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In consideration of experience gained in the previous research, an extended two-dimen-
sional analysis of silicon carbide top-seeded solution growth is computationally carried out
for 11 binary systems under conditions typical for the real process at temperature and com-
position varying in a wide range. Along with averaged values of the growth rate, its radial
distribution over the seed is investigated for estimating the crystal surface shape. It is found
that with the exception of aluminum the addition of other dopants to the silicon melt mani-
fests itself through the growth rate saturation at their certain level above which the growth
rate cannot be raised. As it follows from radial distributions obtained, their deviation from
a convex parabolic profile decreases with co-solvent content and seed temperature. In this
connection, chromium, lanthanides and yttrium can be distinguished as most promising
dopants. Additionally, such ternary solutions as Si-Cr-Y and Si-La-Y are predicted to pro-

vide both relatively high growth rate and smooth surface of crystal at moderate doping.

Keywords: SiC growth; Silicon melt; Solution; Carbon solubility; CGSim (crystal growth simulation)

1. INTRODUCTION

The present paper is a logical continuation of the previous
work [1] where the silicon carbide (SiC) top-seeded solu-
tion growth (TSSG) is computationally analyzed within a
simplified approach. SiC TSSG method was described in
Ref. [1]. Its main points are listed below.

First of all, it should be noted that SiC is reckoned to
be one of most desirable materials for high-power and
high-performance electronic devices. In this connection,
SiC substrate plays an important role and can replace Si
substrate in such applications due to its superior electric
and thermal properties [2]. Until recently, SiC wafers are
mostly fabricated by physical vapor transport (PVT) [3,4]
but their high defect densities are formidable problems in
making high-power electric devices.

Lately, SiC TSSG is drawing attention as an alterna-
tive method to grow high-quality SiC crystals [5]. The
process concept is transparent: high-purity silicon melts

in a graphite crucible while the carbon dissolves from the
crucible to the melt, travels to the crystal surface and con-
tributes to crystal growth [6,7]. The method has a huge
advantage in reducing the dislocation density in the crys-
tal by converting and eliminating the threading screw and
edge dislocations [8,9]. This is associated with supposi-
tion that the growth proceeds under conditions close to the
thermal equilibrium.

Nevertheless, SiC TSSG is seriously limited by low
growth rate and low uniformity of the grown crystal due
to low carbon solubility in the molten Si [10] and com-
plicated fluid flow in the melt [11,12]. The carbon solu-
bility can be enhanced by adding some metals into the
melt [13,14]. As it is reported in Ref. [15], a high quali-
ty SiC has been obtained by TSSG technique using Si-Ti
solution. In addition, SiC bulk crystal with 12 mm length
has been grown using Si-Cr-based solution [16]. One of
recent papers informs that to date 4-inch substrates with
a thickness of 15 mm produced by solution growth have
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been unveiled while substrates of 6 inches and above are
still under development [17]. Thus, currently solution
growth techniques are still in the research and develop-
ment stage; however, they show promising potential for
growing high-quality SiC crystals.

The previous paper [1] considers the effect of 11
additives to silicon melt on SiC growth rate and distin-
guishes most promising among them within simplified
0D-approach.

The goal of the present paper is to analyze the results
of 2D-computations under real process conditions and
to collate the influence of several co-solvents on both
growth rate value and its radial distribution or uniformity
over the seed surface. From the investigations, two ter-
nary solutions are suggested, facilitating both relatively
high growth rate and its minimum deviation from convex
near-parabolic profile.

2. 2D-COMPUTATIONAL ANALYSIS

2.1. Averaged growth rate in binary solutions Si-Me,
Me = Cr, Fe, Co, Ni, Y, Al, La, Ce, Pr, Nd and Sc

Two examples of 2D-simulation of SiC TSSG were pre-
sented in the previous paper [1] (see Section 3). Their
demonstration aimed to give more extended and real
information on inherent features and advantages of pro-
cesses in using different co-solvents as compared with es-
timates obtained within the simplified 0D-approach (see
Section 2.4 in Ref. [1]). Some important details of 2D-ap-
proach are considered below.

Modeling analog of the reactor with the seed diameter
of 18 mm is employed for 2D-computations by CGSim
software developed in STR Group [18]. Such rather small
dimensions allow neglecting a flow turbulence that is sup-
ported by a criterion suggested in Ref. [19] and confining
oneself to the consideration of molecular heat and mass
transport. Then all thermophysical properties reviewed
and collected in Ref. [1] are usable for 2D-computations
without modification.

As mentioned in Ref. [1], the process temperature is
normally controlled by measuring it in some points of the
investigated set-up. In the case considered, they are cen-
trally located above the SiC seed and under the bottom of
graphite crucible acting as the carbon source (see Fig. 7
in Ref. [1]). Just CGSim [18] is suitable for tuning up the
power of inductive heater in such a way as to provide the
target temperatures at the controlled points. Obviously,
the 2D-distribution of temperature turns out to be more
complicated and non-uniform along the seed surface than
that within the simplified approach [1]. Therefore, the
temperature drop between the seed and the carbon source
can deviate significantly from that between the controlled
points, depending on the investigated solution and its

composition as well as on the reactor design and the ther-
mophysical properties of used materials.

