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Abstract

Silicon carbide (SiC) is a wide-bandgap semiconductor material that is viable for the next generation of high-performance
and high-power electrical devices. In general, bulk SiC single crystals have been grown at very high temperatures in a closed
reactor; hence, the growth process is difficult to monitor using in situ techniques. Consequently, computational simulations
have been utilized to understand, validate, and design crystal growth processes. In this review, we summarize the results
of computational simulations of SiC bulk crystal growth using three primary methods: physical vapor transport, high-
temperature chemical vapor deposition, and top-seeded solution growth. The simulations reveal the effects of physicochemi-
cal phenomena, such as temperature distribution, fluid flow, and chemical reactions, on crystal growth behaviors. Process
parameters for high-quality and high-yield crystal growth have been realized with the aid of simulations. Furthermore, recent
advances in machine learning techniques for accelerating the design of crystal growth parameters and enabling real-time
parameter optimization are introduced. Overall, computational simulations are a crucial tool for the development of SiC
bulk crystal growth and its applications.
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1 Introduction

Silicon carbide (SiC) is a wide bandgap semiconductor
that is a candidate for replacing Si substrates for high-
power electronic devices [1-6]. Since Acheson first
synthesized SiC in 1891 [7], SiC has been synthesized
or fabricated using various methods. Although SiC has
more than 200 polytypes [8, 9], the 4H-SiC and 6H-SiC
polytypes are thought to be suitable for single-crystal sub-
strates because of their optimal bandgap, thermal conduc-
tivity, and breakdown voltage [3-5, 10, 11].

In this review, we focus on crystal growth methods
that can mass-produce commercial-grade SiC substrates:
physical vapor transport (PVT), high-temperature chemi-
cal vapor deposition (HTCVD), and top-seeded solution
growth (TSSG). A brief summary of each method, includ-
ing a schematic, the source materials, the growth rate, and
the processing temperature, are listed in Table 1.

The PVT method, also known as the sublima-
tion-recrystallization method or the modified Lely
method, was introduced by Tairov and Tsvetkov in 1978
[19]. Currently, most commercial SiC wafers are fabri-
cated using the PVT method [22]. In the PVT method, the
starting material is typically SiC powder with a relatively
large particle size (>200 pm). Under atmospheric pres-
sure, SiC sublimes to numerous vapor species (Si, C, Si,C,

Table 1 Summary of methods for growing SiC bulk crystals [12—18]

SiC,, and SiC) at a very high temperature (2830 °C) [5].
Under the low-pressure conditions (typically a few torr)
in the PVT reactor, SiC starts to sublime below 2000 °C.
The composition of the vapor species is thermodynami-
cally determined by the temperature and pressure inside
the reactor. The temperature gradient between the source
material and the seed is the driving force for the transport
of vapor species from the source surface to the seed sur-
face in the reactor. Subsequently, the transported vapor
species recrystallize on the seed, contributing to bulk crys-
tal growth.

In 1996, Kordina et al. introduced the HTCVD method
to grow SiC single crystals [20]. The significant advantage
of HTCVD for SiC crystal growth is its high growth rate,
which is up to 2.4 mm/h in recent reports [14, 15]. In this
method, the starting materials are gas-phase sources. When
monosilane (SiH,) is adopted as the Si source, hydrocar-
bons (such as C;Hg or CH,) are used as the C source. Typi-
cally, Ar, He, and H, are used as carrier gases. Furthermore,
H, plays an important role in controlling the C/H and Si/H
ratios of the vapor species. Single-source materials con-
taining both Si and C, such as tetramethylsilane (TMS) and
methyltrichlorosilane (MTS), have also been proposed as the
starting materials for HTCVD growth of SiC bulk crystals
[23-34]. At the very high temperatures in HTCVD reac-
tors, the introduced gas sources decompose into Si,C, and
other vapor species. The flow rate of the starting gases is

TSSG

Schematic

HTCVD

:

RANAMAANY

Source materials SiC powder SiH4, SiCls, TMS, Si + metals flux
CsHs, CH4, C2Ho, ... Carbon
Developed in 1978 1996 1999
(Tairov, Russia) [19] (Kordina, Sweden) (Hofmann, Germany)
[20] [21]
Size 6 inches (150 mm) 4 inches (100 mm) 4 inches (100 mm)
/ Commercialized / Commercialized / Developing

Growth rate 200 ~ 400 pm/h 0.6 ~ 1.2 mm/h 0.4 ~ 1.0 mm/h

2 mm/h (max) 2.4 mm/h (max) 2 mm/h (max)

Temperature 2100 ~ 2500 °C

2200 ~ 2500 °C 1700 ~ 2200 °C
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controlled to obtain an appropriate C/Si ratio of the Si,C,
vapor species. Similar to the PVT method, the Si,C, vapor
species are transported to and deposited on the seed crystal,
which is located at the top of the reactor.

In 1999, Hofmann et al. reported the liquid-phase
crystal growth of SiC single crystals based on the TSSG
technique [21]. High-quality SiC single crystals can be
achieved under the quasi-equilibrium growing conditions
of the TSSG method [35, 36]. In contrast to the PVT and
HTCVD methods, in which the crystallization occurs at the
vapor/solid interface, SiC crystals grow at the liquid/solid
interface in the TSSG method. The liquid is a Si melt con-
taining dissolved C at a temperature typically between 1700
and 2000 °C, which is substantially lower than the process
temperatures in the PVT and HTCVD methods. Note that
C powder is not used as the C source in TSSG to avoid the
incorporation of C powder in the grown SiC crystal. Instead,
C is supplied from the graphite crucible containing the Si
melt. C dissolves from the crucible walls into the Si melt,
then diffusively and convectively travels to the seed surface
and contributes to crystal growth. Therefore, the graphite
crucible simultaneously acts as a reservoir for the Si melt
and the C source in the TSSG method, which enables con-
tinuous C supply in the Si—C melt during SiC growth.

