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In this study, multiphysics simulations were carried out to understand the convection mechanisms of the

top seeded solution growth (TSSG) of SiC. Experimental melting tests and crystal growth were

conducted to verify the simulation results in the growing temperatures between 1700 and 1900 �C with

rf induction heating furnace. From the solidified melt of Si–Cr solution after the melting test, the melt

flow in the simulation was successfully verified. In the given experimental conditions, the

electromagnetic convection was found to govern the global fluid flow, while other mechanisms

including the Marangoni convection, the buoyancy convection and the centrifugal forced convection

influence the fluid flow near the crystal. Based on an understanding of the fluid flow obtained with the

simulations, a structural flow modifier (FM) was applied to enhance the growth rate of the SiC crystal.

The growth rates of SiC with/without FM were successfully estimated from simulations showing good

agreements with the experimental values. After the experimental crystal growth using FM, a remarkable

enhancement in the growth rate was found in an FM configuration, which suggests a way to improve the

growth rate by the TSSG method based on the efficient use of the dissolved C in the melt.
Introduction

Power devices are a key component for generating, trans-
porting, and consuming electric energy in modern industrial
societies. Hence, the efficient usage of electric energy is essen-
tial to realize a sustainable society that should be established
for the next generation. Hence, SiC is a promising substrate
applicable to highly efficient power. SiC single crystals were rst
grown by physical vapor transport (PVT) methods in 1978,1 and
signicant progress in crystal size has been demonstrated in the
commercialized 150 mm (6 inch) wafer and demonstrated
200 mm (8 inch) wafer.2

Although crystal growth via PVT is used currently as the mass
production method for SiC crystals, SiC wafers fabricated using the
PVT method still exhibit quality issues such as high dislocation
density. The quality issue in SiC wafers necessitates an alternative
method to obtain high-quality SiC crystals. As an alternative growing
method for SiC bulk crystal, the top seeded solution growth (TSSG)
method has been developed for the last two decades.3–5 The TSSG
method has been conrmed to be advantageous in obtaining high-
quality SiC crystals by reducing the dislocation density6–8 and with
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olidied melt of 90% Si–10% Cr. See
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a reasonable growth rate such that TSSG is now assumed as the
next-generation fabrication method of SiC crystals.

Because SiC forms incongruent melts of Si with dissolved C,
the composition ratio of Si and C is inevitably not uniform in
the melt of the TSSG method.9 When SiC is formed at the
crystal, the same amount of Si and C is consumed from the
melt. Because C has low solubility in Si liquid, however, C can
deplete easily near the crystal without a continuous C feed by
uid ow. Hence, the crystal growth of SiC is affected signi-
cantly by mass transport in the TSSG method. The mass
transport in the melt is inevitably affected by the operating
conditions, such as the hot-zone design, operating temperature,
and melt composition.

To stabilize the process condition, the mass transport of the
melt in the TSSG method should be optimized, as emphasized
in previous studies.10–13 Concerning the mass transport of the
melt in the TSSG method, Yamamoto et al. reported that both
electromagnetic and Marangoni convections are dominant,10,11

while Mercier et al. suggested that buoyancy convection is
dominant.12 The difference in the dominant factor reported by
Yamamoto et al. and Mercier et al. might be due to the differ-
ences in experimental setups, including the reactor designs and
operating conditions. The difference in the governing convec-
tions reported in the literature10–12 suggests that the experi-
mental setup of TSSG should be fully understood for optimizing
the crystal growth of SiC.

Because the mass transport of the melt is also inuenced by
the structural modication of the melt reservoir, efforts to
RSC Adv., 2019, 9, 26327–26337 | 26327
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Fig. 1 (a) Schematics of a TSSG grower, (b) global meshed model for
TSSG grower, and (c) detailedmeshmodel in themelt and near crystal/
melt interface (inset).
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optimize the mass transport by changing the crucible shape
have increased. Mercier et al. suggested a podium crucible
design to reduce the destabilizing effect of electromagnetic and
Marangoni convections.13 Kusunoki et al. adopted an immer-
sion guide attached to a crucible for a homogeneous melt ow
near the seed and discovered an improvement in growth rate.14

However, the mass transport of the melt in TSSG must be fully
understood for the given experimental setup before modifying
the crucible shape.

