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The Alexander-Haasen (AH) model has been applied to analyze the plastic deformation and dislocation gen-
eration during the crystal growth process of 4H-SiC (silicon carbide). Plastic parameters are obtained by fitting
the predicted curves to the experimental data on the plastic deformation of a-SiC crystals under uniaxial
compression. The relationship between the activity energy (Q) and stress exponent (n) is considered when using
the AH model. This relationship explicitly represents two deformation mechanisms around the critical tem-
perature. The ratio of the activity energy and stress exponent, Q/n, equals 0.3 eV when the temperature is below
the transition temperature, and 1.3 eV when the temperature is above the transition temperature. Then, the
model is used to predict the dislocation density and thermal stresses in the crystals. The largest dislocation

density is found to occur near the graphite/SiC interface, and the dislocation density gradually decreases with

the thickness of the ingot.

1. Introduction

Silicon carbide (SiC) is an advanced semiconducting material which
is generally produced by the physical vapor transport (PVT) method.
The growth process involves many important physico-chemical phe-
nomena, such as the electromagnetic induction heating, coupled heat
and mass transfer, phase transformation, chemical reactions, etc. [1].
For those physico-chemical problems, researchers have studied the
crystal growth mechanism by numerical simulations and experiments
[2-5]. Based on the phase diagram of SiC [6], the SiC crystals can be
grown in a large temperature range, which increases the difficulties to
produce the perfect crystal bulks through the system design and process
optimization. As a result, the important and difficult point is how to
obtain a specific temperature field where the radial and axial tem-
perature gradients at the crystallization surface become suitable for
crystal enlargement [7-8]. Due to the non-uniformity of temperature
field in the crystal growth system, thermal stresses are induced, which
can cause the plastic deformation, dislocation generation and multi-
plication during the growth process. Many progresses have been made
in reducing the crystal defects, such as the micropipe defects and angle
boundaries [9]. However, the formation and expansion of stacking
faults in the basal plane causes degradation of the bipolar 4H- and 6H-
SiC devices, whose edges are identified to be Shockley partial

dislocations [10]. Thus, the properties, generation and multiplication of
dislocations in the basal plane have become the focus of research for
reducing its density in the bulk crystals grown by the PVT method.
The first work on the plastic deformation of silicon carbide was done
by Fujita et al. [11] in 1987. They found that some specimens only
result in apparent elastic deformation before buckling fracture and
some specimens deform plastically, when compression tests are per-
formed with specimens of 6H-SiC crystals with different orientations at
temperatures between 1100 °C and 1800 °C. They also found that the
resolved shear stress is a function of temperature. Later, Samant and
Pirouz [12] performed compression experiments with 6H-SiC crystals at
temperatures from 700 °C to 1300 °C, and observed a change in the
deformation mechanism at the temperature around 1100 °C. TEM ob-
servations of the dislocation microstructure of deformed specimens at
temperatures above 1100 °C show the presence of perfect dislocations,
which consist of leading and trailing partials. Below this transition
temperature, only one of the partial basal dislocations was observed,
together with the existence of large areas of stacking faults. Similar
experimental phenomena in the properties of the micro-structure of
dislocations were found in the compression experiments on 4H-SiC by
Demenet et al [13]. Uniaxial compression tests with large strains near
10% performed by Lara et al. [14] on the plastic deformation of 4H-SiC
samples also show the two types of deformation mechanisms at
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temperatures between 800 °C and 1300 °C. They found the transition
temperature is about 1030 °C. Those works help us to understand the
plastic deformation behaviors of silicon carbide in different tempera-
ture ranges. However, the real deformation of silicon carbide occurring
in the growth process is very difficult to be detected since the growth
temperature is usually above 2000 °C [6].

To overcome the real observation obstacles, we applied the
Alexander-Haasen (AH) model to describe the plastic deformation be-
haviors of SiC crystals. The AH model is time-dependent for the plastic
deformation and dislocation multiplication based on the plastic strain
rate and dislocation multiplication rate equations. Owing to its extra-
ordinary ability to model plastic deformations of elemental and III-V
compound crystals [15-17], the AH model has been increasingly used
to simulate the plastic deformation and dislocation generation in the IV-
IV compound crystals [18-19]. Gao and Kakimoto [19] compared the
predicted results with the experimental data from Ref. [14], but they
didn’t consider the two different deformation mechanisms in their
studies.