Because SiC crystal growth methods are typically con-
ducted at very high temperatures in induction furnaces,
in situ investigation inside the growth cells covered by
graphite insulators is nearly unfeasible. The growth cell for
SiC is known as a “black box,” in which the phenomena
inside are invisible. Consequently, simulations have provided
further understanding of the physicochemical behaviors of
the crystal growth system and accelerated process optimi-
zation for SiC bulk crystal growth. Therefore, this review
aims to summarize the efforts to simulate and optimize the
bulk SiC single-crystal growth process and the prospective
direction of simulations for SiC crystal growth.

Because there is a wide range of numerical and thermo-
dynamic simulation approaches, common simulations that
share the underlying physics between growth methods are
presented in the second section. The third section provides
simulation-based advanced analysis and process optimization
for the major challenges of each crystal growth method. In
the PVT method, the optimal design of the temperature dis-
tribution in the reactor is crucial for determining the vapor
composition, growth rate, and crystal quality. The key issues
in the HTCVD method are determining the dependence of the
vapor species ratio on temperature and pressure and producing
an optimal hot-zone design that maintains a stable flow of the
vapor species under the quasi-equilibrium state to grow high-
quality SiC crystals. In the TSSG method, increasing the C
solubility and transport effectiveness in the melt is a critical
challenge for enhancing the growth rate and crystal quality.
In the fourth section, recent advances in machine learning for

real-time supervision and optimization of SiC crystal growth
are presented with applications for the TSSG method.

2 Common simulations for SiC bulk crystal
growth

This section describes the theoretical basis of the physics
of SiC growth, which is used for the simulations. Because
SiC crystals are grown at very high temperatures, typically
in induction furnaces, the simulation of SiC crystal growth
first considers the induction heating problem by employing the
electromagnetic field generated by the induction coils and heat
transfer in the solid, liquid, and vapor phases. The mass trans-
port of dilute species (vapor or liquid phase) in growth cell
media (vapor, liquid, and porous) is considered. Simulating
crystal growth involves numerically solving a series of partial
differential equations (PDEs) governing various multiphysics
phenomena in the crystal growth system. Numerical analysis
methods, such as the finite volume method (FVM) or finite-
element method (FEM), are generally adopted to solve these
multiphysics equations.

First, the electromagnetic field generated by the induction
coil is calculated by deriving and solving Maxwell’s equations:

VxH=] (H
B=VxA 2
E=—ioA 3)
J = oE + iwD )

Then, the heat Q is given as the resistive losses Q, and mag-
netic losses Q,;:

0=0.+0,
= 0.5Re(J - E) + 0.5Re(iwB - H). ©)
The heat transfer via thermal conduction is calculated by
pC, e VT =V «(kVT)+Q (6)
Because crystal growth is performed at high temperatures,

the heat transfer by radiation must be considered. The heat
transfer by radiation is calculated by the following equations:

G= Gm(']) + Fambdstjmb (7)
(l - eS)G =J- £SO'SbT4 (8)
£,(G =04 T") = —n e (=kVT) ©)

In crystal growth, the transport of the vapor or liquid
phase is an important step that governs the growth rate and
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crystal quality. Therefore, the mass transport of the vapor
or liquid phase is the primary task to be explored by simu-
lations. The fluid flow is mathematically expressed by the
Navier—Stokes and conservation equations (Eqs. 10-11,
respectively), the mass transport of the vapor or liquid
phase is driven by the convection and diffusion of the fluid
(Eq. 12), and the species flux toward the seed crystal defines
the growth rate (Eq. 13):

0
p(a—’:+u-Vu)=V-[—p+r]+Fext (10)
Veu=0 (11
Ve(=DVe)+u+Vec=0 (12)
MS'C
Grate = pn__;_z//‘s‘]speciesds (13)

Based on the Gibbs energy minimization technique in
thermodynamic modeling, it is possible to obtain the ratio
of chemical species for different temperatures and pressures
in the PVT or HTCVD systems [37]. Thermodynamic mod-
eling is also useful for estimating the solubility of C in the
multi-component melt in TSSG [38]. In the next section, a
further review of the use of simulations for understanding
the physicochemical behaviors and for process optimization
of the growth methods is discussed.

3 Simulation-based process optimization
for SiC crystal growth

3.1 Physical vapor transport

As mentioned in the introduction section, the temperature
gradient is the driving force for vapor species transport and
crystal growth in the PVT method. Simulations by Chen
et al. showed that increasing the induction power causes the
global temperature to increase, as shown in Fig. 1a [39].
Moreover, when the temperature gradient between the seed
and the powder was fixed, the growth rate increased as the
seed temperature increased. In addition, the growth rate
increased as the temperature gradient increased when the
seed temperature was fixed, as shown in Fig. 1b. Hence,
increasing the temperature gradient has been proven to be
critical for enhancing the growth rate in the PVT method.
The effects of the thermal properties of the source
powder and crucible on the temperature distribution in
the PVT method were numerically evaluated. In the late
1990s, Makarov and Karpov et al. developed codes based
on the FVM to simulate the temperature distribution and
mass transport in PVT systems [40—43]. Figure 2a shows
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Fig. 1 Dependence of the growth rate on the a seed temperature and
b temperature gradient between the seed and the powder [39]

the temperature distributions in the PVT reactor with two
types of SiC sources: a polycrystalline block and powder
[41]. The thermal conductivity of the SiC powder was 1-2
orders of magnitude smaller than that of the polycrystal-
line SiC, resulting in a higher vertical temperature gradient
for the SiC powder source (Fig. 2b). Hence, SiC powder is
preferred for high crystal growth rates.

Steiner et al. calculated the temperature distributions
with different thermal conductivities corresponding to
various crucible materials and demonstrated that the tem-
perature gradients are less sensitive to the crucible materi-
als, as depicted in Fig. 2¢c [44].
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Fig.2 Temperature distributions with two different SiC sources: a
polycrystalline SiC block and b SiC powder [41]. ¢ Variation in the
axial and radial temperature gradients in the reactor with the porosity
of the SiC powder [44]

Furthermore, modifying the crucible structure is another
approach to enhance the temperature gradient and growth
rate. Yan et al. proposed using a graphite block inside the
crucible (Fig. 3a), which restrains the growth rate at the edge

of the crystal and results in a grown crystal with a convex
shape, as shown in Fig. 3b [45].