In this study, we aim to obtain an efficient ow modication
to enhance the growth rate of SiC by structural ow modica-
tion. Therefore, a comprehensive analysis of the mass transport
of the melt based on the TSSG method was rst conducted
using multiphysics simulations. Next, based on further under-
standing the mass transport of the melt, a structural modi-
cation adopting a “ow modier (FM)” was suggested to
enhance the growth rate of SiC. Finally, the effect of the FM on
the growth rate was analyzed by comparing the simulation and
experimental results.

Experimental and modeling

The SiC seed crystal was placed by contacting the Si melt with
dissolved C in the induction heating furnace (Takeuchi Electric
Co., Japan), as illustrated in Fig. 1a. The operating frequency of
the induction-heating furnace was 8.5 kHz. High purity (11-
Nine) Si chunk (OCI, Korea) was loaded into a graphite crucible
of inner diameter 50 mm. The amount of Si was weighed
carefully to obtain a Si melt height of 17 mm. The inner crucible
was placed inside an outer crucible, where both crucibles were
fabricated using graphite (M-501, Morgan, Korea). The crucibles
were placed on a crucible sha that could change the vertical
position. A seed crystal was attached to a seed sha. The
graphite parts were enclosed in a thermal insulator (M-501,
Morgan, Korea) and isolated in a stainless chamber that was
lled by an inert gas such as Ar or He. The temperatures on the
melt surface and beneath the outer crucible were measured
using pyrometers (IR-CA, Chino, Japan). The melt was heated to
a target temperature measured at the melt surface. At the target
temperature, the seed crystal touched the melt surface and
subsequently rotated at a rate of 30 rpm. Aer growing for 1 h,
the seed sha was lied to separate from the melt surface. To
characterize the grown crystals, the residual Si on the as-grown
crystal was removed chemically with a mixed solution of nitric
acid and hydrouoric acid. Aer the chemical cleaning, the
grown crystals were evaluated using optical microscopy
(ME600L, Nikon, Japan), eld emission scanning electron
microscopy (JSM-7610F, Jeol, Japan), energy dispersive spec-
troscopy (X-Max 50, Oxford Instruments, UK), and micro-
Raman spectroscopy (Alpha300, WITec, Germany). The thick-
ness of the grown layer was measured by optical microscopy
aer the cross-sectional cutting of the grown crystals following
all other characterizations.

Fig. 1b shows the meshed TSSG model used in this study.
Meshing is essential in nite element analysis, and an
extremely ne mesh is required to solve uid dynamics because
the mesh size affects the calculation accuracy directly. In the
26328 | RSC Adv., 2019, 9, 26327–26337
global domains, the maximum size in the hot-zone was 0.5 mm.
To improve the accuracy of the uid calculation, a 1 mm layer
beneath the seed–solution interface was meshed by rectangular
elements of element size of 12.5–500 mm, as shown in Fig. 1c.

The variables hereinaer are listed in Table 1. In the
induction heating, an induced eddy current is generated
according to Lenz's law; subsequently, parts are heated by that
current owing to Joule's effect. The electromagnetic eld is
dened by Maxwell's equation,

V�H ¼ J (1)

B ¼ V�A (2)

E ¼ �juA (3)

J ¼ sE + juD. (4)

The heat transfer via thermal conduction is calculated as
follows:

rCp$VT ¼ V$(kVT) + Q. (5)

Thermal radiation is a major mechanism of heat transfer,
especially at high temperatures, which is described by the
following equations:

G ¼ Gm(J) + FambsTamb
4 (6)

(1 � 3s)G ¼ J � 3sT4 (7)

3s(G � sT4) ¼ �n$(�kVT). (8)
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra04930d