In this paper, plastic parameters are calculated through fitting the
predicted results to the uniaxial compression experimental data by
considering the two crystal deformation mechanisms. Then the AH
model is used to analyze the plastic deformation and dislocation gen-
eration in SiC crystals.

2. Mathematical model
2.1. 1-D plastic model

The mean velocity v of dislocations in a covalent crystal is described
as a function of the effective stress 7. by the following equation,

n

— Teff

Y vo( To) exp(—Q/kgT) D
where v, is a constant, n is the stress exponent, the symbol Q is the
activation energy for the dislocation glide independent of the tem-
perature and stress, the Boltzmann’s constant kg = 8.617 X 107> eVK "},
the reference stress 7, = 1 MPa, and T is temperature in Kelvin. In Eq.
(1), the effective stress 7. is given by

Dy/Nn) @

where 75 denotes the resolved shear stress acting on the slip plane, D is
the material hardening factor, and (x) = x if x > 0, and 0 otherwise. It
should be noted that the term D/N,, denotes the internal long-range
elastic stress generated by mobile dislocations, meanwhile the short-
range interactions are neglected [20].

The dislocation density affects the mechanical deformation behavior
of silicon carbide crystals even at low strain rates (¢ = 10~%s7!). This
effect becomes more obvious at temperatures above 800 °C. Plastic
deformation of 4H-SiC is assumed to be proceeded solely by the motion
and multiplication of dislocations on their slip planes. The total dis-
locations density N on a basal slip system is assumed to be composed of
the density of mobile segments carrying plastic flow, Ny, and the
density of immobile ones trapped in other defects, N;. Here N; is ex-
cluded in our discussion. Due to the dislocation glide mechanism, the
gap between the macroscopic plastic strain rate A and microstructural
dislocation density Ny, is bridged by the Orowan’s law [21],

Teft = <Tres -

;‘/p = Ny bv 3)

where b is the magnitude of the Burgers vector of dislocations, v is the
mean velocity of moving dislocations in the basal slip system. Com-
bining Egs. (1)-(3), the following equation is obtained,
- DJNy \"
Jp = buoNg <Tre874m> exp(—Q/kgT)
0

4

The plastic shear deformation is caused by a shear stress 7,5 resolved
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onto the shear plane, resulting from the externally applied stress o
according to the Schmid’s law [22],

Tres = Ms0 (5)
where my is the orientation factor (also called the stress Schmid factor),
which is set to be 0.5 according to the uniaxial compression test [14].

The shear strain in the slip plane obtained by strain transform is de-
scribed by the following expression,

y=0Q+v)e (6)

where ¢ is the compression strain, and v is the Poisson ratio which
equals to 0.16 [23].

The shear stress s acted in the slip plane is proportional to the
elastic shear strain, y,,

Tres = g}’e = g(y - }’p) (2]

where £ is the shear modulus of the whole experimental system, and y is
the total shear strain in the slip plane. Applying derivation of Eq. (7)
with respect to the compression strain, the following equation is ob-
tained,

d(y — %)
de (8)
Combining Egs. (4)-(6) and (8), the following equation is obtained,

by N, < Tres — DN >n

de/dt 7

dTres

de =¢

m 32 — 5[(1 +v) - exp(—Q/kBD}
de

©)
When studying the stress-strain curve of crystals in compression
experiments, the derivation of compression strain de equals édt, where é
is the strain rate depending on the speed of the experiment machine
cross-head, and t is the time.
The mobile dislocation density rate is described by the following
expression,

2
. K
Ny = f(@) A

b\ 1 10)
where K is a multiplication constant at the given loading conditions,
and A is a material factor characterizing the dislocation multiplication

effect. Similarly, substituting Eqs. (2) and (4) into Eq. (10), the mobile
dislocation density rate is obtained,

n+
mso = DN > exp(—Q/kaT)

Np = KvgNp, <
To

an

2.2. 2-D plastic model

Thermal stresses caused by the non-uniform temperature field in the
growth system can induce plastic deformation and dislocation genera-
tion. In the 2-D model, the normal stress components, Oy;., Gpp, 07z, and
the shear stress component, 7,,, are considered. These stress components
are used to calculate the second invariant of the deviatoric stress J,,

b =1/6[(on — U¢¢)2 + (o — Uzz)z + (Uwp - Uzz)z] + z'rzz 12)

The effective stress in this case is obtained by substituting \/7, for 7
in Eq. (2), and the plastic strain components are postulated to be in the
following expression [24],

