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Abstract: Physical vapor transport is the dominant method for growing 200 mm SiC crystals, 

and the crystals produced by this method still have dislocations, which affect the performance of 

the device. In this study, the finite element analysis of 200 mm SiC crystal growth has been 

conducted to investigate the influencing parameters on the dislocations. The calculations are based 

on the model of multiple resistance heating proposed in our previous work. The transient heat 

transfer process for crystal growth has been calculated. Then dynamic mesh technique was 

employed to consider the shape evolution of the ingot during the crystal growth process. Finally, 

the distributions of the internal stress and dislocation density have been obtained based on the 

Alexander-Haasen model. The comparison of different parameters provides guidance for reducing 

the thermal stress and dislocation density in the 200 mm SiC crystal growth.

Keywords: SiC; Computer simulation; Growth from vapor; Dislocation density; Alexander-

Haasen model

1.Introduction

4H-silicon carbide (SiC), with its superior properties such as high breakdown field 
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strength, high thermal conductivity, and high carrier mobility, is a promising wide-
bandgap (WBG) semiconductor material for high-temperature, high-frequency, and 
high-power electronic devices [1-5].The physical vapor transport (PVT) method is 
currently the most mature method for growing bulk SiC crystals. Crystals grown by the 
PVT method usually have defects such as micropipes, dislocations, cracks, etc. The 
micropipe is the most destructive defect in SiC crystals, and its presence increases 
leakage current and decreases breakdown voltage, leading to device failure [6]. Up to 
now, the micropipe density (MPD) has been dramatically reduced in SiC crystals. 
According to the literature, the micropipe density has been reported to reduce by 90% 
in 200 mm substrates [7, 8]. The industry has achieved "zero micropipe density" 4H-
SiC single crystal substrate preparation. Overall, the micropipe is no longer an obstacle 
limiting the performance of SiC materials. Instead, dislocations should be more of our 
concern during crystal growth. Generally, dislocation density is regarded as an essential 
index to evaluate the quality of a SiC single crystal.

Currently, industrial production of SiC crystal size is mainly concentrated in 150 
mm (6 inches). The crystal size of the further expansion can reduce the device cost. An 
increase of 50 mm in the wafer diameter corresponds to a 78% larger area and a 
potential increase in the number of devices per wafer of the same amount [9]. However, 
with the diameter increase from 150 mm to 200 mm, the difficulty of multiple physical 
field control increases, especially the thermal field control, which plays a decisive role 
in the growth of large-size SiC crystals [10]. As crystal growth by PVT is carried out 
under a thermal gradient, remarkable thermal stress is induced in a crystal by nonlinear 
thermal gradients during the growth process. As the crystal size increases, the thermal 
gradient increases. Consequently, the stresses should be studied carefully during 200 
mm crystal growth since thermal stresses cause most dislocations.

To better understand the role of dislocations in the crystal growth process, Jordan 
et al. [11] proposed a parameter for the qualitative estimation of dislocation density 𝝈𝑒𝑥 
for the first time. Compared to qualitative estimation, quantitative assessment of 
dislocation density provides more helpful information on single crystal quality. In 
quantitative analysis, the Alexander-Haasen (AH) model is used as the constitutive 
equation to calculate the relation between the time-dependent plastic strain and the 
dislocation density. The model was first used to calculate the dislocation density in the 
silicon ribbon [12]. Afterward, the model was also used to analyze dislocation density 
in III–V compound semiconductor crystals, such as GaAs and InP [13]. B. Gao et al.[14] 
have demonstrated through simulations and experiments that the AH model is also 
applicable to the plastic deformation of IV-IV compound semiconductor materials such 
as SiC. There is already literature on using the AH model to calculate the dislocation 
density of SiC crystals [15-18]. However, there has been little reported research on 
calculating thermal stresses and dislocations in 200 mm SiC. In our previous study [10], 
multiple resistance heating for SiC crystal growth has been proposed, and numerical 
calculations have been carried out. Machine learning has been utilized to optimize 
thermal field structure parameters favorable for high-quality crystal growth.

In this study, the finite element analysis of 200 mm SiC crystal growth has been 
carried out by using COMSOL Multiphysics based on our previous model, and the 
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dynamic mesh technique has been adopted to capture the shape evolution of ingot 
during the crystal growth process and simulate the distribution of the internal stress and 
dislocation density of the crystals under different growth conditions to provide 
guidance to the growth of 200 mm SiC crystal with high quality.

2.Numerical Model and Methods

2.1 Geometric model

Fig. 1(a) is a 2D axis-symmetric global model for the designed multiple resistance 
heating furnace of a SiC single crystal [10]. The model includes the following 
components: SiC powder, graphite crucible, SiC seed, seed holder, graphite foam 
insulation, and three resistance heaters, which are separated by graphite foam 
insulations. The furnace is filled with argon gas at a fixed pressure of 100 Pa. Compared 
to conventional induction coil heating, the advantage of multiple resistance heating is 
that the thermal radiation in the SiC powder region, the SiC seed region, and the seed 
holder region can be directly changed by varying the power distribution of the three 
heaters, thus allowing for more flexible control of the thermal field distribution. Fig. 
1(b) shows the schematic diagram of each parameter that can be adjusted in this model; 
among them, 𝑃1, 𝑃2, and 𝑃3 denote the power of the three heaters, Y represents the 
distance between the seed and the powder, and the value of Y also explains the amount 
of SiC powder. H denotes the height of the graphite crucible, which is also used to 
change the thermal field by adjusting the position of the crucible.