Another topic in PVT growth is understanding the ther-
modynamics, kinetics, and transport behaviors of the chemi-
cal species in the system. The major vapor species in the
PVT method were experimentally identified to be Si, Si,C,
and SiC,; the fraction of the other species is negligible [46].
Some reactions (Egs. 14-16) have been proposed for subli-
mation [39, 47]:

SiC(s) © Si(g) + C(s) K, = Py;, (14)
2SIC(s)  SIC(g) + Sitlg)  K; = P P, 16)

The equilibrium constant K is calculated using Eq. 17,
in which the Gibbs energy (AG(;) is evaluated using the
standard heat of formation and the standard enthalpy of the
reacting species. Furthermore, the mass balance equation
(Eq. 18) was considered [48]:

K = exp(—AGY /RT) 17)

Pg; +2Pg; ¢ + Pgic, = Psj,c + 2Pg;ic, (18)

Karpov et al. calculated the variation in the partial pres-
sure of species with temperature under C-rich (SiC-C) and
Si-rich (SiC-Si) conditions, as shown in Fig. 4a, b. These
results agree well with experimental data, suggesting that
C-rich and Si-rich equilibria co-exist in the system [40]. At
the graphite wall, the vapor species—C(s)—SiC(s) three-phase
equilibrium is dominated, corresponding to a C-rich equi-
librium. At the seed surface, the vapor species—Si(1)-SiC(s)
three-phase equilibrium is dominated, corresponding to a
Si-rich equilibrium.

Ariyawong et al. showed that the equilibrium is depend-
ent on the temperature gradient and pressure, as shown
in Fig. 4c [48]. At a certain temperature, the Si content is
enriched when the temperature increases or the total pressure
decreases [48, 49]. Moreover, the partial pressures of species
are higher under a Si-rich equilibrium, which is favorable for
SiC growth. Therefore, increasing the temperature gradient
and decreasing the working pressure are mandatory for the
fast growth of SiC bulk crystals. Nakamura et al. adopted a
TaC-coated graphite crucible, which prevented C sublima-
tion from the crucible and hence increased the Si content to
exceed the equilibrium value, resulting in Si inclusions in the
grown crystal, as shown in Fig. 4d [50]. These Si inclusions
were the origin of micropipes [51], which were the killing
defects in SiC-based devices [52]. Furthermore, Tupitsyn
et al. observed that when the effective vapor supersaturation
(S Eq. 19) was high (3.8 at 2300 °C), and the Si(g)/C(g)
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ratio was low (~ 1.3), the 4H polytype was selectively grown,
even when the seed was the 6H polytype [53]. Hence, it is
clear that the Si/C ratio in the vapor plays an important role
in SiC bulk crystal growth:
Sur = (PRes + 2P) [(Pet + 2PE) (19
Because multiple equilibria coexist in Si—C systems,
C-rich or Si-rich vapors are localized at the SiC powder,
resulting in the crystallization and graphitization of the
SiC source. These behaviors significantly influence crystal
growth. As shown in Fig. 5a, graphitization occurs at the
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corners of the source powder and the crucible, whereas crys-
tallization occurs at the top of the powder [54]. Crystalliza-
tion and graphitization cause the stoichiometry, porosity, and
thermal properties of the source powder to vary over time.
Hence, the temperature distribution and species transport
behavior in the PVT reactor are time-dependent. Under-
standing the evolution of the source powder is crucial for
long term and stable growth of SiC bulk crystals.

Kulik et al. proposed a model that describes the graphiti-
zation of the powder [55]. The powder was considered to be
a porous medium with porosity ¢ and mean particle radius
r, as illustrated in Fig. 5b. The vapor species, including Si,
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b Model for the graphitization of a SiC particle. ¢ Streamlines and
temperature distribution in a PVT reactor at the beginning of growth.

SiC,, and Si,C, were in equilibrium with the graphite shell
and SiC core. As the SiC core radius (r.) decreased, the
graphite shell thickness (d) increased owing to the subli-
mation of SiC. The vapor transport in the powder was
calculated using Darcy’s law, which describes the flow of
a fluid through a porous medium considering the vapor
viscosity and powder permeability. Vapor transport in the
porous medium of the SiC powder resulted in the forma-
tion of channels in the source powder, as shown in Fig. 5a.
The channels in the source residue correspond to the tem-
perature streamlines illustrated in Fig. Sc. The temperature
streamlines, porosity (¢), and graphitization (y=1— (rc/r)3)
of the powders after 10 and 20 h are presented in Fig. 5d, e,
respectively. The initial porosity was 0.8, and the initial gra-
phitization was 0. The porosity was inversely proportional to
crystallization. Moreover, the streamlines preferred to move
through the more porous areas, that is, near the wall, increas-
ing the growth rate at the edge of the crystal, whereas the
growth rate at the center of the crystal decreased, forming a
grown crystal with a concave surface.

Liu et al. showed that crystallization and graphitiza-
tion affect the growth rate by conducting experiments and
simulations of the growth rate over time including the

Si
Graphite le
O )
rShell Sl -C
SiC A vapor
corc < @ 5
r

Crucible

Streamlines, porosity (¢, left side), and graphitization degree (y, right
side) after d 10 h and e 20 h of growth [55]

crystallization and graphitization phenomena [54]. As shown
in Fig. 6a, at the early stage of crystal growth, the growth
rate was high because of the high temperature gradient and
vapor species transport. A high growth rate led to higher
degrees of crystallization and graphitization of the powder,
resulting in a decrease in the growth rate over time. In an
extreme case, where the temperature difference between the
seed and the powder was as high as 185 °C, notable crystal-
lization occurred at the bottom of the powder, as shown in
Fig. 6b, preventing vapor transport and crystal growth.
Although a high vertical temperature gradient in the
PVT reactor enhances the growth rate, it also causes large
thermal stress, which induces more dislocations in the crys-
tal. Hence, the temperature gradient should be controlled
to obtain high-quality crystals at a reasonable growth rate.
The thermal stress of SiC crystal ingots has been calculated
[56-59] employing Hooke’s law (Eq. 20), in which o,, is
the stress component, €, is the strain component, ¢; is the
elastic coefficient, and @, and ¢/ are the thermal expansion
coefficients perpendicular and parallel to the c-axis of the
SiC crystal, respectively. The strain components are calcu-
lated using Eq. 21, where u and v are the axial and radial
components of the displacement field, respectively:

@ Springer



160 Journal of the Korean Ceramic Society (2022) 59:153-179

Fig.6 a Calculated growth rate
over time for different verti- ( ) 0.9
cal temperature gradients but

the same seed temperature. b " AT =131 oC:
Remained powder for the case 0.8 - — o

of large temperature gradient AT =157 C
[54] i — AT =185°C

Growth rate (mm/h)

t(h)

(b)

Sic(10B)

Sic(103)
Sic( i

sic(10t)

C(TZ)

L
20 25 30 35 40 45 50 55 60 65
20/(°)

Sic(0d6) sic(108)
5iC(103)

SiC(101)

a A e
20 25 30 35 40 45 50 55 60 65
26/(°)

@ Springer



Journal of the Korean Ceramic Society (2022) 59:153-179

161

Orr e ¢y cp3 0 € = @ (T = Tier)
Cuvp C1p € €3 0 €op — a) (T —Tep) 20
o €13 €3 €33 0 €, — ay(T — Tyy) 20)
o, 0 0 0 cy €,
ou ov v Jdv = du
€= 5 T g e = 6 = o o0 @n

In addition, attaching the seed to the crucible lid sub-
stantially influences the thermal stress distribution [56,
57]. Figure 7 shows the calculated stress component (o,,)
and the dimensionless dislocation density (N;) with the
crystal attached to the seed holder in different configura-
tions. The dislocation density can be estimated by the dif-
ference between the shear stress and critical shear stress in
the slip direction [60]. For SiC crystal growth, it is slip on
the (0001) plane in the [1 150] direction. When the seed was
firmly attached to the holder, the stress and dislocation den-
sity were high at the rim of the crystal, as shown in Fig. 7a.
When the crystal was allowed to displace in the radial direc-
tion, as shown in Fig. 7b, the stress and dislocation density
located at the shoulder were an order of magnitude smaller
than those in the first case. When the crystal was allowed to
displace in both the vertical and horizontal directions, the
stress and dislocation density decreased, except at the edge
of the crystal boule.

The simulation studies confirmed that temperature distri-
bution optimization is crucial in the PVT method. It affects
the equilibrium of the vapor species, crystallization, gra-
phitization of source powder, growth rate, and internal stress
of the grown crystal.

3.2 High-temperature chemical vapor deposition

Essentially, the HTCVD and PVT methods share the same
mechanism, in which the vapor species are the intermediate
sources for SiC deposition. The difference is that the initial
source materials are SiC powder and gases in the PVT and
HTCVD methods, respectively. Hence, the HTCVD method
is also known as the gas-source method for SiC growth. One
advantage of the HTCVD method over the PVT method is
that the Si/C ratio of the vapor species is more easily con-
trolled by adjusting the ratio and flow rate of the source
gases. Therefore, the HTCVD method is promising for grow-
ing SiC crystals at high growth rates.

In simulations of the HTCVD method, the tempera-
ture distribution, fluid flow profile, and chemical reactions
have been considered. However, the chemical reactions in
HTCVD are more important and complicated than those in
the PVT, because there are other elements in addition to
Si and C in the equilibria. The system of interest is typi-
cally ternary (i.e., Si-C-H) or quaternary (e.g., S—-C-H—Cl)
systems; hence, the chemical reactions are complicated and

commonly calculated separate from the finite analysis with
the assumption that the system is in quasi-equilibrium [61].
Common Si—C-H systems are SiH,—C;Hg—H, [62-65] and
TMS-H, [29-32, 61].

Danielsson et al. and Kito et al. considered a very
large number of possible reactions (over 100) in the
SiH,—~C;Hs—H, system [62, 66]. They attempted to calcu-
late the partial pressure of major species from the non-finite
reaction rate of gas-phase reactions, which is written in
the form of the Arrhenius equation (Eq. 22), where A is
a pre-exponential factor. Figure 8 shows a comparison of
the partial pressures of the main species calculated by dif-
ferent researchers. The major vapor species were identified
to be SiC,, Si,C, Si, and C,H,, which are relevant to the
thermodynamic equilibrium calculation results obtained by
Stinespring et al. [37]:

K = AT"exp(-E,/RT) 22)

Kojima et al. proposed two possible equilibrium systems
to determine the existence of intermediate clusters [67]. In
the equilibrium system without clusters, the main vapor
species (including Si, SiH, SiH,, and C,H,) developed at
a relatively low temperature of approximately 1300 °C, as
shown in Fig. 9a. In contrast, in the cluster-containing equi-
librium system, SiC(s) and Si(l) clusters were present before
sublimating to vapor species (Si, SiC,, Si,C, and C,H,) at
temperatures over 2000 °C, as shown in Fig. 9b. The clus-
ter-containing equilibrium system was confirmed by in situ
observations inside the reactor at high temperatures. Fig-
ure 9c, d show the interior of the reactor before and during
gas flow, respectively. An opaque cluster of liquid and solid
species in the form of mist was observed when the source
gas flowed into the reactor. Furthermore, the growth rate
derived from the cluster-containing model agreed well with
the experimental growth rate.