&rp Orr — Om

€op.p _ bvg Ny, < \/J—z — D/Ny, >n exp( Q ) Opp — Om

d
dt | Ezzp 2\/72 T kgT )| 92z — 9m
Yizp Tz 13)

where the spherical stress, o, = 1/3(0 + 0 + 05,). The dislocation
density is obtained by substituting \/J, for mso in Eq. (11). Then the
constitutive relation for the thermo-elastic anisotropic body is assumed
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to be,
O 11 C1n C13 0 Er — Err,p - ar(T - Tl"ef)
d | 90 Ciz € €3 O [ d|ep = Eppp = Ao(T — Tret)
dt | 9z c3 €3 ¢33 0 dt €2z — Ezzp — az(T - T;'ef)
T
" 0 0 0 cu Yoo ™ Yeup 14)
h . h £ _ Ou _u _ ow
where T is the reference temperature, & = 3., €op =1, &2 = 3,
du ow .
%= 5 + 3 are the strain components, &, €pp.ps Ezzp» ¥y, denote the

plastic strains, u and w are the displacements in the radial and axial
directions, respectively, ¢; (i, j =1, 2, 3) and c44 are the elastic con-
stants, and a,, a, «, are the thermal expansion coefficients in the r, ¢, z
directions [25], respectively.The stress equilibrium equation is written
as,

T —
./(;B ¢dQ = F as)

where B is a shape function matrix inside an element, o denotes the
stress vector, F is the external load vector. The stress-strain relation at
t+ At is,

gl+it — D(E”’A’ — EltthAl _ E;+At) (16)

Since £, = £} + Ag,, the stress equilibrium equation at t + At can
be written as,

T t+AL — T t+At T t t+AL
‘/;B De dQ—‘/K;B Dej; dQ+£zB D(e, + Agp)dQ + F
a7

where Ag, = £,-At. When using the finite element method to solve the
above equation, fixed displacement conditions are set at the top surface
of the graphite layer, u = w = 0. The symmetric condition is set at the
axis, u = 0. Free boundary conditions are set at other boundaries
(Fig. 1).

3. Results
3.1. Low-temperature and high-temperature plastic mechanisms

In the following, we will obtain the mechanical parameters using
the experimental data in the compression tests of silicon carbide crys-
tals. Since there are two plastic deformation mechanisms, the slopes of
high-temperature and low-temperature curves in Fig. 2 differ sig-
nificantly. For constant-strain-rate compression tests, Eq. (4) is re-
written with replacement of 7.¢ by 7crss, as,

A
<
Graphite layer
SiC crystal layer
R
0 r

Fig. 1. Schematic of the coupled graphite/crystal layers.
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Fig. 2. Plot of Inf{rcrss/7o} versus 1/T for the basal slip in 4H-SiC at different
strain rates. Symbols @ and O represent experimental data from Ref. [14] and
the strain rates ¢ are 1.5 X 107> s71, 3.0 X 10~°s!, respectively; symbol A re-
presents experimental data from Ref. [27] for the strain rate of 3.1 X 10~>s~! and
[0 represents experimental data from Ref. [13] for the strain rate of
3.6 x 1075s7L,

o erss ) _Q
y"_A( % )exp( kBT) 1)

where A is a constant [26]. The logarithmic form of the above equation
is,

ln(TCRSS) _Q1, Iny, — InA
7 nkg T n (19)

The linear relation between In{rcrss/7o} and 1/T is expected from the
above equation if Q/n remains constant (Fig. 2). Here, we can de-
termine the relation between the activation energy and the stress ex-
ponent by the following equation,

T < Tirans
T > Tirans (20)

n

Q _ [03ev,
1.3eV,

where T, is the transition temperature.

Based on the relation between activation energy and stress exponent
(Eq. (20)), we obtained the plastic parameters by fitting the calculated
results to the experimental data at low and high temperatures (Table 1).
The data in parenthesis in Table 1 are taken from Ref. [19]. The si-
mulated stress-strain curves are plotted in Fig. 3. It clearly shows that
the simulated results agree well with the measurements at both the low
and high temperatures.

Table 1
Calculated plastic parameters for SiC crystals (Data in parenthesis are taken
from [19]).

