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Abstract A finite element-based thermoelastic anisotropic
stress model for hexagonal silicon carbide polytype is devel-
oped for the calculation of thermal stresses in SiC crystals
grown by the physical vapor transport method. The composite
structure of the growing SiC crystal and graphite lid is con-
sidered in the model. The thermal expansion match between
the crucible lid and SiC crystal is studied for the first time.
The influence of thermal stress on the dislocation density and
crystal quality is discussed.

Keywords Silicon carbide · Physical vapor transport ·
Thermal stress · Thermoelastic · Thermal expansion match

1 Introduction

The growth of silicon carbide bulk crystals has made a sig-
nificant progress in recent years. SiC wafers of 2 inches and
3 inches in diameter are now available for the fabrication
of electronic and optoelectronic devices operating in high
power, high temperature, high frequency and intense radia-
tion conditions. Physical vapor transport (PVT) method is the
most commonly-used technique for the growth of bulk SiC
single crystals [1]. The process modeling of PVT growth
is a powerful tool for the optimization of growth process
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and has attracted great research interests in recent years.
Hofmann et al. [2] modeled the temperature distribution in a
SiC growth system in which the growth temperature is 2573
K and the system pressure is up to 3500 Pa. Pons et al. [3]
proposed a numerical scheme for the calculation of electro-
magnetic field originated by the induction heating. Chen et al.
[4] for the first time proposed a growth kinetics model which
assumes that the growth rate is proportional to the supersat-
uration of the SiC vapor species at the growth interface and
the growth rates in a 75 mm growth system were predicted.
Thermally induced stresses in the growing crystals were cal-
culated in past years [5–9]. The dependence of thermal stress
on growth conditions and the influence of thermal stress on
dislocation formation were studied. However, in all the above
models, only the SiC crystal was considered in the calcula-
tion of thermal stresses, and the thermal expansion match
between SiC single crystal and graphite crucible lid was not
studied. Since physical properties such as elastic constants
and thermal expansion coefficient of SiC differ from those of
graphite, the crucible lid should be considered in the calcu-
lation of thermal stresses in SiC crystals.

In this paper, thermally induced stresses in the growing
SiC crystals in a 2-inch growth system are calculated by using
a finite element-based thermoelastic anisotropic model. The
composite structure of the SiC crystal and crucible lid is con-
sidered in the calculation of thermal stresses.

2 Physical and mathematical model

In the growth of SiC crystals by the physical vapor trans-
port method, SiC charge powder is usually put in a graphite
crucible where a high temperature in the range of 1800 ◦C-
2600 ◦C is achieved by induction heating.A typical schematic
of the growth chamber in the physical vapor transport growth
of SiC crystals is shown in Fig. 1. When argon pressure is
lowered from the atmospheric pressure to a certain growth
pressure, the SiC charge at a higher temperature sublimates,
the vapor species then goes upward and deposits on the seed
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Fig. 1 Schematic of the growth chamber in the PVT growth of SiC
crystals

with a lower temperature to form a SiC crystal. Due to non-
uniformity of temperature distribution in the SiC crystal, ther-
mal stresses are induced, which can cause plastic deformation
and generation of dislocation during the growth process.
Therefore it is very important to calculate the thermal stress
distribution in the SiC bulk crystal in order to understand
the mechanism of defect formation such as cracks, micro-
pipes, dislocations and residual stresses. Since geometry and
temperature distribution are axisymmetric, and 4H/6H-SiC is
isotropic in the basal (0 0 0 1) plane, the thermal stress distri-
bution can be considered as axisymmetric. By setting the z-
axis of the coordinate system parallel to the crystallographic
c-axis with z = 0 at the top of crucible lid (see Fig. 1), only
the normal stress components σrr , σφφ , σzz and shear stress
component τrz need to be considered with τrφ = τzφ = 0. For
the calculation of thermal stresses, the following equilibrium
equations are used for the composite structure of SiC crystal
and crucible lid:

1

r

∂

∂r
(rσrr ) + ∂τrz

∂z
− σφφ

r
= 0, (1)

1

r

∂

∂r
(rτrz) + ∂σzz

∂z
= 0. (2)

The constitutive relation for a thermoelastic anisotropic
body is taken as [10]

Fig. 2 Curve fitting of the thermal expansion coefficient-temperature
relation for SiC crystal
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. (3)

In the above equation, εrr , εφφ , εzz, and γrz are the strain
components. cij the elastic constants. αr , αφ , αz the thermal
expansion coefficients in the r , φ and z directions, respec-
tively; and Tref is the reference temperature. The strains are
defined as

εrr = ∂u

∂r
,

εφφ = u

r
,

εzz = ∂w

∂z
,

εrz = ∂u

∂z
+ ∂w

∂r
,

(4)

where u and w are the displacements in the radial and axial
directions, respectively.