(a) (b)
Fig. 1 Crystal growth system in finite element calculations: (a) configuration of the 
multiple resistance heating furnace [10]; (b) schematic diagram of each parameter 
that can be adjusted in this model

The transient thermal field of crystal growth was firstly calculated; simultaneously, 
the shape of the crystal growth surface was updated in real-time according to the growth 
rate in conjunction with the dynamic mesh technique. After obtaining the crystal shape, 
the stress distribution in SiC ingots was calculated by reconfiguring and encrypting the 
crystal mesh. Finally, the dislocation density in the crystal was determined using the 
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Alexander-Haasen model until the convergence of results. Fig.2 depicts the sequential 
calculation procedure. In the subsequent subsections, the principles governing the 
modeling of thermal, stress, and dislocation fields along with their corresponding 
equations and boundary conditions will be introduced.

Fig. 2 The operation flow chart of the simulation

2.2 Heat transfer

When employing the PVT method for SiC crystal growth, heat is transferred to the 
SiC powder via conduction and radiation, leading to its decomposition into gaseous 
components. Within the growth chamber, the diffusion facilitates the transportation of 
these gas phase constituents alongside latent heat associated with phase transition at the 
interface between SiC powder sublimation and deposition onto the seed crystal. 

Despite the intricate chemical reactions taking place at the surfaces of both the 
powder and seed, it is feasible to approximate the alterations in these two characteristics 
as phase transitions of the SiC components. This equation (1) enables us to precisely 
calculate the latent heat at the interface

𝑞𝐿 = 𝜌𝑣𝐿 (1)

where 𝑞𝐿 is the released heat per unit area during the crystallization; 𝜌 is the density 
of SiC; 𝑣 is the crystal growth rate and 𝐿 is the latent heat of deposition with a value 
of 5730 𝑘𝐽/𝑘𝑔 [10].

Since the temperature is above 2000 K, the effect of radiative heat transfer is 
significant and needs to be considered. The radiative heat flux at the wall is calculated 
under the heat transfer wall boundary condition as follows:

𝑞𝑤 = 𝜀𝜎(𝑇4
𝑎𝑚𝑏 ― 𝑇4

𝑤) (2)

where 𝜎 is the Stefan-Boltzmann constant; 𝑇𝑎𝑚𝑏 is the ambient temperature; 𝑇𝑤 is 
wall temperature and 𝜀 is the wall emissivity.

Without accounting for convective heat transfer, the impact of latent heat is 
deemed insignificant in comparison to radiant heat. The transient heat transfer equation, 
which only considers conduction and radiation while neglecting convective heat 
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transfer in the thermal field calculation of the system, can be expressed as follows:

𝜌𝐶𝑝
∂𝑇
∂𝑡 + ∇ ⋅ ( ―𝑘∇𝑇) = 𝑄 (3)

The material properties in the thermal field calculation can be found in Table 1
Table.1 Material properties related to heat transfer calculation [19]

Properties Value and unit

Density of the graphite crucible 1730 kg/m3

Density of the insulation layer 200 kg/m3

Density of 4H-SiC crystal 3220 kg/m3

Heat capacity of the graphite crucible 2250 J/(kg ⋅ K)

Heat capacity of the insulation layer 1000 J/(kg ⋅ K)

Heat capacity of the 4H-SiC crystal 1281 J/(kg ⋅ K)

Thermal conductivity of the graphite crucible 22.3 + (2.3 × 107)/(1 + (𝑇/0.00056)) W/(m ⋅ K)

Thermal conductivity of the insulation layer 0.193 × 𝑒𝑥𝑝(0.00079 × (𝑇 ― 273))  W/(m ⋅ K)

Thermal conductivity of 4H-SiC crystal 4.517 × 105/(𝑇1.29) W/(m ⋅ K)

Emissivity of the wall 0.8

Emissivity of the graphite crucible 0.8

Emissivity of the insulation layer 0.8

Emissivity of the 4H-SiC crystal 0.8

2.3 Crystal Growth Interface

During the process of SiC crystal growth, sublimation of SiC powders occurs at 
high temperatures, resulting in a gas phase consisting of Si, Si2C, and SiC2. Through a 
convection-diffusion mechanism driven by temperature and concentration gradients 
within the growth chamber, these vapor species are transported to the seed surface 
where they create a supersaturated condition near the ingot surface leading to their 
deposition on the seed [20]. The primary reactions taking place on the seed's surface 
involve:

𝑆𝑖𝐶2(𝑔) + Si(𝑔)⇔2SiC(s) (4)