Jeong et al. investigated the feasibility of the TMS-H,
system for a-SiC single-crystal growth [29-31]. They
found that the working pressure and Si/H ratio signifi-
cantly affected the composition of species in the TMS-H,
system. As shown in Fig. 10a, at a low working pressure
and high Si/H ratio (P=1x 107" atm, Si/H="7.14x 107%),
a C-rich three-phase equilibrium (C(s)-SiC(s)—vapors)
occurred at temperatures below 2500 °C. Above this tem-
perature, Si was saturated and did not contribute to crystal
growth. However, at near atmospheric pressure and a low
Si/H ratio (P=1 atm, Si/H=4.97 X 10_4), a Si-rich three-
phase equilibrium (SiC(s)-Si(l)—vapors) existed from 1800
to 2100 °C, which supported crystal growth, as shown in
Fig. 10b [31]. The effects of the Si/H ratio and working
pressure on SiC crystal growth are shown in Fig. 10c, d,
respectively [31]. A pure SiC region formed only at rela-
tively high pressures and low Si/H ratios. At relatively low
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Fig. 8 Partial pressures of the main species calculated by the equilib-
rium reaction model (Stinespring et al.) and the gas-phase reactions
models (Danielsson et al. and Kito et al.) at 2500 °C [37, 62, 66]

temperatures, C was deposited on or incorporated in the
SiC crystal, as observed by Kim et al. and Yoon et al. [32,
33]. However, the graphite parts in the reactor were etched
under highly Si-rich conditions at relatively high tempera-
tures [32, 62]. Furthermore, by adjusting the Si/H ratio
and working pressure (Si/H=1 X 1073, P=0.1 atm), the
growth temperature was stable in the range 2000-2300 °C.
Thus, low Si/H and C/Si ratios are crucial for SiC crystal
growth in the Si—C—H system.

The Si—-C-H-CI system was considered for the growth
of SiC crystals from gas sources [68—71]. Fanton et al.
calculated the thermodynamic equilibria of species in the
SiCl,—CH,—H, system at 2025 °C for various CH, flow
rates [68]. When the C/Si ratio was larger than 1, a C-rich
condition developed, and polycrystalline growth occurred,
as shown in Fig. 11a. The experimental results showed that
the boundary between single-crystalline and polycrystal-
line growth was very abrupt. As shown in Fig. 11b, c, sin-
gle-crystal step-flow growth was observed at a C/Si ratio
of 0.78, which rapidly changed to polycrystalline growth
at a C/Si ratio of 0.96. Kito et al. also investigated the
SiCl,—C;Hg—H, system and found that the main species
(including Si, Si,C, and SiC,) have smaller partial pres-
sures than those in the SiH,—~C;Hg¢—H, system. Hence, the
growth rate in SiCl,-based systems is lower than that in
SiH,-based systems.

In addition, Kang et al. evaluated the thermodynamic
equilibria of the MTS—H, system using the FactPS data-
base [61, 72]. The thermodynamic equilibrium of the spe-
cies shown in Fig. 12a indicates that the pure SiC phase
is stable at 1900-2200 °C with a H/Si ratio higher than
1000. Compared to the TMS-based system, the MTS-based
system has a wider range of suitable process conditions,
as shown in Fig. 12b, c. The MTS system is more likely
to work at a lower H/Si ratio owing to the stoichiometry
of the MTS molecule, which has one C atom for each Si
atom. Hence, MTS is a feasible precursor for SiC growth
using HTCVD.
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The temperature distribution near the seed surface plays
an important role in SiC crystal growth by HTCVD. Tokuda
et al. focused on the heat flux at the seed crystal during
growth [14, 65]. At the crystal surface, the influx and efflux
are in equilibrium, as expressed by Eq. (23). O¢¢1ux 1S the
heat transferred to the back side of the crystal, O, is the
conductive heat from the gas, Q,,4 i the radiative heat
from the influx, and Q. is the latent heat. If the temper-

ature gradient was not sufficiently large or even negative,
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polycrystalline inclusions or even dendrite crystals were
obtained, as shown in Fig. 13. Furthermore, the growth rate
was dependent on the partial pressures of the precursors, and
a crystal was grown with a growth rate of as fast as 2.4 mm/h
(Fig. 13c) using the SiH,-based system:

Qefﬂux = Qinﬂux

23
= ans + Qrad + Qlalent' ( )

Okamoto et al. investigated the relationship of the shape
and temperature gradient of a crystal with the internal
stress [73]. The convex-shaped crystal, which is common
for HTCVD, had higher thermal stress than that of the flat
crystal. By decreasing the temperature gradient in the crys-
tal, the stress in the crystal decreased markedly, as shown
in Fig. 14.

Understanding and optimizing the vapor species compo-
sition are critical for HTCVD. The source gas system and

@ Springer

P=1 atm. Evolution of the maximum temperature of solid SiC and
solid C as a function of the ¢ Si/H ratio and d working pressure calcu-
lated by thermodynamic modeling [31]

flow rate must be carefully selected, and the temperature
distribution, reactor cell, and seed surface significantly affect
the crystal quality. The advantages of the HTCVD method
are its high growth rate and feasibility for continuous feed-
ing growth.

3.3 Top-seeded solution growth

In the TSSG method, the important behaviors are C solubil-
ity and C transport in the melt. Hence, the heat-transfer cou-
pled fluid dynamics calculation is central to the simulation
of the TSSG method. The Navier—Stokes equation (Eq. 10)
is the governing equation describing the melt flow in the
TSSG method. The term F, the total volume force acting
on the melt, is the sum of the buoyancy, centrifugal, and
Lorentz (electromagnetic) forces. In addition, the Maran-
goni force at the free surface of the melt must be considered
[74-76]. The buoyancy force is present in almost every crys-
tal growth system owing to the temperature gradient in the
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larly near the crystal edge [76, 80].