Table 1 Nomenclature

Variable Description [unit] Variable Description [unit]

r Density [kg m�3] k Thermal conductivity [W (m�1 K�1)]
3 Relative permittivity Cp Heat capacity [J (kg�1 K�1)]
s Electrical conductivity [S m�1] p Pressure [Pa]
D Diffusion coefficient [m2 s�1] L Characteristic length [m]
T Temperature [K] u Velocity vector [m s�1]
c Concentration [mol m�3] N Flux vector [mol (m�2 s�1)]
Re Reynolds number m Dynamic viscosity [Pa s]
V$ Divergence operator V Gradient operator
V� Curl operator
H Magnetic eld intensity [A m�1] E Electric eld intensity [V m�1]
B Magnetic ux density [T] D Electric ux density [C m�2]
A Magnetic potential vector [V s m�1] J Electric current density [A m�2]
u Angular frequency [rad s�1] j Imaginary unit
Fext External force density Femf Electromagnetic force density
Fgra Gravity force density Fbuo Buoyancy force
G Surface irradiation [W m�2] Gm Mutual surface irradiation [W m�2]
Famb Ambient view factor Tamb Ambient temperature [K]
3s Surface emissivity J Surface radiosity

Table 2 Material properties used in the simulation

Properties Ar Thermal insulator Graphite SiC Si (melt)

Heat capacity, Cp [J (kg�1 K�1)] 520.33 200 710 1400 908.7
Density, r [kg m�3] 522.21/T 120 1950 3160 3120.45–0.35T
Relative permittivity, 3r 1 1 1 1 1
Relative permeability, mr 1 1 1 1 1
Electrical conductivity,s [S m�1] 1 430 75 400 225 1.2 � 106

Thermal conductivity, k [W (m�1 K�1)] 0.07 0.336 150 61 63
Surface emissivity, 3rad 0 0.8 0.9 — 0.3
Dynamic viscosity, m [Pa s] — — — — 0.8 � 10�3

Temperature derivative of the surface
tension, g

[N m�1 K�1] — — — — 0.25 � 10�3
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In this study, the Si melt with dissolved C was assumed as an
incompressible newtonian uid with laminar ow, following
a previous study.13 From the literature,10,13 we considered four
Fig. 2 Magnetic flux density and temperature distribution (a) in the enti

This journal is © The Royal Society of Chemistry 2019
primary convection mechanisms in the model: Buoyancy
convection, Marangoni convection, electromagnetic convection,
and centrifugal forced convection, by rotating the seed sha.
re reactor, and (b) detailed in the crucible and melt.

RSC Adv., 2019, 9, 26327–26337 | 26329
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Table 3 Calculated and measured temperatures at the melt free surface and bottom of the outer crucible at three ranges of temperature

① Melt surface temperature (�C)
② Crucible bottom
temperature (�C)

Temperature difference
(① � ②) (�C)

ErrorExperimental Simulation Experimental Simulation Experimental Simulation

1695 1694.8 1674 1674.1 21 20.7 1.43%
1776 1776.4 1754 1754.2 22 22.2 1.00%
1889 1887.2 1865 1863.4 24 23.6 1.67%
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Therefore, the governing equation of the uid dynamics is
expressed by the following Navier–Stokes equation:

r

�
vu

vt
þ u$Vu

�
¼ V½�pþ s� þ Fext; (9)

where s ¼ m(Vu + (Vu)T) is the viscous stress, and the external
volume force Fext ¼ Fgra + Femf is the sum of external forces
acting on the melt. The buoyancy convection is a result of non-
uniform gravity force density Fgra ¼ rg in the melt, owing to the
difference in melt density r in the non-isothermal melt. The
electromagnetic convection is a result of Lorentz force applied
to the melt, Femf ¼ J � B.

The Marangoni effect that is caused by surface tension
depends on the tangential temperature gradient VsT at the free
surface of the melt.11,13 Therefore, the viscous force at the free
surface is described by the boundary condition �p + s ¼ gVsT,
where g is the temperature derivative of the surface tension.
Fig. 3 (a) Simulated velocity field in pure Si melt and Si–Cr melt, (b) simu
FE-SEM images for the solidified melt at indicated points.