On the top of the crucible lid, it is assumed that the lid is
bound to the graphite susceptor. The corresponding boundary
conditions for Eqs.(1) and (2) are

u = w = 0, at z = 0. (5)

If the graphite lid is not bound to the susceptor, the boundary
conditions on the top of the lid can also be assumed as

u = w = 0, at r = 0 and z = 0. (6)
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Fig. 3 Temperature distribution in the crucible lid and growing SiC crystal, z/R = 0 – -0.1 for crucible lid, z/R = −0.1 – -1.1 for silicon carbide

However, the stress distribution in the crystal will not change
much by using boundary conditions (6) instead of bound-
ary conditions (5). So we use boundary conditions (5) in our
calculation of stresses.

At the central axis, the axisymmetric conditions are as-
sumed,

u = 0,
∂w

∂r
= 0, at r = 0. (7)

The growing interface and side surface of SiC crystal are
considered as free of traction, that is,

σ · n = 0, at z = −H or r = R, (8)

whereH andR are the height and radius of the crystal, respec-
tively. At the crystal/lid interface, it is assumed that the two
components are bound together during the growth, and no
boundary conditions are set at the interface in the calcula-
tion.

As hexagonal crystals are isotropic in the basal (0 0 0 1)
plane, c11 = c22, c13 = c23 in Eq.(3) and there are only five
independent elastic constants. Since there are no experimen-
tal data with respect to elastic constants of SiC single crys-
tal at high temperatures available, elastic constants at room
temperature are used in our calculation, c11 = 501 ± 4 GPa,
c33 = 553 ± 4 GPa, c44 = 163 ± 4 GPa, c12 = 111 ± 5 GPa,
c13 = 52 ± 9 GPa [11]. It is necessary to measure the elastic
constants of SiC at high temperatures in future. As a first-
order approximation, we assume that the elastic constants of
SiC at high temperature are the same as those at room tem-
perature. By extrapolating the experimental data of α of SiC
in the temperature range of 200-1 500 K (see Fig. 2), the α-T
relationship can be approximately expressed as

α = A1e−T/T1 + A2e−T/T2 + A3e−T/T3 + α0, (9)

where A1 = −5.54 × 10−6, T1 = 3 358.8, A2 = −1.39 ×
10−4, T2 = 42.3, A3 = −1.39 × 10−4, T3 = 42.3, α0 =
8.83 × 10−6. Accordingly, we can estimate that αr = αφ =
αz ≈ 6.3 × 10−6 K−1 at 2 600 K.

The following physical properties of graphite are taken
from Ref. [13], αr = αφ = 0.95 × 10−6K−1, αz = 28.09 ×
10−6K−1 in the temperature range of 1 000 ◦C-1 800 ◦C, c11 =
1 060 GPa, c12 = 180 GPa, c13 = 15 GPa, c33 = 36.5 GPa,
c44 = 4.5 GPa at room temperature. We again assume that
the elastic constants of graphite at high temperatures are the
same as those at room temperature.

For the thermal stress calculation, a finite element scheme
is developed in which eight-node quadrilateral elements are
used for the discretization.

3 Results and discussions

For the calculation of electromagnetic field and temperature
field in the growth system, we use an in-house built numerical
code [4]. Figure 3 shows the temperature distribution in the
composite structure of the growing SiC crystal and crucible
lid. It can be seen that the axial temperature gradient in the
crucible lid, which is on the top of the crystal, is greater than
that in the SiC crystal. This is due to the fact that graphite has
a lower thermal conductivity (about 29 W/(m·K)) than that
of SiC single crystal (about 55 W/(m·K)) at temperature of
2 700 K. The positive temperature gradient in the radial direc-
tion ensures the expansion of the SiC crystal. The non-uni-
formity of the temperature field is the main cause of thermal
stresses in the growing crystal.
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Fig. 4 Thermal stress distribution in the crucible lid and growing SiC crystal, z/R = 0- –0.1 for crucible lid, z/R = −0.1- –1.1 for silicon
carbide. (a) σrr , (b)σφφ , (c)σzz, (d) shear stress τrz

Figure 4(a) shows the distribution of stress component σrr

in the composite structure of the SiC crystal and crucible lid.
It can be seen that the maximum σrr in the crucible lid (about
1.4 GPa) is much higher than that in the SiC crystal (about
750 MPa). This is due to the difference of the product of ther-
mal expansion coefficient αr and elastic constant c11 between
the crucible lid and SiC crystal. The thermal expansion coeffi-
cients αr are about 0.95 × 10−6 K−1 and 6.3 × 10−6 K−1 for
graphite and SiC crystal at 2 600 K, respectively, while the
elastic constants at room temperature c11 are 501 GPa and
1 060 GPa, respectively.