The melt flow plays an important role in the C concen-
tration distribution and the crystal growth rate. Lefebure
et al. calculated the C concentration and supersaturation
distributions in the melt under certain boundary condi-
tions. The C concentration at the crucible-melt and crys-
tal-melt interfaces was set to the C solubility at a certain
temperature, assuming that quasi-equilibrium occurs at
these interfaces [81]. The C supersaturation (S), defined
as the difference or ratio between the local C concentra-
tion and solubility, indicates the local crystallization (of

log,o(H/Si)

Fig. 12 a Thermal equilibrium of vapors and solids in the Si-C-H-Cl
system with respect to temperature (7) under a working pressure of
1 atm; the ratios of C/Si, CI/Si, and H/Si were fixed at 4, 1, and 1000,
respectively. b Equilibrium amount of solid SiC with respect to tem-
perature and H/Si ratio under a working pressure of 550 Torr in the
Si—-C-H-Cl system using MTS [61]
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SiC) or dissolution (of C) regions in the melt, as shown in
Fig. 15b. In this setup, the crucible had a low C supersatu-
ration, indicating C dissolved from the crucible into the
melt. However, the region below the crystal had a high C
supersaturation, resulting in crystal growth. Moreover, a
high C supersaturation was observed at the crystal edge,
suggesting that parasitic polycrystalline growth could
occur at the edge.

The growth rate (G) was estimated by the total C flux (F)
perpendicular to the crystal, which has area S, as expressed
in Eq. 13. Lefebure et al. assumed that all C atoms that reach
the surface contribute to crystal growth without any kinetic
limitation. In addition, Ha et al. included the probability
(P,) of C atoms sticking to the crystal surface (Eq. 24-25),
which is related to the adsorption energy of C atoms on the
crystal surface:

G = Msic // P_F(r)dS 24
pn_rz s S ( )
P, = A e exp(=E, /RT) (25)

Several efforts have been made to increase the growth
rate by enhancing the C solubility in the binary solvent [38,
82, 83]. As shown in Fig. 16a, the calculated C solubility
in Si—X solvents increases as the ratio of X metal increases,
where X is Cr, Ti, Fe, Co, Ni, Zr, Mo, W, and Y [38]. Among
them, Si-Fe, Si—Co, and Si-Ni solvents have the lowest C
solubilities. In contrast, stable solid phases, such as ZrC,
MoSi,, and WSi,, were formed at high temperatures in the
Zr-Si-C, Mo-Si-C, and W-Si—C systems, respectively.
Moreover, concentrations of Cr, Ti, and Y impurities in the
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grown SiC crystals were negligible, as shown in Fig. 16b
[38]. Hence, the metals of Ti, Cr, and Y are feasible for Si—X
solvents with high C solubility.

A high C concentration and C dissolution rate in the melt
are crucial for improving the SiC crystal growth rate. Lee
et al. found that the C dissolution process involves the infil-
tration of the Si melt into the graphite crucible, the diffusion
of C into the melt, and the formation of a SiC interlayer
near the crucible wall [84]. Hence, a high-porosity graphite
crucible will improve the infiltration of the Si melt and C
dissolution. Choi et al. used a stepped-wall crucible, which
has a higher crucible—melt interfacial area that enhances C
dissolution [85].

The temperature gradient in the melt is an important fac-
tor affecting the growth rate and crystal quality. Numerous
efforts have been made to optimize the thermal distribution
in the melt by adjusting the apparatus design at different
scales, such as hot zones [86—88], crucibles [74, 89, 90],
shafts [91], and the melt meniscus [92]. Ha et al. investi-
gated the effects of hot-zone structures on the temperature
gradient in the melt and the quality of the grown crystals
[87]. There were significant differences in the temperature
distribution between the compact (SI) and extended (LI)
hot zones, as illustrated in Fig. 17a. As shown in Fig. 17b,
¢, temperature and C supersaturation boundary layers were
present at the crystal-melt interface. The temperature and
C supersaturation gradient were steeper for the SI case, sug-
gesting that a compact hot zone increases the temperature
gradient, C saturation, and growth rate, as shown in Fig. 17d.
However, a very high temperature gradient causes the forma-
tion of rough polycrystalline SiC. Hence, there is a trade-off
between the growth rate and crystal quality for SiC crystals
growth via the TSSG method.

Kim et al. and Liu et al. suggested complex crucible
designs, as illustrated in Fig. 18 [89, 90]. These designs can
be tuned to achieve the appropriate temperature gradient and
C concentration in their specific crystal growth equipment.

Fujii et al. controlled the temperature gradient by chang-
ing the conductivity of the shaft [91]. As shown in Fig. 19a,
the temperature gradient in the melt was higher with a
solid seed shaft. Moreover, the lateral temperature gradient
increased, resulting in parasitic crystal growth at the edge.
The hollow shaft provided a more uniform temperature gra-
dient and a smooth crystal surface.

Kusunoki et al. investigated the temperature gradient with
different meniscus heights, as illustrated in Fig. 19b [92].
Both the axial and radial temperature gradients increased
markedly with increasing meniscus height. Hence, a high
meniscus can enhance the crystal growth rate, but it also
increases the probability of parasitic crystal growth at the
edge of the crystal or the formation of an unfavorable con-
cave crystal shape [93].

Because the growth rate of SiC crystals in the TSSG
method is dependent on C transport from the crucible to
the seed crystal, several efforts have been made to enhance
the transport efficiency. Umezaki et al. confirmed that
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Fig. 18 Temperature and C ( a)
distributions in the melt with
different crucible structures

conducted by a Kim et al. [89] ::::i Modified ‘ ‘
and b Liu et al. [90] i s: 5 structure | structuro ey
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high-speed rotation of the seed crystal reduces the bound- Kusunoki et al. and Kurashige et al. assessed the acceler-
ary layer at the crystal surface, resulting in a steeper C con-  ated crucible rotation technique (ACRT) for TSSG of SiC
centration gradient at the surface. Hence, the growth rate is  crystals [95, 96]. In the ACRT, the rotation rate of the cruci-
linearly proportional to the C concentration gradient [94]. ble is periodically accelerated, decelerated, and inverted, as
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shown in Fig. 20a. In the conventional ACRT, the melt flow
direction under the seed crystal changes from downward to
upward during the acceleration and deceleration periods,
respectively, as shown in Fig. 20b, c. Changing the flow
direction enhances C transport from the bottom of the cru-
cible to the seed crystal.

