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Abstract. In bulk SiC crystal growth using the PVT method, recrystallization within the source 
material leads to a decrease in growth rate and source utilization. In this study, numerical simulations 
were used to investigate the source temperature distribution and its effect on the growth rate and 
source utilization. Recrystallization in the upper and lower regions was considered separately. The 
results showed that reducing the source temperature gradient prevents recrystallization in the upper 
region, and a unidirectional gradient prevents recrystallization in the lower region, leading to higher 
growth rates and source utilization. 

Introduction 
The Physical Vapor Transport (PVT) method is widely used for growing bulk SiC crystals. In this 

method, SiC powder is used as the source, and the sublimation and temperature distribution in the 
source directly affects the crystal quality and manufacturing cost of SiC. The evolution of SiC powder 
during crystal growth has been studied in previous work using in-situ X-ray techniques [1, 2]. 
Generally, a moderate source temperature gradient enhances growth rate. However, when the 
temperature gradient is too high, a large amount of recrystallization occurs in the source [3, 4]. This 
problem reduces yield and growth rate, leading to high production costs. There have been many 
reports on studies of the SiC powder source in PVT growth [5,6,7,8]. However, few studies have 
focused on the optimization of source temperature distribution. This study uses numerical analysis 
with the STR software Virtual Reactor (VR) to examine the impact of recrystallization on growth rate 
and source utilization [9], and proposes an optimal source temperature distribution. In addition, the 
equilibrium vapor pressure dependent on temperature was used as a parameter to evaluate the source 
temperature distribution. 

Optimal Source Temperature Distribution 
Case 1: Conventional RF coil model. 
In the PVT method, RF and resistance heating are employed as heating techniques for growing bulk 
SiC crystals. In Case1, the conventional RF coil model was used to examine the problem of 
recrystallization in the source. The modeling of the PVT furnace used is shown in Fig. 1. The model 
includes a graphite crucible, SiC powder, SiC seed, a seed holder, graphite felt insulation, and coils. 
Table 1 presents the physical properties of the materials used. A 4H polytype seed with a diameter of 
120 mm was used. The growth was carried out under an Ar atmosphere at 1500 Pa, with the 
temperature controlled at 2250 °C at the center of the seed holder surface. The RF heating frequency 
was set to 10 kHz, and the heating power was calculated from the temperature and thermal properties 
of the structure. The growth time was set until the growth rate dropped below zero and the source 
was completely consumed, in order to calculate the source utilization. Growth steps were set at two-
hour intervals, and the total crystal growth was calculated from the obtained results. Initial particle 
size in the source was set to 500 μm with a porosity of 0.6. Recrystallization is observed when the 
particle diameter exceeds this value. The utilization efficiency of the source was calculated as {[initial 
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source mass] − [residual source mass]} / [initial source mass]. The numerical modeling of the powder 
evolution is described in Reference [10]. 
In the high-temperature process of the PVT method, Lilov reported that the SiC reaction gas species 
are Si, Si₂C, and SiC₂. Below 2900 K, SiC₂ is the dominant species controlling the growth rate [11]. 
Therefore, not only the temperature but also the equilibrium vapor pressure of SiC₂ was considered 
for optimizing the source temperature distribution. The equilibrium vapor pressure values were 
calculated based on data traced from the graph published by Philippe Rocabois [12]. 

 
Fig. 2 shows the temperature distribution in the crucible and the particle size distribution after 24 

hours of crystal growth. Fig. 3 shows the temperature and the corresponding equilibrium vapor 
pressure of SiC₂ (Psic2) along the center axis (0h) [11]. The 24-hour average growth rate was 219 
μm/h, with a total growth of 2.59 cm. From Fig. 2, it can be especially confirmed that recrystallization 
occurs in both the upper and lower regions of the source. It is also observed in the middle region. 
Recrystallization occurs when the sublimated gas becomes supersaturated in the source. Here, the 
transport direction and flux of the sublimated gas are determined by the value of the equilibrium 
vapor pressure gradient dP_SiC₂/dy. Fig. 4 shows the equilibrium vapor pressure gradient, where 
negative values indicate gas flow toward the seed and positive values toward the bottom crucible. 
Differentiation was carried out using the finite difference method with Δ = 2 mm. The source bottom 
is at y = 15, and below the seed crystal is at y = 165. 

Recrystallization in the lower region occurs due to the temperature distribution created by RF coil 
heating, as the heat source is located at the crucible sidewall, leading to a gradual decrease in 
temperature toward the center. From Fig. 4, it can be seen that in the range of y = 15–27, the vapor 
pressure gradient has positive values, causing gas transport toward the bottom crucible, resulting in 
supersaturation and recrystallization. Recrystallization in the upper region can be explained by the 
discontinuity of the equilibrium vapor pressure gradient at the source/gas interface. Fig. 4 shows that 

 

 
Fig. 1. Case1 model: Structure 
of the Conventional RF heating 

Furnace. 