𝑆i2C(𝑔)⇔SiC(s) + Si(𝑔) (5)

where the labels (s) and (𝑔) denote solids and gases, respectively.
It has been reported in the literature that SiC2 and Si are the predominant gas 

species responsible for determining the crystal growth rate at temperatures below and 
above 2900 K, respectively [21]. Typically, SiC crystals are grown at temperatures 
below 2900 K, thus establishing SiC2 as the dominant gas species influencing the 
growth rate. The molar flux of SiC2 on the seed surface and its corresponding growth 
rate can be accurately described using the Hertz-Knudsen theoretical framework:

𝐽𝑆𝑖𝐶2 = 𝛼𝑖
(𝑃𝑆𝑖𝐶2 ― 𝑃∗

𝑆𝑖𝐶2(𝑇(𝑟)))
(2𝜋𝑀𝑆𝑖𝐶2𝑅𝑇(𝑟))

(6)

𝑣𝑔 = 2(𝑀𝑆𝑖𝐶/𝜌𝑆𝑖𝐶)𝐽𝑆𝑖𝐶2 (7)
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where 𝛼𝑖 is the adsorption coefficient; 𝑃𝑆𝑖𝐶2 is partial pressure of SiC2 (unknown 

value); 𝑇(𝑟) is radial temperature of seed surface; 𝑃∗
𝑆𝑖𝐶2 is equilibrium vapor 

pressures of SiC2 provided by Lilov (1993) [21]; M and R are the molar mass of the gas 
species and the ideal gas constant, respectively.

To determine the value of 𝑃𝑆𝑖𝐶2 in Eq. (6), the problem can be approached in a 
simplified way. Fig. 3 shows a physical model of PVT growth of SiC crystals. The 
coordinate system offers the pressure P along the axial coordinate z. It is assumed that 
at the powder surface, the pressure of the gas-phase component SiC2 is approximated 
to be equal to the thermodynamic equilibrium pressure corresponding to the average 
temperature at the powder surface（A-B）, and the partial pressure of SiC2 inside the 

growth chamber is considered to be equal to 𝑃∗
𝑆𝑖𝐶2

(𝑇𝑝𝑜𝑤𝑑𝑒𝑟).

Fig. 3 Physical model of PVT growth of SiC.
To determine the growth rate, the model assumes the following: 
1. It neglects mass transfer effects and only considers temperature impact;
2. It exclusively focuses on axial crystal growth while neglecting radial growth; 
3. It does not consider any influence of powder consumption on heat field 

distribution.
We aim to incorporate a dynamic mesh physical field into our model to accurately 

simulate the shape variations that occur during crystal growth. To illustrate this setup, 
a simplified schematic is presented in Fig. 4(a), where the SiC seed portion of the grid 
is divided into 50×5 grid cells, while the remaining area consists of a free triangle grid. 
In Fig. 4(b), a schematic representation of a graphite crucible within a simplified 2D 
axisymmetric PVT growth system is depicted. The grids on the upper surface of both 
the seed and powder are fixed (𝑢𝑟 = 𝑢𝑧 = 0), whereas those on the symmetry axis and 
sidewalls of the crucible allow for slip (𝑢𝑟 = 0). Furthermore, on the bottom surface of 
the seed, grids are set with a velocity in z-direction equal to 𝑣𝑔. Fig. 4(c) visually 
demonstrates both grid movement and changes in crystal dislocation density over time 
from 0 to 60 hours during computation.
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Fig. 4 The schematic diagram for setup of the model dynamic mesh：(a) the meshing of the 

calculation model; (b) dynamic mesh boundary conditions; (c) changes in dislocation density 

during mesh movement

2.4 Thermal stress and dislocation density

The governing equations for calculating thermal stresses include force equilibrium, 
geometric equations, and the constitutive relation. Continuous temperature variation 
within a solid generally generates thermal stresses. According to the linear thermal 
stress theory, the components of the strain tensor are a linear function of the stress tensor, 
and temperature variation generates these components. Hooke's law and stress-strain 
relations for elastic and thermal strains are given by:

𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙(𝜀𝑘𝑙 - 𝛼𝜃𝛿𝑘𝑙),(𝜃 = 𝑇 - 𝑇0) (8)

where 𝜎𝑖𝑗 is the stress tensor; 𝐶𝑖𝑗𝑘𝑙 is the elastic constant tensor which depends on 
crystal structure;𝛼 is thermal expansion coefficients; 𝜀𝑘𝑙and 𝛿𝑘𝑙 are the strain tensor 
and Kronecker delta tensor, respectively.

The 4H-SiC single crystal has a hexagonal structure, so its elastic matrix has only 
five independent components. Assuming 𝑇0 = 293.15𝐾, the stress-strain relation in 
the 2D axisymmetric can be represented as:
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(𝜎𝑟𝑟
𝜎𝜃𝜃
𝜎𝑧𝑧
𝜎𝑟𝑧

) = (𝐶11 𝐶12 𝐶13 0
𝐶12 𝐶11 𝐶13 0
𝐶13 𝐶13 𝐶33 0
0 0 0 𝐶44

)(𝜀𝑟𝑟 ― 𝛼(𝑇 ― 𝑇0)
𝜀𝜃𝜃 ― 𝛼(𝑇 ― 𝑇0)
𝜀𝑧𝑧 ― 𝛼(𝑇 ― 𝑇0)