Another approach to improve C transport is to structur-
ally alter the crucible. Kurashige et al. inserted a thin plate
at the bottom of a crucible, as shown in Fig. 20d, e. Because
the velocities of the upper and lower halves of the melt were
different, a vortex flowed counterclockwise and clockwise
near the crucible wall during the acceleration and decelera-
tion periods, respectively. The vortex increased C transport
from the crucible wall to the seed crystal, which remarkably
improved the growth rate and crystal quality, as shown in
Fig. 20f, g. Polycrystalline SiC was obtained using the non-
ACRT process, whereas smooth crystals with growth rates
of 60 and 110 um/h were achieved using the ACRT process
without and with an additional plate, respectively.

Kusunoki et al. implanted a graphite ring inside the cruci-
ble, separating the melt into the upper and lower halves [92].
Under an appropriate temperature gradient, they improved
the C concentration in the upper half of the melt, resulting
in a 50% enhancement in the growth rate.

Ha et al. deployed a flow modifier with a hollow cone
shape inside the crucible to redirect the melt flow [76].
The melt flow is typically strong near the crucible wall and
forms vortices, as shown in Fig. 21a—al. The flow modi-
fier acted as an obstacle, confining the flow at the crucible
wall (Fig. 21b-bl), or as a guide, directing the flow from
the crucible wall to the seed (Fig. 21c—c1). As a result, the
downward-placed flow modifier enhanced C transport from
the crucible wall to near the seed (C accumulation region),
creating a virtual C source beneath the growth front, as

(e) While decelerating rotation rate

(f) Non-ACR
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(c) End of decelerating period 10 mm

Fig.20 a Rotation rate of one ACRT cycle. b—e Simulated flows during acceleration and deceleration. Photographs of samples grown under dif-
ferent conditions: f non-ACRT, g ACRT without a divider plate, and h ACRT with a divider plate [96]
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shown in Fig. 21d. The C from the virtual source diffused to
the growth front and contributed to crystal growth, defining
the C consumption region. The calculated growth rate from
this model agreed well with the experimental growth rate,
as shown in Fig. 21e, indicating that the downward-placed
flow modifier remarkably enhanced the crystal growth rate.
Hence, by optimizing the melt flow, the crystal growth rate
was significantly improved.

Another challenge for SiC growth via the TSSG method
is growth rate uniformity. Non-uniform growth rate leads to

Marangoni convection
(a) Marangoni convectio A 0.06

0.06
0.05
0.04
0.03
0.02
0.01

1000
(c) 1000,

750

growth rate, v, [um/h]

500

250

0 1 2 3 4 5

(e)

a curved crystal surface (convex, concave, or wavy) or unde-
sirable parasitic crystals on the edge of the boule. Marangoni
convection is considered to be the main reason for the non-
uniform growth rate [76, 80]. Hence, many efforts have been
made to minimize this effect.

Marangoni convection commonly has a centripetal direc-
tion, as shown in Fig. 22a [76]. Hence, a sufficiently large
centrifugal convection would theoretically suppress Maran-
goni convection. However, in popular growth systems, the
centrifugal force (Fig. 22b) is substantially smaller than

(b) Centrifugal convection
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Fig.22 Velocity field from a Marangoni and b centrifugal convections [76]. Crystal growth rate profile (axial direction) for different c stationary
crucible sizes and d crucible rotation rates [97]. e Step growth direction vs. flow direction [98]
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the Marangoni force. The seed rotation speed required for
centrifugal convection to suppress Marangoni convection is
considered impractical.

Horiuchi et al. noted that a smaller crucible diameter
reduces Marangoni convection, resulting in more uniform
crystal growth (Fig. 22¢) [97]. However, increasing the cru-
cible rotation rate decreases the crystal growth rate at the
center of the crystal, further deteriorating the uniformity, as
plotted in Fig. 22d. Ariyawong et al. investigated the rela-
tionship between the propagation of a crystal micro-step and
the melt flow direction [98]. The melt flow direction rela-
tive to the crystal as a function of the seed rotation speed is

(a) B, vertical upward

W

AR BB BTN

NN SNV

o

(b) B, vertical downward

~ =SSN A
N

Growth rate [um/h]

Fig. 23 Different static magnetic field configurations: a vertical
upward, b vertical downward, ¢ vertical cusp, and d horizontal cusp
[102]. Crystal growth rate along the radial direction for different mag-

@ Springer

plotted in Fig. 22e. The flow parallels to step propagation
causes a rough crystal surface, whereas the anti-parallel flow
supports a smooth crystal surface [93, 99, 100].

Wang et al. and Ha et al. numerically assessed the poten-
tial of advanced magnetic fields to improve crystal growth
rate uniformity [101, 102]. Depending on the relative posi-
tion of the induction coil and the crucible, the magnetic field
passing through the melt can have a vertical (Fig. 23a, b)
or cusp (Fig. 23c, d) orientation. Moreover, if additional
Helmbholtz coils are used, the desired magnetic field configu-
ration can be achieved through the electric current direction
in the Helmholtz coils, as illustrated in Fig. 23 [102]. The

(e)
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netic field configurations at e 2100 °C [101] and f 1800 °C [102]. B,
external magnetic field, VMF vertical magnetic field, CMF cusp mag-
netic field, g mean growth rate
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Lorentz forces generated by the cusp-oriented (horizontal)
magnetic field suppress the Marangoni force at the crystal
edge, enhancing the melt flow stability at the growth front.
Hence, the growth rate uniformity is significantly improved
for the cusp-oriented (horizontal) magnetic field configura-
tion. In contrast, a vertically oriented magnetic field reduces
the uniformity of the growth rate.

In the TSSG of SiC, the residual Si droplets on the crystal
surface cause stress-related problems. Owing to the different
thermal expansion behaviors of Si and SiC, a stress field is
generated during cooling after crystal growth. The stress is
substantial at the edge of the droplet (Fig. 24b), resulting in
defects, such as micro-pipes and cracks. Ha et al. suggested
a post-heat treatment procedure, that is, slow cooling for
droplet evaporation, to remove droplets on the crystal sur-
face [103]. The X-ray diffraction (XRD) patterns in Fig. 24d
indicate that the internal stress in the droplet-free crystal
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Fig.24 a Temperature distribution in a liquid droplet during solidifi-
cation and b stress distribution in the droplet at room temperature. ¢
Photographs and d XRD patterns of crystals cooled at fast and slow
rates [103]

(sample B) was smaller than that in the droplet-containing
crystal (sample A). Internal stress remained in sample B
because of the different thermal expansion behaviors of the
SiC crystal and the graphite shaft.