The listed features are specific for each process and
reactor design which should be accounted for when an-
alyzing within 2D-computations by CGSim [18]. In the
present paper, for comparing the modeling results to each
other, they are obtained for the same set-up considered in
Ref. [1].

To get a preliminary view of the growth rate in whole,
its value averaged over the seed surface is illustrated in
Fig. 1 as a function of composition at the temperature drop
of 10 K and at the top temperature of 2000, 2100, 2200 and
2300 K. The co-solvent concentration range is limited by
80% since its higher percentage can cause its crucial pen-
etration into the crystal. As seen from the plots, the growth
rate rises with temperature. This trend manifests itself
most clearly for silicon melt diluted with lanthanides (pur-
ple curves). Among them a maximum growth rate is pre-
dicted when applying the praseodymium (dashed dot pur-
ple). Lanthanum (solid purple) and cerium (dashed dot
dot purple) provide a similar dependence of the growth
rate which is lower than that at Pr-doping and consider-
ably higher than that at Nd-addition (long dashed purple).
In all cases above, the SiC growth rate peaks at a certain
mole fraction of co-solvent and can no longer be raised by
elevating the doping and then falls down. Particularly, a
sharp maximum can be observed for Pr, La and Ce at high
temperatures while it is less pronounced at Nd. Hence one
can suppose that the percentage of listed co-solvents high-
er than 40-50 mol.% has a reverse effect. Additionally, the
onset of growth rate saturation occurs at a lower doping
concentration when using a higher process temperature.

The growth rate in Si-Cr solution (solid red) is predict-
ed to reach its maximum of = 100 pm/h at 2000 K and of
~ 300 pum/h at 2300 K. This is essentially lower than the
values obtained for lanthanides. Note that Cr-content at
which the growth rate is saturated shifts from 50 to 40%
in temperature range above.

The doping of silicon melt by yttrium (dashed red)
gives = 50 pm/h at 2000 K and at 30% Y and = 170 um/h
at 2300 K and at 25% Y. It means that the growth rate can
be increased by the least percentage of yttrium in spite of
its low level in comparison with that provided by other
co-solvents.

The addition of Fe (dashed dot dot red), Co (dashed
dot red) and Ni (long dashed red) manifests itself only
at their elevated concentration beginning with 60—70%
whereas the maximum growth rate does not exceed the
values reached at lanthanides and chromium. This makes
them less preferable in use.

Si-Sc application (solid black) leads to the growth rate
even lower than that in the pure silicon melt at moderate
dilution. Its remarkable values can be observed at tem-
peratures and Sc contents higher than 2200 K and 45%,
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Fig. 1. Averaged growth rate in binary solutions vs co-solvent percentage at top temperature of 2000, 2100, 2200 and 2300 K.

respectively. However, the solidus-liquidus of Si-Sc sys-
tem imposes some considerable constraints on using this
solution at temperatures lower than 2300 K and at Sc con-
tent higher than 50%. It is shown by a discontinuity in the
curve of the growth rate in Fig. 1.

With the exception of 2300 K (see Fig. 1d), a mono-
tonic dependence of the growth rate is predicted for
Al-doping. Its averaged values are close to those comput-
ed for Y when their percentage is lower than 25% and the
temperature is about 2300 K. Note that the growth rate in
Si-Al solution does not exceed that reached in Si-Nd at a
reasonable content (< 50%).

Some general conclusions can be drawn from the anal-
ysis of the averaged growth rate:

— it rises with the process temperature for all studied
solutions;

— with the exception of aluminum, an addition of other
dopants results in its saturation at their certain percentage;

— its maximum slightly shifts to the left at elevated
temperatures;

— its highest values are predicted for lanthanides.

Such results are in good agreement with those presented
in Ref. [1] but provide the extended 2D-information. To re-
veal an advantage of co-solvents as compared to each other,
it is necessary to collate their characteristics in detail. Ac-
counting for the above finding on the growth rate saturation
and preferring a lower level of dopant to minimize its pen-
etration into SiC crystal, the results of 2D-computations are
presented below at 20, 30, 40, and 50 mol.% of co-solvents.
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2.2. Si-Cr solution

Fig. 2 illustrates 2D-distributions of temperature together
with velocity vectors (on the left) and carbon mass frac-
tion (on the right) in Si-Cr melt-solution at various target
temperatures and compositions. Note that the names of
regions and the points where the target temperatures are

2000K.

tuned up to keep the drop of 10 K between them are shown
in the first picture.

One can see that the flow pattern and the temperature
distribution undergo an unnoticeable change in varying
the Cr content from 20 to 50 mol.%. A large vortex oc-
cupies almost the whole of melt volume with the excep-
tion of a small stagnation zone near a central part of the

2300K

1,639E-2
1,631E-2

2310K

2010K

2310K

d) 50%Si1-50%Cr

Fig. 2. 2D-distributions of temperature with velocity vectors and carbon mass fraction in Si-Cr solution of various composition. Tem-
peratures shown at top and bottom of growth chamber are kept constant providing 10 K between these points.
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crucible bottom. Such flow structure should facilitate an
efficient mixing of the binary solution diluted with carbon.