26330 | RSC Adv., 2019, 9, 26327–26337
Because of the seed rotation, the boundary condition of themelt
velocity at the melt/crystal interface is u ¼ vs4, where vs is the
magnitude of the velocity and 4 is a vector indicating the out-of-
plane direction of ow. The slip condition was applied on the
melt surface: n$u ¼ 0 and s � (s$n)n ¼ 0, where n is a vector
normal to the boundary. No slip condition was applied to the
solution at the solution/crucible interface: u ¼ 0.

The mass transport of C in Si melt is driven by diffusion and
convection, as described by V$(�DVc) + u$Vc¼ 0, and the ux of
C is dened by N ¼ �DVc + u$Vc. The solubility of C in Si C0 is
derived from the temperature-dependent C fraction in molten
Si xC:

C0 ¼ rSi

MSi

xC

1� xC

; (10)

where xC ¼ exp(6.249 – 24 460/T) is obtained from the litera-
ture.15,16 The equilibrium condition is supposed to be at the
lated fluid flow near the melt/crystal interface, and (c) cross-sectional

This journal is © The Royal Society of Chemistry 2019
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interaction interfaces of melt/graphite and melt/crystal; there-
fore, a boundary condition C ¼ C0 was applied on the interfaces
of melt/crucible and melt/crystal. A no-ux constraint was
applied on the melt surface. The material properties used in the
simulation are listed in Table 2.

Understanding of mass transport of
TSSG

Fig. 2 shows the simulation results of the magnetic ux and the
temperature in the reactor when the surface temperature of the
melt was 1800 �C. According to Fig. 2a, the highest temperature
was 1870 �C at the wall of the outer crucible. As shown in
Fig. 2b, the magnetic eld was stronger as it approached the
coils, while the magnetic eld around the inner crucible was
weak. Hence, we assumed that the inductive current was strong
Fig. 4 Velocity fields in the entire melt and near the melt–crystal interf
considered: (a) buoyancy convection, (b) electromagnetic convection, (c

This journal is © The Royal Society of Chemistry 2019
in the outer crucible and that the inductive heat generated in
the outer crucible was the primary heat source in the reactor.
The inner crucible was assumed to be heated by heat transfer
primarily from the outer crucible. This could explain the higher
temperature near the melt/crucible compared to that at the
center of the melt.

To verify the simulation model, a melting test with pure Si
was performed seed crystal at �1700 �C, �1800 �C, and
�1900 �C with the temperature at the melt surface. Table 3
shows the measured temperatures at the melt surface and
bottom of the crucible. The errors between the simulation and
experiments were estimated from the temperature difference
between the two measured temperature points. The tempera-
ture differences are in the range of 21–24 �C, and the errors are
approximately 1%, indicating a good agreement between
simulation and experiment.
ace in simulation cases in which a single convection mechanism was
) Marangoni convection, and (d) centrifugal forced convection.

RSC Adv., 2019, 9, 26327–26337 | 26331

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra04930d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
A

ug
us

t 2
01

9.
 D

ow
nl

oa
de

d 
on

 1
0/

23
/2

02
5 

8:
24

:0
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
To verify the mass transport in the melt, melting experi-
ments with 90% Si–10% Cr was performed without seed crystal
at �1800 �C, and the melt aer cooling was evaluated with
cross-sectional images using eld emission scanning electron
microscopy (FE-SEM). Considering the existence of Cr in the
melt, the dynamic viscosity of the melt was adjusted to 1.0 �
10�3 Pa s from the relationship of the mixture viscosity, ln mmix

¼ xi ln mi + xj ln mj, where 5.7 � 10�3 Pa s for mCr and 0.8 � 10�3

Pa s for mSi.
Fig. 3 shows the simulation results obtained from the Si–Cr

melt and pure Si melt together with the experimental results of
the cross-sectional FE-SEM images for the solidied melt. The
bright region and dark region in the FE-SEM images were
identied as Cr-rich and Si-rich regions, respectively, by energy
dispersive spectroscopy (see ESI†). By adding Cr in the Si melt,
the characteristic of the uid ow could be analyzed from the
shape and size of the distinguished Cr-rich precipitates. As
shown in Fig. 3c, the shape and size of the precipitates were
different depending on the sampling points. While the widely
spread precipitates were found in ① and ③, the less spread
precipitates were found in ② and ④. The widely spread
precipitates and the less spread precipitates were assumed to be
Fig. 5 (a) Carbon transportation in the conventional crucible, (b) proper
seed crystal effectively, but (c) a different implement could act as an o
solution.