𝜀𝑟𝑧
) (9)

According to Zhang et al. [22], an isotropic temperature-dependent thermal expansion 
coefficient 𝛼(𝑇) is considered:

𝛼(𝑇) = ―5.54 ∙ 10―6K―1 exp ( ―
𝑇

3358.8K)

           ― 2.78 ∙ 10―4K―1 exp ( ―
𝑇

42.3K) + ―8.83 ∙ 10―6K―1

(10)

The temperature field of SiC crystals grown by PVT can be approximated as a 2D 
axisymmetric distribution. Therefore, the displacement distribution resulting from the 
thermal expansion of the crystals can also be considered as a 2D axisymmetric 
distribution. Consequently, the relationship between strain and displacement can be 
expressed as follows:

𝜺 =
1
2 [∇𝒖 + (∇𝒖𝑇)] (11)

And in the cylindrical coordinate system ∇ = ∂
∂𝑟

𝒆𝑟 + 1
𝑟

∂
∂𝜃

𝒆𝜃 + ∂
∂𝑧

𝒆𝑧, strain components 

[23] can be obtained as Eq. (9):

𝜀𝑟𝑟 =
∂𝑢𝑟

∂𝑟 ,𝜀𝜃𝜃 =
𝑢𝑟

𝑟 ,𝜀𝑧𝑧 =
∂𝑢𝑧

∂𝑧 ,

𝜀𝑟𝑧 =
1
2(∂𝑢𝑟

∂𝑧 +
∂𝑢𝑧

∂𝑟 ),𝜀𝑟𝜃 = 𝜀𝜃𝑧 = 0

(12)

where 𝑢𝑟 and 𝑢𝑧 are the displacement in the radial direction and the displacement in 
the axial direction, respectively. Based on the assumption of 2D axisymmetric, the 
displacement in the angular direction is zero.

The equation of force equilibrium at steady state without external force are 
described as:

∇ ⋅ 𝝈 = 0 (13)

and in the cylindrical coordinate system with 2D axisymmetric condition can be 
followed as [24]:

∂𝜎𝑟𝑟

∂𝑟 +
∂𝜎𝑟𝑧

∂𝑧 +
𝜎𝑟𝑟 ― 𝜎𝜃𝜃

𝑟 = 0

∂𝜎𝑟𝑧

∂𝑟 +
∂𝜎𝑧𝑧

∂𝑧 +
𝜎𝑟𝑧

𝑟 = 0

(14)

The Von Mises stress is used to represent the stress components:

𝜎𝑣𝑜𝑛 = (3
2𝑆𝑖𝑗𝑆𝑖𝑗)1/2

(15)

where 𝑆𝑖𝑗 is the stress deviator, 𝑆𝑖𝑗 = 𝜎𝑖𝑗 ― 1
3
𝜎𝑘𝑘𝛿𝑖𝑗.

For the calculation of the thermal stress field in SiC crystals, the boundary 
conditions are described as follows：

(a) Considering the seed attached to the seed holder, the displacement boundary 
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conditions on the upper surface of the seed are set to be 𝑢𝑧 = 0; 
(b) Neglecting the effect of growing polycrystals on the growth surface, the stress 

boundary conditions on growth surface can be described as 𝝈 ∙ 𝒏 = 0.  
The material properties in the thermal stress calculation can be found in Table 2

Table.2 Material properties related to thermal stress calculation [25]

Symbol Description Value and Unit

𝐶11 Elasticity constants ―0.025 𝐺𝑃𝑎 × 𝑇 + 486.6 𝐺𝑃𝑎

𝐶12 Elasticity constants ―0.011 𝐺𝑃𝑎 × 𝑇 + 101.3 𝐺𝑃𝑎

𝐶13 Elasticity constants ―0.011 𝐺𝑃𝑎 × 𝑇 + 59.02 𝐺𝑃𝑎

𝐶33 Elasticity constants ―0.025 𝐺𝑃𝑎 × 𝑇 + 528.9 𝐺𝑃𝑎

𝐶44 Elasticity constants ―0.007 𝐺𝑃𝑎 × 𝑇 + 150.3 𝐺𝑃𝑎

The dislocation generation or nucleation determines the first existing dislocations. 
However, the dislocation multiplication, driven by the thermal stress, determines the 
final dislocations in the as-grown crystal. Therefore, thermal stress is the most critical 
factor in determining the presence of final dislocations [26].

For the elastoplastic crystal, the total strain consists of three components of strain:
𝜀𝑖𝑗 = 𝜀𝑒

𝑖𝑗 + 𝜀𝑇
𝑖𝑗 + 𝜀𝑝𝑙

𝑖𝑗 (16)

where 𝜀𝑒
𝑖𝑗 , 𝜀𝑇

𝑖𝑗 and 𝜀𝑝𝑙
𝑖𝑗  are elastic strain, thermal strain, and plastic strain, respectively. 

