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(a) Physical vapor phase transport (b) High-temperature chemical vapor (c) High temperature solution
(PVT) method"® deposition (HTCVD) method™! growth (HTSG) method®!
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Schematic of the device for three different SiC crystal growth methods
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Table 1 Key research history of solvents for the growth of SiC by HTSG mothed since the 21st century

Year Team Solvent system Research Reference
2004 Nippon Keiyo Metals Si-Ti Ternary phase diagrams by the CALPHAD method [25]
Tokyo University, Japan Si—Cr, Si-Ti, Si-Fe Phase diagrams for thermodynamic analysis [26]
2014 Nagoya University and Tokyo ) . .
. . Si—Cr, Si-Cr-Al Observation of crystal surface morphology [27]
University, Japan
2017 Nagoya University, Japan Si-Y Improvement of crystal purity [28]
Sig.56Cro.4Mo.04
(M =S¢, Ti, V, Cr, Mn, Experimental determination of carbon solubility in these
2018 Team Hyun, Korea . . . [29]
Fe, Co, Ni, Cu, Rh, and high-temperature solutions
Pd)
o . o Different models to calculate carbon solubility in
2019 Tokyo University, Japan Si-Fe, Si—Ni, Si-Cr-Fe . X . [30]
different systems and compare with experimental results
. . . L . Relationship between crystal growth rate and growth
2020 Tohoku University, Japan Si—Cr, Si-Ti, and Si-Fe [31]
temperature
. . Experimental measurements of thermophysical
2021 Tokyo University, Japan Si—Cr . . [32]
parameters for different proportioned solvent systems
Institute of Physics, Chinese . Carbon solubility calculations by the CALPHAD
2022 Si—Cr—Ce [33]
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Fig. 8 Optical micrographs of crystal surfaces grown in different solution systems and the corresponding cross-sectional surface

profiles, as well as macroscopic step heights?®?

, and surface morphology of crystals grown in different solution systems

[44]

and the surface morphology and polycrystalline types of crystals grown by adding different contents of Sn and Al in the

Sig6Cr 4 solution system, with arrows pointing to trench-like defects
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[43]

BT BOTFIEMSELI N E . RS E TS
[, Naoyoshi 255 H] Butler™F1 Toop® " 7 #2115
T Si-Cr-Sn.Si-Cr-Al il Si-Cr-Ni = 6& &A1
KiK. Hr, Butler THEEHTIHHE - ItEE



55 52 5 7 W T A mIRIEI A K AH-SIC B 1 B R S R + 2433 -

WRARIZRT K 77, T Toop J7 FE ALK, T
FKon=uaahaid sk Jud s Rk 1. A
4k, Zhuang 2@ 5315 Guggenheim 2 3 1 &
R TRINE A4 FE 5341, I+ H Clausius-Clapeyron J7

FEVFE TR A ZEVR IR T BRitk 2 oh, A8 4
T AT A R A L A R AR AR PO, P RRCIR 2
T, Si-M (M=Cr, Ti, Fe, Zr, Co, Mo, Nd, Y Al Ni)i#
A R RYE ST 1 oy U AT VB, AR 3.

®3 SFMIARERPBIMSH

Table 3 Thermophysical parameters of Si-M solution system

Property

Value Reference

M X + Mg X

dersi = M Xer . Mg X

Density/(g~cm’3) [32]
der dg
dg; = (3005—-0.269T)x107 [32]
Viscosity/(mPa-S) Ig¥csi =18%c X +187%4 Xsi
819
g7 :?—04727 [61]
Heat capacity/(J-mol 'K ™) Cocrsi = CparXer +CpsiXsi
C,si =27.196 [32]
Ao BeMsi Xsi - diBiMe X -
Thermal conductivity/(W-m™-K™") Bersi = P 1+ l\;u;adziﬁ: ) B+ Msixsidcrﬁcr) 1 [62]
By =5.71x107* (T —1685) +58.6 [63]
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(b) Spectral emissivity measurement system for the electros tatic levitator!s'!
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Fig. 9 Schematic of the electrostatic levitation furnace, the spectral emissivity measurement system for the electrostatic levitator and

the laser flash apparatus
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Fig. 10 Schematic diagram of device for the analysis of C content
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L% e =49 260~ 19T PR R HERG I G, W SIS 1 AE 2073 K
C-si Lesi =8700 (78] NEAT IR AN 24.1%~70.1%[F] Fe £ 30.0%~
Fe-Cr e ST e [79] 85.0%% Ni ] Si-Fe & Si-Ni &4 LUK Si-Fe-Cr
e G oS o nasT O Fe RIBE/R A HON 9.9%~39.6% . Cr HIE/K
Lsi ¢ =—47614.70+12.173 63T 730N 10.4%~40.1%) C IVEMERE, Bl 5 R HAEL
s = =151127.73429.125T SRR FIE TE SOV OB A T SicM (M=Fe,

SiFe L, =—33882.38-2.5015T (1]

L2, g =33954.71-11.255T
L. =21289.56—0.865T

FiAh, AEMEAL SR R R, AR S RS A Y

Ni fl Cr-Fe)H 1] C ¥ AREAAL, K sLihah R 5 #T)
SFRERHATT L, SR WA 11. 2 073 K B, 7E L
R Si-Fe A RSN C BWMEERDE)N

AHAR BRI PE, ¥ Si(2.48 A), Cr(2.55 A), Fe(2.53 A)
FNi(2.58 A) BRI AR 74540 %
e C(1.32 A)E T M ESR, B C A1
A B 5 R T B AR B T i R A L 3t