26332 | RSC Adv., 2019, 9, 26327–26337
the evidence of the rapid uid ow and the slow uid ow,
respectively. The distribution of the precipitates correlated very
well to simulation results showing the ow velocity shown in
Fig. 3a. Therefore, the current simulation model used in this
study was veried successfully by the melting test with Si–Cr
melt.

To determine the governing force developing uid ow, the
contribution of convection mechanisms was evaluated, as
shown in Fig. 4. Compared to the uid ow considering all
convection mechanisms shown in Fig. 3, the uid ows shown
in Fig. 4 represented the individual ows originated from every
convection mechanism by neglecting other convection mecha-
nisms. Fig. 4 shows the global uid in this study that is deter-
mined by electromagnetic convection. The uid ow driven by
electromagnetic convection indicated the maximum ow rate of
0.202 m s�1 at the melt surface near the wall of the crucible,
while the maximum ow rates driven by buoyancy convection
were only less than 0.025 m s�1. For the Marangoni convection
and the centrifugal forced convection, the driven uid ow
reached 0.06 m s�1 and 0.016 m s�1 near the melt surface,
respectively. Hence, the global uid ow was assumed to be
determined by electromagnetic convection. However, as
implementation of a guider can guide the carbon flow toward to the
bstacle that prevents the carbon flows from distributing to the whole

This journal is © The Royal Society of Chemistry 2019
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reported in our previous study,17–20 the crystal growth is affected
signicantly by the subsurface ow near the seed crystal. This
suggests that the Marangoni convection and centrifugal forced
convection had also contributed to the crystal growth together
with electromagnetic convection. The normalized velocity eld
shown in Fig. 4 shows that the uid ow beneath the crystal is
determined by the interaction driven by electromagnetic
convection, Marangoni convection, and centrifugal forced
convection.
Mass transport control by flow
modifier

In the previous section, we conrmed that the global uid ow
was governed by the electromagnetic convection that formed
strong convection near the crucible wall. Hence, the dissolved C
near the crucible wall could be transported to the SiC crystal, as
illustrated in Fig. 5a. The structural modication of the reser-
voir affects the uid ow signicantly, as represented by the
“immersion guide”,14 to promote vertical uidic ow to enhance
the growth rate of SiC in the TSSG method. In this study, the
uid ow near the crystal is along the reverse radial direction
from the crucible wall to the crystal. Hence, the installation of
the FM on the bottom of the crucible is an easy method to
control the uid ow of TSSG, as represented in Fig. 5b and c. If
the FM serves as a uid guide to enhance the mass transport of
C, the dissolved C is consumed more efficiently to grow SiC on
Fig. 6 Temperature profile, velocity field, and carbon concentration dist
upward, and FM-downward.

This journal is © The Royal Society of Chemistry 2019
the crystal. Alternatively, the FM serves as an obstacle to block
the mass transport of C to the crystal. In this section, the effect
of FM installation is investigated with the veried simulation
model.

Fig. 6 shows the uid velocity eld, temperature distribution,
and carbon concentration distribution in the melt at �1800 �C
with the melt surface temperature in the cases shown in Fig. 5.
In the uid velocity elds evaluated in the three cases, two
primary vortexes appeared near the crucible wall. In all cases,
the upper vortexes were always stronger than the lower vortexes,
thus suggesting that the upper vortex primarily take responsi-
bility to the mass transport of the melt in the TSSG method. In
the case of no-FM, the upper vortex was smaller than the lower
vortex, and the two vortexes were connected to each other. The
coupling of two vortexes can enhance the uniformity of the
temperature and C concentration. In the case of FM-upward,
however, two vortexes were separated, such that the dissolved
carbon was conned at the corner crucible, so the heat and
mass transfer via the lower vortex was minimized. In the case of
FM-downward, the upper vortex was large, and two vortexes
were connected as in the case of no-FM. Furthermore, the uid
ow was guided along the FM slope and toward the crystal.
Therefore, the heat and mass were transported well to the
crystal in the following order: FM-downward > no-FM > FM-
upward. With the model, FM was conrmed to be effective in
enhancing the mass transport of C to the crystal, especially in
the case of FM-downward.
ribution in the melt with different crucible configurations: no-FM, FM-