The thermal strain has been considered in Eq. (8) and (9).
The main slip direction of the hexagonal SiC crystal is the [1120] direction 

located in the (0001) plane. For the 2D axisymmetric case with the symmetry axis 
oriented along the [0001] direction (c axis), without considering the anisotropic stress 
component 𝜎𝑟𝑧is considered to be the resolved shear stress, then the stress-strain 
relationship with plastic can be rewritten in Eq. (9) to get：

(𝜎𝑟𝑟
𝜎𝜃𝜃
𝜎𝑧𝑧
𝜎𝑟𝑧

) = (𝐶11 𝐶12 𝐶13 0
𝐶12 𝐶11 𝐶13 0
𝐶13 𝐶13 𝐶33 0
0 0 0 𝐶44

)(𝜀𝑟𝑟 ― 𝛼(𝑇 ― 𝑇0)
𝜀𝜃𝜃 ― 𝛼(𝑇 ― 𝑇0)
𝜀𝑧𝑧 ― 𝛼(𝑇 ― 𝑇0)

𝜀𝑟𝑧 ― 𝜀𝑝𝑙
𝑟𝑧

) (17)

The Alexander-Haasen model [14] describes the time evolution of the 
mobile dislocation density 𝑁𝑚and plastic strain 𝜀(𝛼)

𝑝𝑙  and the rate of the plastic strain 
is given by Orowan’s equation:

𝑑𝜀(𝛼)
𝑝𝑙

𝑑𝑡 = 𝑁(𝛼)
𝑚 𝑣(𝛼)𝑏

(18)

𝑑𝑁𝑚

𝑑𝑡 = 𝐾𝑣𝑁𝑚𝜏𝜆
𝑒𝑓𝑓

(19)

𝑣 = 𝑘0𝜏𝑚
𝑒𝑓𝑓 𝑒𝑥𝑝 ( ―

𝑄
𝑘𝑏𝑇) (20)

where (𝛼) is the slip direction; 𝑣 is the slip velocity of dislocation; 𝜏𝑒𝑓𝑓 is the effective 
stress representing the contribution of stress from dislocation; 𝑏 is Burger’s vector; 𝑄 
is activation enthalpy; 𝑘𝑏 is Boltzmann constant; and 𝐾,𝜆,𝑚,𝑘0are constants related to 
materials. The expression for the effective stress can be expressed as a function of the 
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maximum value:

𝜏𝑒𝑓𝑓 = 𝑚𝑎𝑥 (𝜏𝑎 ― 𝐷 𝑁𝑚 ― 𝜏𝑐𝑟𝑖𝑡,0) (21)

here 𝜏𝑎 is the resolved shear stress in the slip direction, in the case of 2D axisymmetric 
consideration, the resolved shear stress 𝜏𝑎 is found for the hexagonal crystals as the 
absolute magnitude of 𝜎𝑟𝑧; 𝐷 𝑁𝑚 is the back-stress on a given dislocation due to the 
neighboring ones, which resists its movement through interaction; 𝜏𝑐𝑟𝑖𝑡 is the back-
stress caused by the interaction between dislocations and impurity atoms [27]; it should 
also be noted that dislocation density calculations require an initial dislocation density 
that is not zero because it can be seen from Eq. (15) that the rate of dislocation density 
is a self-multiplying equation. Here we set the initial dislocation density to 100 𝑐𝑚―2, 
initial values within a certain range do not affect the value of the final dislocation 
density [28].

The material properties in the dislocation density calculation can be found in Table 
3.

Table.3 Material properties related to dislocation density calculation [7]

Symbol Description Value and Unit

𝑏 Burger’s vector 3.073 × 10―10 𝑚

𝜆 stress exponential factor
1.1 at𝑇 > 1000 ℃

0.6 at𝑇 < 1000 ℃

𝑚 stress exponential factor 2.8

𝑄 activation enthalpy
3.3 eV at𝑇 > 1000 ℃

2.6 eV at𝑇 < 1000 ℃

𝑣 dislocation velocity 𝑚/𝑠

𝐾 multiplication constant 7.0 × 105

𝑁𝑚 mobile dislocation density 𝑚―2

𝜏𝑒𝑓𝑓 effective stress Pa

𝜏𝑐𝑟𝑖𝑡 doping stress Pa

𝐷 hardening factor [29]
𝑏(𝐶11 ― 𝐶13)

4𝜋(1 ― 𝜈)

𝑇 temperature K

𝑘0 material constant 8.5 × 10―15

𝑘𝑏 Boltzmann constant 8.615 × 10―5 𝑒𝑉/𝐾
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3. Results and discussion

3.1 The varying of power

The power distribution is crucial for the thermal field of the furnace. Our previous 
study explored the effect of different power distributions on RTD and ETG, as 
described in the literature [10]. In this study, by setting 𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑃1 + 𝑃2 + 𝑃3 = 27 kW 
to ensure that the temperature on the seed surface is suitable for SiC crystal growth with 
parameters Y = 138 mm (distance between seed and powder) and H = 160 mm (crucible 
height). Using a constant power setting for one heater, while independently adjusting 
the power of the other two heaters, to investigate their impact on dislocation density 
during crystal growth. The detailed explanation of simulation results follows, 
elucidating our findings.