120mm

50mm

100mm

Growth 
Cell

Seed 
Crystal

Crucible

Thermal
Insulation

Thermal
Insulation

SiC Source

Table 1. The physical parameters. 

 

Components
Electric 

conductivity 
[S/m]

Thermal 
conductivity 
[W/(m×K)]

Density
[kg/㎥]

Heat 
capacity 

[J/(kg×K)]
Emissivity

SiC seed crystal 1000 90 3220 920 0.9

SiC source Powder 4 10 1600 920 0.8

Graphite Crucible 1.6 × 105 30 1840 1300 0.8
Graphite insulation  
side 100 1.1 100 1000 0.8

Graphite insulation  
bottom 200 1.4 180 1000 0.8

 
Fig. 2. Crucible temperature [℃] and particle size 

distribution [μm] (24h). 

 
Fig. 3. Temperature [℃] and equilibrium 

vapor pressure of P_SiC₂ [Pa] along the center 
axis (0h). 
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at the source–gas interface (y = 115), the vapor pressure gradient on the source side has a much larger 
negative value than that on the gas side. This gradient difference causes the sublimated gas to stagnate 
in the upper of the source, resulting in supersaturation and recrystallization. Similarly, 
recrystallization in the middle region occurs because, from y = 27, the vapor pressure gradient in the 
lower region becomes more negative than that in the upper region. In contrast to the vapor pressure 
gradient, the temperature gradient increases gradually in the source. This finding indicates that vapor 
pressure distribution, rather than temperature distribution, is the key parameter in determining 
recrystallization. 

These results suggest that recrystallization occurs when the vapor pressure gradient dP_SiC₂/dy 
shifts from a large to a small negative value - in other words when the gradient of dP_SiC₂/dy 
(=d²P_SiC₂/dy²) becomes positive causing stagnation of sublimated gas transport. Therefore, Fig. 5 
presents d²P_SiC₂/dy² together with the SiC powder particle size growth rate [μm/h] at 0 h, indicating 
recrystallization in the source. This figure indicates that the particle size growth peaks at the source–
gas interface (y = 115), where d²P_SiC₂/dy² reaches a maximum value of 0.032 at the gas-side 
interface. In Case 3, d²P_SiC₂/dy² at the source–gas interface was used as a parameter to study the 
effects of upper-region recrystallization on growth rate and source utilization. In Case 2, the lower 
temperature distribution was optimized. 

 
Case 2: Optimaizing the temperature in the lower. 
In Case 2, the material at the bottom of the crucible was replaced with one with higher thermal 
conductivity to improve the temperature distribution in the lower part of the source. The analysis 
model and physical parameters are shown in Fig. 6 and Table 2. This material has fictitious properties 
to create an ideal temperature distribution. All other analysis conditions were the same as those used 
in Case 1. The 24-hour average growth rate was 217 μm/h, the total growth was 3.17 cm. Compared 
with Case 1, the total growth increased by 0.58cm, while the growth rate decreased by 2 μm/h. Fig. 
7 shows a unidirectional temperature gradient in the lower region of the source and no 
recrystallization, leading to improved source utilization. 

 
 

Fig. 4. Temperature gradient [℃/cm] and 
equilibrium vapor pressure gradient dP_SiC₂/dy 

[Pa/cm] along the center axis. 
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Fig. 5. Relationship between d²P_SiC₂/dy² and 
Particle radius growth rate [μm/h] along the 

center axis. 
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Table 2. The physical parameters. 

 
 
The slight difference in growth rate is due to the lower maximum temperature in Case 2 than in  
Case 1, with the sublimated gas generated in the lower region consumed by recrystallization in the 
upper region. In practical induction heating, designing the lower temperature distribution shown in 
Fig. 7 is challenging. Therefore, it is important to lower the heat source and design the crucible so 
that the lower part is heated uniformly. 
Case 3: Optimaizing the temperature in the upper. 
In Case 3, we analyzed the influence of the d²P_SiC₂/dy² at the source–gas interface on growth rate 
and source utilization by setting the source temperature difference in the range of ΔT source = 4 ~ 
50 °C. The analysis model is shown in Fig. 8. This model differs from those used in Cases 1 and 2, 
with the temperature set at the boundary condition to realize an ideal temperature distribution, without 
using coils. The source sidewall was given a linear temperature boundary condition, and bottom was 
given a constant one. The crucible diameter was also reduced to 60 mm, and a flat temperature 
distribution was created by minimizing the lateral temperature gradient. Fig.9 shows the 0 h 
temperature and the 24 h particle size distribution, while Table 3 lists the temperatures and 
d²P_SiC₂/dy² at the gas/source interface. As shown in Fig. 9, 

Parameter Value

Electric 
conductivity 1.6×105 S/m

Thermal 
conductivity 500 W/(m ∗ K)

Density 2200 kg/m

Heat capacity 1900 kg/𝑚3

Emissivity 0.8

 
Fig. 6. Case 2 model: Change of 

bottom material. 