RSC Adv., 2019, 9, 26327–26337 | 26333

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra04930d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
A

ug
us

t 2
01

9.
 D

ow
nl

oa
de

d 
on

 1
0/

23
/2

02
5 

8:
24

:0
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Compared to previous studies13,14 on the ow modication,
the uid ow controlled by FM in this study represents
remarkable differences. Mercier et al. proposed several crucible
congurations, including a “podium crucible” minimizing the
effect of electromagnetic convection and Marangoni convection
to themelt ow near the growth front.13 Kusunoki et al. reported
the homogeneity of the uid ow under the seed crystal
improved by placing a ring inside the melt, so-called an
“immersion guide (IG)”.14 With IG, the upper region of the melt
had a relatively higher temperature, C solubility, and C
concentration compared to the lower region so that the crystal
growth rate increased. In contrary, the “ow modier (FM)”
attached to the bottom of the crucible in this study, acted as
a ow guide forming two ow vortexes connected each other
which directed the mass transport of C from the crucible wall to
the seed crystal. Since FM enables the efficient use of C under
uniform temperature gradient by forming the ow guide, the
application of FM is advantageous in the long term crystal
growth which requires the homogeneous process less depen-
dent on growing time. The application of FM to long-term
growth will be studied in our next work.
Fig. 7 (a–c) Cross-sectional optical images and growth rates of grown
micro-Raman spectra of grown crystals.

26334 | RSC Adv., 2019, 9, 26327–26337
The crystal growth of SiC by modifying mass transport using
the FM was investigated experimentally between �1700 and
�1900 �C. Fig. 7a, b, and c represent the change in growth rate
as a function of themelt surface temperature for the cases of no-
FM, FM-upward, and FM-downward, respectively. From the
Raman spectroscopy shown in Fig. 7d, the grown layers in all
conditions were identied as pure 4H-SiC because the Raman
peaks demonstrated the characteristic peaks of SiC at �776,
�796, and �964 cm�1, respectively. The growth rates increased
with temperature. It is noteworthy that the growth rate indi-
cated the highest values for FM-downward at all temperatures
and the lowest values for FM-upward, as expected in the simu-
lations. Compared to no-FM, FM-downward increased the
growth rate as much as 78.46%, 44.08%, and 18.67% at 1700 �C,
1800 �C, and 1900 �C, respectively, which proved that the proper
FM conguration could improve the growth rate in TSSG,
especially at low temperatures.

To estimate the growth rate with the simulation model, the C
supersaturation and C ux to the crystal were considered. The C
supersaturation is dened as S ¼ (c � C0)/C0. Because the growth
rate is directly correlatedwith the C supersaturation near the crystal,
crystals at different FM configurations and temperatures, and (d) the

This journal is © The Royal Society of Chemistry 2019
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the calculatedC supersaturation along the distance from the crystal/
melt interface was plotted for the cases of no-FM, FM-upward, and
FM-downward at �1800 �C in Fig. 8a. The C supersaturation indi-
cated maximum values at �0.2 mm from the crystal, thus sug-
gesting a mass transport model of accumulation and the
consumption of C. As shown in Fig. 8a, the melt with supersatu-
rated C near the crystal can be divided to two regions. In the C
accumulation region, the C supersaturation increases as C
approaches the crystal by mass transport. In the C consumption
region, the C supersaturation decreases as C approaches the crystal
because C consumption contributes to the crystal growth. The C
accumulation region and C consumption region are divided at the
depth with the maximum C concentration, as shown in Fig. 8a.
With this model, the C contributing to crystal growth is assumed to
be limited to the supersaturated C in the C consumption region.