T(°C) Q (eV) n K b-vo 1

800 0.9, (2.6) 3.0(2.8) 6.5 x 101° 9.9 x 1013 0.2(0.7)
900 0.9, (2.8) 3.0(2.8) 3.8 x 101° 6.0 x 10% 0.2(0.5)
1104 3.9, (3.3) 3.0(2.8) 1.0 x 10*° 1.5 x 102 0.8(1.0)
1145 3.9, (3.5 3.0(2.8) 1.1 x 10*° 1.3 x 103 1(1.2)
1194 3.9, (3.2) 3.0(2.8) 3.4 x 10™° 6.5 x 10°° 1(1.1)
1292 3.9, (3.7) 3.0(2.8) 2.1 x 10*° 6.6 x 102 0.8(1.5)
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Fig. 3. Simulated stress(MPa)-versus-strain(%) curves for 4H-SiC at tempera-
tures between 800 and 1300 °C. The circles represent experimental data from

Ref. [14]. The initial strain rate is 1.5 x 10 s~ for all tests. For tests at
temperatures above 1000 °C, the strain rate jumps to 3.0 x 10 s~! from the
initail strain rate when the strain is close to 4%.

0 0.01 r(m)O 02 0.03
) —003
Graphite 20— v/
SiC crystal E 330 $
E T(K)
-0.01 :—_‘_2330 mﬂ,@
e |
-0.02 ;__’__/7,1_,50
-0.03} o

Fig. 4. Temperature distribution in the graphite and SiC crystal layers.

Table 2

Thermal conductivities of materials (W/(mK)).
Temperature Graphite SiC crystal
2000 °C 30.78 65.00
2250 °C 28.80 60.00

3.2. Dislocation density in the growth process

A typical physical vapor transport (PVT) growth system is con-
sidered here, where the radio frequency of 10 kHz is used for induction
heating. The thermal field in the graphite and SiC crystal layers is
shown in Fig. 4, where the temperatures in graphite layer are lower
than those in the crystal. The thermal conductivities of graphite and SiC
crystal are listed in Table 2.

The calculated dislocation distribution which is caused by the
thermal stress is shown in Fig. 5. It shows that the dislocation density
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Fig. 5. Dislocation density distribution in the SiC crystal.

near the graphite/SiC interface is much higher than that in the bulk
region. Large dislocation density is related to the temperature gradient
near the graphite/SiC interface, which agrees with the experimental
observations that the crystal quality improves with the crystal thick-
ness. The maximum of the calculated dislocation densities in the crystal
during the stable growth is around 240 cm ™2,

As indicated in Ref. [28], the density of defects in the bulk SiC
material can be obtained by dividing the total length of dislocations
observed by the volume of the sample. According to Powell et al. [28], a
high quality 4-degree off-axis SiC wafer having a diameter of at least
3 in. (75 mm) should contains at least one continuous square inch
(6.25 cm?) of surface area having a basal plane dislocation density of
less than about 500 cm ~2. The calculation results for dislocation den-
sity in 4H-SiC crystals agree qualitatively with the experimental data.

In order to explore the dislocatin evolution during the growth
process, we selected six points to detect the changes. At the graphite/
crystal interface, points 1, 2, 3 with r = 0, 0.0125, 0.025 m and
z = —0.002 m are selected. In the middle part of crystal, points 4, 5, 6
with r = 0, 0.0125, 0.025 m and z = —0.017 m are selected. The
evolutions of the dislcoation and the Von Mises stress are shown in
Fig. 6 and Fig. 7, respectively. The Von Mises stress is defined as,

OMises = \/%[(Uzz —op) + (0 — U:pcp)z + (U¢g0 — ) + 61.’22] 21)

In Fig. 6a, the Von Mises stress drasticly changes within t = 0.1 s
because of the strong coupling of the dislcoation and stresses. At
t = 100 s, the dislocation stresses are in equilibrium with the applied
stresses. This implys that the dislocatin evolution is much faster than
crystal growth rate. The evolution of dislocation can be treated to be
reasonable during the growth stage. The dislocation density near the
edge of the seed is much higher than that in the central region of the
seed. Similarly, the stresses at points 4, 5, 6 decrease rapidly (Fig. 7a).

4. Conclusions

The plastic deformation behaviors of 4H-SiC single crystals are
studied. We first predict the 1-D stress-strain relationship of the SiC
material using the Alexander-Haasen (AH) model when temperature is
in the range of 800 to 1300 °C. Low-temperature and high-temperature
plastic mechanisms are analyzed and plastic parameters are obtained.
The ratio of the activation energy and stress exponent is set as 0.3 for
temperatures lower than the transition temperature, and 1.3 eV for
temperatures higher than the transition temperature.

The AH model is then used to simulate the dislocation density dis-
tribution in the SiC crystal grown by the PVT method. It’s found that
large dislocation occurs near the graphite/SiC interface where the
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