Firstly, the power distribution of heaters P1 and P2 is changed by fixing the power 
of heater P3=19 kW. Fig. 5 (a)–(c) shows the P1 and P2 dependence on the temperature 
of the crystal after growing 60h for P1+P2=8 kW. The maximum temperature of the 
crystal increases as P2 increases, while the minimum temperature exhibits an opposite 
trend. This is because heater P2 directly heats the crucible wall on the side of the crystal 
through thermal radiation, significantly impacting its temperature. Additionally, there 
are variations in calculated crystal shapes and thicknesses for each of the three power 
cases. The thickness of the crystals increases with an increase in P2. Among different 

Fig. 5 𝑃1 and 𝑃2 dependence of temperature of crystal after growing 60h for 𝑃1 + 𝑃2=8 kW: (a) 

𝑃2=8 kW; (b) 𝑃2=4 kW;(c) 𝑃2=0 kW 

values of P2, 8 kW results in crystals with the most convex shape, 0 kW leads to concave 
crystals, and 4 kW lies in between. The shape of the crystals significantly affects the 
stresses, and typically, convex crystals generate more significant thermal stresses. Fig. 
6 (a)–(c) shows the P1 and P2 dependence of dislocation density(left) and the absolute 
value of shear stress |𝜎𝑟𝑧|(right) of crystal after growing 60h for P1+P2=8 kW. The 
maximum value of the dislocation density increases as P2 increases. The difference in 
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dislocation density between convex and concave crystals is two orders of magnitude. 
The minimum dislocation density is 100 (𝑐𝑚―2),because the initial value is 100 (𝑐𝑚―2

) and if |𝜎𝑟𝑧| ―𝐷 𝑁𝑚 < 0 then dislocation proliferation rate dNm/dt = 0. It can also 
be expected that the trend of stress distribution will align with that of the dislocation 
density, as shear stress serves as a driving force for dislocation proliferation in the AH 
model.

Fig. 6 𝑃1 and 𝑃2 dependence of dislocation density(left) and the absolute value of shear stress 𝜎𝑟𝑧

(right) of crystal after growing 60h for 𝑃1 + 𝑃2=8 kW: (a) 𝑃2=8 kW; (b) 𝑃2=4 kW;(c) 𝑃2=0 kW 

Secondly, the power distribution of heaters P1 and P3 is adjusted by fixing the 
power of heater P2 at 4 kW and ensuring that the combined power of P2 and P3 exceeds 
20 kW in order to maintain a higher temperature for the SiC powder compared to the 
seed. Fig. 7 (a)–(d) illustrates the dependence of P1 and P3 on the crystal's temperature 
after growing for 60 hours with a total power input of P1+P3 = 23 kW. The effect of P3 
on the crystal temperature in this case exhibits the same trend as that of P2 in the first 
case, and all calculated crystal shapes are convex. Additionally, as P3 increases, the 
thickness of crystals becomes larger. This is because heater P3 can heat the crucible 
wall 
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Fig. 7 𝑃1 and 𝑃3 dependence of temperature of crystal after growing 60h for 𝑃1 + 𝑃3=23 kW: (a) 

𝑃3=17 kW; (b) 𝑃3=19 kW;(c) 𝑃3=21 kW;(d) 𝑃3=23 kW

Fig. 8 𝑃1 and 𝑃3 dependence of dislocation density(left) and the absolute value of shear stress 𝜎𝑟𝑧

(right) of crystal after growing 60h for 𝑃1 + 𝑃3=23 kW: (a) 𝑃3=17 kW; (b) 𝑃3=19 kW;(c) 𝑃3=21 

kW;(d) 𝑃3=23 kW

on the side wall of SiC powder through thermal radiation. As a result, with an increase 
in P3, there is a greater temperature difference between the powder and seed which leads 
to an increased growth rate of crystals. Fig. 8 (a)–(d) shows the P1 and P3 dependence 
of dislocation density(left) and the absolute value of shear stress |𝜎𝑟𝑧|(right) of crystal 
after growing 60h for P1+P3=23 kW. The maximum value of the dislocation density 
increases as P3 increases. Despite all crystals being convex, the temperature gradient 
also increases with increasing crystal thickness, resulting in a nearly fivefold difference 
in the maximum shear stress and two orders of magnitude difference in the maximum 
dislocation density.

Finally, the power distribution of heaters P2 and P3 is adjusted by setting the power 
of heater P1 to 4 kW and ensuring that the power of heater P3 is greater than 16 kW, in 
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order to maintain a higher temperature for the SiC powder compared to the seed. Fig. 
9 (a)–(d) illustrates the relationship between P2 and P3 with respect to the crystal's 
temperature after a growth period of 60 hours, where P2+P3=23 kW. As P3 increases, 
the temperature of the crystal decreases; however, there is an increasing disparity 
between the maximum and minimum temperatures. Fig. 10 (a)–(d) shows the P2 and 
P3 dependence of dislocation density(left) and the absolute value of shear stress (right) 
of crystal after growing 60h for P2+P3=23 kW. The maximum values of shear stress 
and dislocation density for the four cases do not differ much, and the dislocation density 
orders of magnitude are all in the order of 8 of 10. From the previous analysis, it can be 
seen that both P2 and P3 are positively correlated with the value of maximum shear 
stress in the crystal. It can be deduced from Fig. 10 that the influence of P3 is more 
significant than that of P2 because the result at P3=23 kW and P2=0 kW is more 
significant than that at P3=17kw and P2=6kw. However, the influence of P2 on the 
convexity of the crystal is the greatest.