The C diffusive ux to the seed crystal Jc is derived from
Fick's law:

Jc ¼ �D dc

dx
¼ �D dðS þ 1ÞC0ðTÞ

dx
: (11)

If the temperature gradient in the consumption region is
negligible, the diffusion coefficient D and solubility C0(T) are
Fig. 8 (a) C supersaturation distribution in themelt versus distance from t
total C flux approaching the crystal surface at different temperatures and
front, and (d) simulated and experimental growth rate at 1700 �C, 1800

This journal is © The Royal Society of Chemistry 2019
constant. Subsequently, the C diffusive ux to the crystal is
proportional to the C supersaturation gradient (S + 1)/dx, where
x is the distance from the growth front. As shown in Fig. 8a, the
C supersaturation is the highest for FM-downward, while the C
supersaturations for no-FM and FM-upward are in the same
order. Therefore, the C diffusive ux for of FM-downward is the
highest; therefore, the growth rate in that case is estimated to be
the highest among the suggested FM congurations.

However, an abrupt temperature gradient occurred near the
crystal owing to the heat transfer to the sha and melt;20

therefore, the carbon solubility C0(T) is not constant. Further-
more, the convective C ux at the consumption region cannot to
be ignored. Hence, to better derive the growth rate, the total C
ux normal to the crystal including the diffusive ux and
convective ux with temperature gradient near the crystal was
calculated numerically, as shown in Fig. 8b. The total C ux
normal to the crystal was proportional to the growth tempera-
ture, and the highest C ux was obtained for FM-downward,
followed by no-FM and FM-upward.

Because the surface reaction in the crystal growth of SiC
occurred at high temperatures, the kinetics in the surface
reaction at the crystal can be ignored to determine the growth
hemelt/crystal interface at 1800 �C and different FM configurations, (b)
FM configurations, (c) fitted sticking probability of C atoms on growth

�C, and 1900 �C.
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rate.16 Hence, by neglecting the kinetics limitation in the growth
reaction, the growth rate of SiC crystal is derived as

G ¼ MSi

rpr2

ðð
S

FdS; (12)

where F(r) is the total C ux normal to the seed crystal S.
However, the growth rates derived from eqn (12) were remark-
ably higher than the experimental values shown in Fig. 7a–c. To
match the simulated growth rates to the experimental values,
the effective C atoms contributing to the crystal growth is
considered by adopting the adsorption rate. The adsorption rate
Rads of C on the crystal is derived by the following equation:

Rads ¼ PsF, (13)

where Ps is the sticking probability of C atoms on the growth
front. The sticking probability Ps follows the Arrhenius
equation:

Ps ¼ Ae
�Ea

RT ; (14)

where A is a constant, Ea is the adsorption energy, and R is the
ideal gas constant of 8.314 J mol�1 K�1. From the simulated C
ux and the experimental growth rate, the sticking probability
was obtained, as shown in Fig. 8c. From the sticking probability,
the adsorption energy Ea was derived to be 194 kJ mol�1, which
was similar to those in previous studies.16,21 Considering the
adsorption rate, the growth rate can be obtained with the
following equation:

G ¼ MSi

rpr2

ðð
S

RadsdS

¼ MSi

rpr2
� �

2:2� 104
�� exp

��23:33� 103

T

�ðð
S

FdS: (15)

Fig. 8d shows the experimental growth rates together with
the simulated values obtained with eqn (15) for the cases of no-
FM, FM-upward, and FM-downward. Regardless of whether the
FM existed, the simulation results indicated good agreement
with the experimental results.

From this study, we discovered that the FM affected the
growth rate of SiC using TSSG signicantly and that the
conguration of FM-downward was the best to enhance the
growth rate at the given temperature and reactor design.
Conclusion

In this study, we discovered that the electromagnetic convection
governed the global melt ow in TSSG of SiC. The other
mechanisms, including Marangoni convection, buoyancy
convection, and centrifugal forced convection were found to
considerably inuent on the uid ow near the crystal. The
modication of uid ow by setting the FM was proved to be
very strong to determine the growth rate of SiC. Especially, the
FM-downward was found to be an efficient method to get high
growth rate by the efficient use of the dissolved C in the melt at
the given temperature and reactor design.
26336 | RSC Adv., 2019, 9, 26327–26337
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