° N

R XS EATI AT BLfE Fe-C A

0.19%~6.60%, Si-Ni fEZ% C HEMEN 0.061%~
5.200%, Si-Fe-Cr{&Z&H CIEMEEN 1.1%~3.9%.
SIS SERRI, R FH WAL S RO AT DA B S 58
MAF) C IE RS, (HJE R IE A R R
110 C VAR E S At 5

Measured Estimated Measured Estimated Measured Estimated
SiCsat. C sat. SiC sat.  C sat. SiC sat. C sat. SiC sat. C sat. SiC sat. SiC sat.
This work || QC This work 4 - QC This work v QC
Scace et al?” © SR --- Scace et al.?” SR --- Daikoku et al.') v SR ---
10! 10!
© SiCsat. [Csat. s L
X d X S m—— & 10!
O O A )
5 T 100} P s
o 10° ¢ = e =
S & A e g L
E , E e g0y
B= T tee A 2,1 &
o s o \\\Q\J/ G
‘23 107! SiC sat. | C sat. § <
: : ! * : * ! * 10! * * *
0 20 40 60 80 100 0 20 40 60 80 100 0 10 20 30 40 50
e 00% ~—x100% e 100%
I e+XSi XNi+XSi X('r+/\/l'e+XSi
(a) Si—Fe—C solution (b) Si—-Ni—C solution (¢) Si—Cr—Fe—C solution
Bl 11 f£2073 K T Si-Fe &4+ Si-Ni A1 Si-Cr—Fe 34 " LU0 AF SIS C W ARIEXT L QC: HEAL AR iR Y,
SR: I IERAB A AL
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Fig. 12 Isothermal cross sections of different solution systems at different temperatures
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Extended Abstract

Silicon carbide (SiC) as a third-generation semiconductor material with stable chemical properties is currently the most widely
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used wide-band material. Moreover, SiC has significant advantages such as a high device limit temperature, a high critical breakdown
field strength, and a high thermal conductivity. SiC single crystals with high-quality, large-size, low-cost can be used in large-scale
SiC applications.

The high-temperature solution growth method (HTSG) for growing SiC offers some advantages such as reduced crystal
dislocations, ease of operation, feasibility of P-type doping, and low cost. These advantages can compensate for the drawbacks of high
energy consumption, poor crystal quality, and high costs associated with the crystal growth process of the physical vapor transport
(PVT) method. Nevertheless, the selection of solvents in the HTSG method is a key factor in improving the crystal growth efficiency
and growth quality. The existing mainstream systems of the HTSG method are Si—Cr binary system and Si—Cr—Al ternary system.

4H-SiC has a hexagonal lattice point and a cubic lattice point, and the diatomic layers are connected in the form of
ABCB-ABCB. Therefore, a regular atomic arrangement is needed to avoid the entrapment of other solvent atoms. For a deeper
understanding of advances in solvents for the growth of 4H-SiC single crystals by HTSG technique, this review firstly summarized
the research history of the solvent, analyzed the influence of the solvent system on the crystal growth from different perspectives of
thermodynamics, and gave different methods used for solvent research. Finally, this review represented the crucial points and
difficulties in the research of solvents in the growth of 4H-SiC single crystals by high-temperature solution growth method.

Summary and prospects Recent research on co solutions for the growth of SiC single crystals by HTSG method through various
methods is represented. The research scope of solvents involves thermal physical performance parameters, C dissolution,
thermochemical properties, thermodynamic properties, and other aspects. However, the existing research has not yet identified the
optimal solubilizing system from a theoretical perspective, as well as the substantial impact of element ratios in various solution
systems on crystal growth. There are still several difficulties in the research of solutions as follows:

1) It is difficult to test the mixed solution due to the high experimental temperature of the HTSG method. At present, it is
possible to roughly predict the thermal and physical performance parameters of solutions through theoretical calculations, but
equipment for the related experiments is unavailable and the cost is also high. Effectively improving the accuracy of simulation and
conducing accurate predictions for experiments can be achieved via in-depth research on the changes in thermal and physical
performance parameters of solutions.

2) The concentration of C in the solution is a key factor affecting the quality of crystal growth. The concentration of C is
investigated both theoretically and experimentally under ideal conditions of thermal equilibrium. The seed crystals can experience
melt-through during the remelting process of crystal growth, if the concentration of C in the solution is too low. On the contrary, if the
concentration of C in the solution is too high, it is likely that crystallization can occur before the impurities on the surface of the seed
crystal are completely melted. The situations above could seriously affect the quality of the crystal growth. It plays an important role
in improving crystal quality via in-situ detecting the changes in C concentration inside the crucible.

3) The existing HTSG method usually uses graphite crucibles as a C source for crystal growth. As the temperature inside the
crucible increases, graphite crucible is continuously corroded by the solution, presenting different shapes. Different shaped crucibles
can seriously affect the stability of the flow field inside the crucible, and even change the trajectory of the flow field. In-depth
research on the corrosion process of graphite crucibles by auxiliary solutions can effectively avoid negative effects caused by changes
in flow field and temperature field in the later stage of growth.

Although there are still some difficulties to overcome in the study of solvents for the growth of SiC single crystals by the HTSG
method with the continuous efforts of numerous research teams, some key issues are constantly proposed and solved. The research on
solvents can also accelerate the pace of HTSG method for growing SiC single crystals, opening a door to low-cost and low-energy
SiC single crystal growth.

Keywords silicon carbide; high temperature solution growth method; solvent; thermodynamic calculations