Briefly, the C solubility is the most important factor
determining the crystal growth rate in the TSSG method,
and it has been improved by several approaches, such as
composition and crucible design. The C transport in the melt
has been optimized to improve the growth rate and crystal
uniformity. Although the quality of crystals grown by the
TSSG method is typically high, a post-heat treatment should
be conducted to preserve the quality.

4 Recent advances in machine learning
for SiC crystal growth

Currently, machine learning (ML) and artificial intelli-
gence (Al) algorithms are becoming mature, opening a new
route for crystal growth process design and optimization,
as well as real-time adjustments. In general, computational
fluid dynamics (CFD)-based simulations of the TSSG of
SiC crystals require considerable time and computational
resources. Hence, CFD-based simulations lack the flexibility
required for optimization. In contrast, an ML model, which
learns from pre-calculated sets of CFD-based simulations,
responds quickly to process parameter changes. Ujihara et al.
actively developed an ML procedure for SiC crystal growth
by TSSG. The very first report was published in 2018, which
used a modern convolutional neural network (CNN) to learn
a prepared set of data (800 CFD-based samples) [104]. A
general schematic of the CNN model for SiC crystal growth
is shown in Fig. 25a. The input was vectorized parameters,
such as temperature, rotation speed, and crystal diameter.
The number of hidden layers and hidden nodes were 4 and
128, respectively. The output parameters were the tempera-
ture distribution, concentration profile, and velocity com-
ponents. As shown in Fig. 25b, c, the predicted results were
similar to the CFD-based result, with a correlation coeffi-
cient (which measures the difference between the result pre-
dicted from ML and that predicted by CFD) of more than 0.9
(where 1 indicates perfect matching). Moreover, the predic-
tion time was rapid (sub-second), emphasizing the potential
for real-time prediction and optimization.

Wang et al. improved the ML process using a reinforce-
ment learning model, in which the ML process and CFD
calculation feed data to each other in a calculation loop
[105]. Hence, both the ML process and CFD calculation
were faster with more accurate results. Horiuchi et al. and
Takehara et al. further improved the ML process by imple-
menting Gaussian optimization to create a complete Bayes-
ian optimization procedure for SiC crystal growth, as shown
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Fig.25 a CNN structure [109] and results from b CNN-based predic-
tion and ¢ CFD-based calculations [104]. d Flow diagram of Bayes-
ian optimization [107]. e Distribution of the normalized mean and

in Fig. 25d [106—108]. In this procedure, an objective func-
tion is introduced:

yx)=M"-o¢", (26)

where M* and ¢* are the normalized mean and deviation of
the growth rate profile, respectively. The target is to obtain
a high and uniform growth rate, that is, large M* and small
o* values. Hence, the goal of the Gaussian process is to find
a parameter vector corresponding to the smallest y(x). These
data are then passed to the CNN (acquisition function) learn-
ing process and CFD calculation. Using this procedure, the
ML process was completed in a few tens of iterations when

@ Springer
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deviation of the growth rate profile (M* and ¢*, respectively). Color
bar is the objective function, y(x). f Growth rate along the axial direc-
tion for initial and optimized parameters [108]

the objective function y(x) converged, as shown in Fig. 25e,
and the growth rate and uniformity theoretically improved,
as shown in Fig. 25f.

Using the Bayesian procedure, the optimal process
parameters were prepared before crystal growth, including
crucible design [109]. However, in practical experiments,
the geometry of the crucible also changes because of C dis-
solution and Si evaporation (Fig. 26a), and the thickness of
the crystal also increases. Therefore, real-time prediction,
optimization, and tuning are crucial for TSSG. CFD-based
calculations of TSSG are a considerable challenge when the
model geometry changes because of sensitive and intensive
model re-meshing [110]. Dang et al. successfully developed
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(a) Cross-section ofa crucible after 30 hours

(b) Fixed parameters Adaptive optimization

Fig.26 a Cross-sectional image of a crucible after 30 h of crystal
growth. b Predicted results for fixed parameters (left side) and adap-
tive optimization (right side). The light green color is the SiC single
crystal, the red color is the melt, and the dark green color is the poly-
crystal [111]

adaptive optimization and process control for long-term
crystal growth [111]. With this technique, the crucible cor-
rosion was reduced, the available growth time increased by
50%, and the crystal yield increased by 30% with a flatter
surface, as demonstrated in Fig. 26b.

Machine learning does not replace the numerical simula-
tion for SiC crystal growth. Instead, ML uses the numerical
results and accelerates the process design. ML has proven to
be effective for quick prediction, supervision, and optimiza-
tion of SiC crystal growth.

5 Conclusion and future works

Silicon carbide is a next-generation material for high-power
and high-efficiency electrical devices. The crystal growth
techniques of SiC single crystals have been intensively
developed thus far; however, further developments in crys-
tal growth at large scales with high yields and ultra-low
defect densities remain ongoing. Simulation techniques have
contributed significantly to the investigation of the phys-
icochemical behaviors of SiC crystal growth, including the
temperature distribution, chemical species equilibrium, and
mass transport. Therefore, process design and optimization
based on simulation techniques are now the core technol-
ogy of SiC crystal growth, particularly for industrial mass
production.

As shown in this review, the recent progress in machine
learning proves its usefulness as a supplemental technique to
the conventional finite-element methods, especially for the

crystal growth of SiC. Besides, hybrid simulation techniques
coupling machine learning, FEM, and thermodynamic cal-
culations are currently actively developed by many research
groups. We estimate general users could access the hybrid
simulation technique provided by some commercialized
simulation soon. We believe that the advancement of the
simulation technique could drastically reduce the cost and
the efforts in the research and development of single crystals
and growers requiring intensive investment.
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