Figure 4(b) gives the distribution of σφφ , which shows
a similar distribution pattern as σrr . They are both tensile
stresses in the region near the seed and gradually change to
compressive stresses toward the growth front. From Figs. 4(a)
and 4(b) we can also see that the axial variations of these two
stress components are larger than the radial ones. The maxi-
mum σφφ in the SiC crystal is about 600 MPa and occurs near
the graphite lid.

Figure 4(c) shows that σzz is tensile in the region near the
symmetry axis, and compressive in the region near the crystal
periphery. It is shown that the maximum absolute values of
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Fig. 5 The distribution of von Mises stress σMises in the crucible lid and
growing SiC crystal, z/R = 0 - –0.1 for crucible lid, z/R = −0.1 - –1.1
for silicon carbide

σzz are near the symmetry axis and at the crystal periphery.
The radial variations of this stress component are much larger
than the axial ones.

From Fig. 4(d) we can see that the sign of shear stress
is positive in the graphite lid and changes to negative in the
upper region of SiC, and then gradually changes to positive
toward the middle region of SiC crystal. The maximum abso-
lute value of shear stress in the crystal (about 20 MPa) occurs
near the crucible lid. However, this value is much smaller than
the maximum normal stress components σrr and σφφ .

From Figs. 4(a)–4(d) we can see that both the distribution
pattern and maximum stresses obtained by our new model are
quite different from those given in Refs. [8,9,14]. In those ref-
erences, the thermal expansion match between the SiC single
crystal and graphite lid has not been considered in their ther-
mal stress models. It is obvious that the thermal expansion
mismatch between the crucible and SiC single crystal can
significantly influence the distributions of thermal stresses in
the growing SiC crystal.

According to the theory of Jordan et al. [8], it is assumed
that dislocations are formed when the resolved shear stress,
σRS , on a primary slip system exceeds the critical resolved
shear stress, σCRS , and that dislocation density N is pro-
portional to the difference between the resolved shear stress
and the critical resolved shear stress on the slip plane, i. e.
N ∝ (|σRS | − σCRS). For 4H/6H SiC with hexagonal struc-
ture, gliding can occur in the basal (0 0 0 1) plane [14,15],
and the shear stress component, τrz, and the von Mises stress
are usually used as the resolved shear stress [2–8]. Here the
von Mises stress is defined by

σMises

=
√

1

2
[(σzz − σrr)2 + (σzz − σφφ)2 + (σφφ − σrr)2 + 6τ 2

rz].

(10)

The distribution of von Mises stress is shown in Fig. 5.
The axial variations of von Mises stress are higher than those
in the radial directions.The maximum von Mises stress (about
600 MPa) in the crystal occurs in this region near the lid.
While in the region near the axis and growth front, the mag-
nitude of von Mises stress is relatively low. From Fig. 5 we
can see that the maximum von Mises stress in the crystal
significantly exceeds the critical resolved shear stress of less
than 1 MPa at 2 200 ◦C-2 500 ◦C [5], so the plastic deforma-
tion and dislocation formation will take place in the crystal.
The high von Mises stress in the region near the graphite lid
will cause a relatively high dislocation density in the crystal
near the graphite lid. However, it should be noted that the
generation and multiplication of dislocations in the SiC crys-
tal are non-linear functions of thermal stress and time [5].
The linear elastic model is only a qualitative description of
thermal stresses.

4 Conclusion

Thermal stress distribution in the composite structure of the
SiC single crystal and crucible lid is calculated using a finite
element-based thermoelastic anisotropic model. The com-
posite structure of the SiC crystal and crucible lid and ther-
mal expansion match are considered in the thermal stress
model for the first time. It is shown that the crucible lid has a
great influence on the distribution of the thermal stress in the
SiC crystal. Since the crucible lid and SiC crystal are bound
together during the growth, the thermal stresses calculated
by considering both the lid and crystal are more accurate
than those obtained when only the crystal is considered. The
predicted resolved shear stresses are much higher than the
critical resolved shear stress of about 1 MPa. This implies
that plastic deformation and dislocation formation will occur
in the growing crystals. Our results show that in the region
near the crucible lid, the crystal has a relative high dislocation
density. However, it should be noted that the present linear
elastic model is just a qualitative description of the thermal
stresses. More studies on the plastic deformation and multi-
plication of dislocations in the growth of SiC crystals will be
performed in future.
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