Fig. 9 𝑃2 and 𝑃3 dependence of temperature of crystal after growing 60h for 𝑃2 + 𝑃3=23 kW: (a) 

𝑃3=17 kW; (b) 𝑃3=19 kW;(c) 𝑃3=21 kW;(d) 𝑃3=23 kW

Fig. 10 𝑃2 and 𝑃3 dependence of dislocation density(left) and the absolute value of shear stress 
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𝜎𝑟𝑧(right) of crystal after growing 60h for 𝑃2 + 𝑃3=23 kW: (a) 𝑃3=17 kW; (b) 𝑃3=19 kW;(c) 

𝑃3=21 kW;(d) 𝑃3=23 kW

Fig. 11 (a)-(c) shows the correlation between heater power distribution and the 
maximum dislocation density of the grown crystal. By simulating the power, we can 
draw the following conclusions: 

1. The maximum stress and thickness of the growing crystal are negatively 
correlated with P1 and positively correlated with P2 and P3; 

2. P3 has a greater impact on the maximum stress than P2; 
3. P2 has a stronger effect on crystal convexity than P3.

Fig. 11 The correlation of heater power distribution and the maximum dislocation density of the 

grown crystal:(a) 𝑃1 + 𝑃2=8 kW, 𝑃3=19 kW;(b) 𝑃1 + 𝑃3=23 kW, 𝑃2=4 kW;(c) 𝑃2 + 𝑃3=23 kW, 

𝑃1=4 kW

3.2 The varying of crucible height

In the multiple resistance heating model, the magnitude of thermal radiation in the 
SiC powder, seed crystal, and seed crystal holder regions can be varied by adjusting 
different crucible heights. To investigate the effect of varying crucible height on the 
maximum value of stress in the grown crystal, the power of heaters is considered to be 
P1=P2=4kW and P3=19kW the power for heaters, while treating crucible height (H) as 
a variable for calculation. Fig. 12 (a)–(f) illustrates how crucible height (H) affects the 
temperature of the crystal after growing for 60 hours. As the crucible position increases, 
the temperature of the growing crystals decreases. The reason for this can be explained 
as follows: The heat in the SiC powder mainly originates from the thermal radiation of 
Heater 3. However, as the crucible position increases, there is a weakening in the 
thermal radiation between Heater 3 and the side wall of the crucible where the powder 
is located.
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Fig. 12 The crucible height (H) dependence of the temperature of the crystal after growing 60h: 

(a) 150mm; (b) 160mm; (c) 170mm; (d) 180mm; (e) 190mm; (f) 200mm;

Fig.13 (a)–(f) shows the heat flux in the growth chamber, with the arrow indicating 
the direction of heat transfer and the color representing surface radiance. Positive values 
indicate radiative heat transfer into the solid, while negative values indicate heat 
transfer into the gas domain. As shown in the figure, an increase in crucible height 
results in a gradual decrease in radiant heat flux on the side wall of the crucible 
containing SiC powder. However, there is no significant difference in the color of the 
arrows when H ranges from 150 to 170 mm. At this point, the heat flux of the crucible 
sidewall of the growth crystal undergoes changes and a portion of the heat starts to be 
transferred inward. As the position of the crucible continues to increase, there is a 
noticeable alteration in radiation below, while all the heat within the crucible sidewall 
is transferred inward. Fig. 14 illustrates the distribution of radial temperature gradient 
in crystals at various crucible heights. It is evident that the pattern of the radial 
temperature gradient remains consistent, however, its numerical value decreases as the 
height of the crucible increases. The non-uniform distribution of the radial temperature 
gradient is the primary cause for the increase in shear stress, and the formation of shear 
stress is primarily influenced by radial temperature gradients [30]. 

Fig. 15 (a)–(f) show the dislocation density(left) and the absolute value of shear 
stress 𝜎𝑟𝑧(right) of the crystal after growing 60 h at various crucible heights (H). 
Crucible height variations do not affect the maximum thermal stress to the same 
significant extent as power variations. The orders of magnitude of the maximum 
dislocation densities are all in 108. However, there is some difference in the shape and 
thickness of the grown crystals, with the convexity and thickness of the crystals grown 
in the low crucible position being more significant than in the high crucible position. 
Fig. 16 shows the correlation of crucible height(H) and the maximum dislocation 
density of the grown crystal.
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Fig. 13 Heat flux in the growth chamber at various crucible height(H):(a) 150mm; (b) 160mm; 

(c) 170mm; (d) 180mm; (e) 190mm; (f) 200mm.

Fig. 14 Radial temperature gradient of crystal after growing 60h at various crucible height(H)
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Fig. 15 Dislocation density(left) and the absolute value of shear stress 𝜎𝑟𝑧(right) of crystal after 

growing 60h at various crucible height(H):(a) 150mm; (b) 160mm; (c) 170mm; (d) 180mm; (e) 

190mm; (f) 200mm.

