at the seed is higher than the local

equilibrium vapor pressure so as to maintain a super-
saturation required for the growth [8]. However, numerical
results show that the supersaturation of SiC2 is less than
1Pa at the seed for growth pressures of 8–14 kPa (Fig. 3a)
compared to the local equilibrium vapor pressure of more
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than 300 Pa. It shows that only a small supersaturation at
the seed is required for the PVT growth. The SiC species
are in non-equilibrium state in the cavity formed between
the charge and seed, a high supersaturation in the growth
cavity may cause nucleation of small-size SiC crystals
before the deposition on the seed.

Fig. 3b shows the predicted growth rate profiles along
the seed surface at growth pressures of 8–14 kPa. The
center of the seed has the highest growth rate ensuring
outward growth of SiC crystal. The growth rate decreases
from the center of seed to the crucible wall allowing growth
of the single crystal. Growth rate then increases near the
crucible wall causing polycrystalline growth there. The
predicted growth rates agree well with the measured
growth rates in our lab, and more experimental results
will be obtained in the future.

4. Conclusions

A flow-kinetics model for the PVT growth has been
developed. The model couples the 2-D gas flow calcula-
tions and the growth kinetics at the crystal interface. The
supersaturaton theory is used at the interface, which
assumes that the growth rate is proportional to the
supersaturation of a rate-determining species. The trans-
port of SiC vapor species by the diffusion and the Stefan
flow in the growth cavity was analyzed. Species transfer in
the cavity is dominated by diffusion at growth pressures of
8–14 kPa. Supersaturation at the crystal interface is less
than 1Pa at growth pressures of 8–14 kPa.
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