Change material  
Fig. 7. Optimization of the lower source temperature 
distribution [℃] and particle size distribution [μm]. 

(24h). 
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Fig. 8. Case3 model: The temperature was set at the boundary conditions  

for the ideal temperature distribution (no coils). 
Table 3. Analysis Results of Case 3 model. 

 
Growth Rate [μm/h] is the 24-hour average growth rate.; Total growth [cm] was calculated by 
summing the average growth rates until the source was fully consumed.; The pressure for all models 
was 1200 Pa. 
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=4℃～50℃

ΔT source 
[℃]

Tseed
[℃]
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top [℃]

T source 
bottom

[℃]

Total 
Growth 

[cm]

𝐝𝟐𝐏𝐬𝐢𝐜𝟐
𝐝𝐲𝟐 �

𝐲=𝐆𝐚𝐚𝐬/
𝐒𝐨𝐮𝐫𝐜𝐞

Growth 
Rate 

[μm/h]

Utilization 
efficiency

[%]

4 2370 2386 2390 2.49 0.010 164.4 91

10 2370 2386 2396 2.68 0.012 172.5 90

20 2370 2386 2406 2.79 0.017 173.7 83

30 2370 2386 2416 2.58 0.021 171.3 73

40 2370 2386 2426 2.23 0.027 165.8 44

50 2370 2386 2436 1.63 0.030 171.1 28

 
Fig. 9. Temperature distribution [℃] (0h) and particle size distribution [μm] (24h) for the 

Case 3 model. ΔT = ΔT source: Temperature difference of the source along the center axis. 
𝐗𝐗𝐚𝐚~𝐟𝐟:  d²P_SiC₂/dy² at the source–gas interface. 

(a) ΔT = 4℃ (b) ΔT = 10℃ (c) ΔT = 20℃ (d) ΔT = 30℃ (e) ΔT = 40℃ (f) ΔT = 50℃

(a) (b) (c) (d) (e) (f) 

Xa = 0.010 Xb = 0.012 Xf = 0.030Xe = 0.027Xd = 0.021Xc = 0.017
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a larger d²P_SiC₂/dy² at the gas/source interface leads to greater particle size growth in the upper 
region. In addition, starting from ΔT = 30 °C where d²P_SiC₂/dy² = 0.21, it can be observed that the 
peak position of particle size gradually shifts toward the middle region, indicating that the sublimated 
gas is consumed before reaching the upper region.  At ΔT source = 4 °C, no recrystallization was 
observed in the source, and Fig. 10 shows the corresponding d²P_SiC₂/dy² and the powder particle 
size growth rate [μm/h]. The source bottom is at y = 2, and below the seed crystal is at y = 127. These 
results also confirm that no recrystallization occurred throughout the entire source. Fig. 11 shows the 
relationship between the d²P_SiC₂/dy² at the source–gas interface and the utilization efficiency and 
growth rate (24 h average). The growth rate reached their maximum at d²P_SiC₂/dy² = 0.017 (ΔT 
source = 20 °C), with values of 173 μm/h. Thereafter, the growth rate showed a decreasing trend, 
which coincided with the timing when recrystallization began to shift downward to the middle region. 
At d²P_SiC₂/dy² = 0.030 (ΔT source = 50 °C), the growth rate temporarily increased but did not reach 
its maximum, and the utilization efficiency decreased to 28%. From these results, it was shown that 
the growth rate and source utilization efficiency can be maximized by setting d²P_SiC₂/dy² at the 
source–gas interface. In practice, it is difficult to suppress the source temperature difference to 4 °C 
or 10 °C while maintaining a unidirectional source temperature distribution. Therefore, in thermal 
design for the PVT process, minimizing the source temperature difference is important. This allows 
the maximum source temperature to be reduced, which in turn helps lower power consumption and 
suppress the degradation of the crucible and insulation materials. If the growth rate needs to be 
increased, it is effective to maintain a low source temperature difference while either raising the 
overall temperature or enlarging the temperature difference in the gas region, which also helps reduce 
production costs. A more detailed analysis would require further examination of the computational 
model and its accuracy. 

 
Fig. 10. Relationship between d²P_SiC₂/dy² and Particle radius growth rate [μm/h] along the center 

axis.  (ΔT source = 4 °C). 
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Fig. 11. Relationship between d²P_SiC₂/dy² at the source–gas interface and the utilization efficiency 

and growth rate (24 h average). 

Summary 
The results revealed that the optimal temperature distribution suppresses recrystallization by 

minimizing and making the source temperature gradient unidirectional within the source. These 
improvements lead to higher growth rates and source utilization, which contribute to the reduction of 
wafer production costs. 
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