Fig. 16 The correlation of heater power distribution and the maximum dislocation 
density of the grown crystal.
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3.3 The varying of distance between seed and powder

The last simulated parameter is the distance between the seed and SiC powder, 
which also indicates the amount of SiC powder to be injected. Setting three heater 
powers P1=4 kW, P2=4 kW, and P3=19 kW, and adjusting the crucible height (H) to 
160mm in order to modify the distance between the powder and seed. Fig.17 (a)–(f) 
shows the dislocation density(left) and absolute shear stress (right) of the crystal after 
growing 60h at various distance between seed and powder (Y). As shown in Fig. 15, 
the crystals grown exhibit a slightly convex shape, and the dislocation density maxima 
increases as the distance between the seed and the powder increases. By calculating 
radial average temperature difference (Δ𝑇𝑥/𝐿𝑥) at various distance between seed and 
powder when growing 10h, whereΔ𝑇𝑥 is the temperature difference between the edge 
and the center of the growing crystals, and 𝐿𝑥 is the length between the two. At 10 
hours of growth, the approximate value of 𝐿𝑥 is equal to 100 mm. The Δ𝑇𝑥/𝐿𝑥 value 
is 1.22, 1.15, 1.07, 1.02, 0.98, and 0.94 K/cm, with the distance between seed and 
powder being 118,128, 138,148,158, and 168 mm, respectively.Δ𝑇𝑥/𝐿𝑥 reflects the 
uniformity of the surface temperature of the growing crystals, a small Δ𝑇𝑥/𝐿𝑥 indicates 
lower isotherm line convexity, and a reduced temperature gradient in the radial 
direction along the growth interface. Therefore, according to the magnitude of the 
convexity of the crystal, the convexity of the six cases (a)-(f) gradually decrease. Fig. 
18 shows the radial temperature gradient distribution of the crystal after growing 60 h 
at various distances between seed and powder. It can be seen that the radial temperature 
gradient inside the crystal gradually increases with the distance (Y) between the seed 
crystal and the powder. Fig.19 shows the distribution pattern of the axial temperature 
gradient in the crystal at different distances(Y), and there is no obvious difference in 
the axial temperature gradient, indicating that the formation of shear stress is mainly 
related to the radial temperature gradient. Fig. 20 shows the correlation of the distance 
between seed and powder and the maximum dislocation density of the grown crystal. 
To better reveal the relationship between the temperature gradient, the stress, and 
dislocation density, the data is shown at a distance of 10 mm from the seed crystal 
surface for the three cases of Y=118,138,168 mm. The distributions in Fig. 21(a)-(d) 
shows the radial distribution of axial temperature gradient, radial temperature gradient, 
shear stress, and dislocation density. It can be seen from the plots that the radial 
temperature gradients are close for Y=168 and 138 mm. However, the axial temperature 
gradient is highest in the Y=168 mm case, resulting in the highest shear stress in the 
Y=168 case.
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Fig. 17 Dislocation density(left) and absolute of shear stress 𝜎𝑟𝑧(right) of crystal after growing 

60h at various distance between seed and powder (Y):(a) 118mm; (b) 128mm; (c)138mm; (d) 

148mm; (e) 158mm; (f)168mm.

Fig.18 Radial temperature gradient distribution 

of crystal after growing 60 h at various distance 

between seed and powder (The unit of data is 

K/cm).

Fig.19 Axial temperature gradient distribution 

of crystal after growing 60 h at various distance 

between seed and powder. (The unit of data is 

K/cm).
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Fig. 20 The correlation of the distance between seed and powder and the maximum 
dislocation density of the grown crystal.

(a) (b)

(c) (d)
Fig. 21 Temperature gradient, shear stress and dislocations at 10 mm from the seed crystal plane 
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for the three cases of Y=118, 138, 168 mm for the grown crystals: (a) axial temperature 

gradient;(b) radial temperature gradient; (c) absolute of shear stress 𝜎𝑟𝑧;(d) dislocation density

4. Conclusion

In this paper, finite element analysis of 200 mm SiC growth has been performed 
based on a "three-separation heater method" model for SiC crystal growth designed in 
previous work. Firstly, the transient thermal field of the growth process has been 
calculated, and the shape evolution of the crystal growth interface has been obtained 
using a growth rate equation combined with the dynamic mesh technique. The thickness 
and the shape of the grown crystals, as well as the distributions of the internal maximum 
shear stress and dislocation density, have been calculated for the variations of the 
distribution of the heating power, the height of the crucible, and the distances between 
the powder and the seed. The calculation results show that the heating power 
distribution has the most significant effect on the maximum values of stress and 
dislocation density. Different heating power distribution strategies enable the growth 
of SiC crystals with different convexities and the magnitude of thermal stresses are also 
different. Meanwhile, the shape and dislocation density of the crystals can be controlled 
by changing the crucible height. Finally, the dislocation density of the crystals grown 
with different distances between the seed crystals and powders has been calculated, and 
the analysis of the calculation results provides guidance for the growth of high-quality 
200 mm SiC crystals to reduce the thermal stress and dislocation density.
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