2D-computations predict the melt temperature some-
what higher than the target temperatures at controlled
points above the seed and under the bottom. In the case of
2000 and 2010 K (see the left column of pictures) the melt
is heated up to 2011-2027 K. If the target temperatures are
2300 and 2310 K (see the right column of pictures), the
minimum and maximum temperature is 2317 and 2341 K,
respectively. In this connection, the temperature drop in
the melt reaches 16 and 24 K in the first and second cases.
Thereby, the actual growth temperature can exceed mark-
edly the measured one at controlled point above the seed.
On the other hand, a higher growth temperature is accom-
panied by a less uniform warm-up of the melt.

Unlike the temperature, the mass fraction of carbon
turns out to be a sharp function of Cr doping. Its vol-
ume-averaged value increases from 1.70-10° to 2.18:10°°
and from 8.62-10" to 4.57-10* at 2000 and 2300 K above
the seed, respectively, when the Cr-percentage varies from
20 to 50%. At the same time, its relative variation in the
melt-solution is as low as 2.31% and 1.01% at 2000 K and
2.22% and 0.83% at 2300 K for 20% Cr and 50% Cer, re-
spectively. Such nearly uniform distribution of carbon is
an additional support for the efficient mixing due to the
small dimension of the crucible. Note that despite less uni-
form warm-up of the melt at 2300 K, a higher temperature
facilitates a slightly lower variation in the carbon mass
fraction.

One should pay an additional attention to the fact that
a narrow region of relatively reduced mass fraction of car-
bon stretches from the seed toward the bottom near the
melt center. It is somewhat longer at higher temperatures
that can be attributed to a higher recirculation velocity and
a less deep warm-up of the melt-solution.

Note that the process features considered above influ-
ence the crystal surface shape due to non-uniform deposi-
tion of the SiC-layers. Fig. 3 demonstrates the radial dis-
tribution of SiC growth rate at various Cr-doping and seed
top temperatures. As seen from the plots, the growth rate
rises with Cr content in varying it from 10 to 50 mol.%
at 2000 and 2100 K and from 10 to 40%. at 2200 and
2300 K. At a higher percentage of Cr the growth rate de-
creases but becomes a smoother function of the seed radi-
us. A near-parabolic convex distribution is predicted be-
ginning with 70% Cr. The maximum growth rate of about
350 pm/h is reached at 40% Cr and at 2300 K of the seed
with an essentially non-monotonic radial distribution.

Thus, despite the barely visible dependence of flow
and temperature pattern on the melt-solution composition,
the Cr-addition can noticeably affect the uniformity of SiC
growth rate. As it follows from 2D-computations, the best
uniformity is achieved at 70% Cr and higher concentration

can cause a foreign inclusion in SiC crystal. It should be
noted that the considered dopant gives a minor elevation
of the growth rate: 230 pum/h with the near-parabolic dis-
tribution is predicted at 2300 K and 70% Cr.

All characteristics listed above are collected in Table 1.
Moreover, maximum and averaged values of the growth
rate are presented there too. As seen from the data in Ta-
ble 1, the relative drop of temperature over the melt is con-
stant at Cr-doping varying from 20 to 50% and larger at
higher temperature of the process (0.79% at 2000 K and
1.03% at 2300 K). At the same time, the growth rate rises
with both temperature and Cr-content.

2.3. Si-La solution

Fig. 4 demonstrates 2D-distributions of temperature to-
gether with velocity vectors (on the left) and carbon mass
fraction (on the right) in Si-La melt-solution at various tar-
get temperatures and compositions.

Unlike Si-Cr solution, a Si/La ratio dependence of the
temperature drop over melt becomes noticeable even at
the same target temperatures above the seed and under the
crucible bottom. The following drops are predicted at tem-
peratures controlled above the seed:

at 2000 K
AT=2028-2010 = 18 K for 20% La,

AT=2028-2009 =19 K for 30% La,
AT'=2029-2009 = 20 K for 40% La,
AT =2030-2008 =22 K for 50% La;

at 2300 K
AT =2344-2315 =29 K for 20% La,

AT=2345-2314 =31 K for 30% La,
AT=2346-2314 =32 K for 40% La,
AT=2347-2213 =34 K for 50% La.

One can see that the melt-solution is warming up deep-
er from the crucible wall to the central with elevating the
La-content. Especially, it manifests itself at 2000 K: “hot
tongue” penetrates right from side wall up to a middle of
the melt. The temperature drop in Si-La solution is signifi-
cantly higher than that in Si-Cr:

18-22 K for Si-La vs 16 K for Si-Cr at 2000 K;

29-34 K for Si-La vs 24 K for Si-Cr at 2300 K.

This is associated with a difference in such thermo-
physical properties of Cr and La as thermal conductivi-
ty, viscosity, heat capacity, etc. Similarly to the case of
Si-Cr, the efficient mixing of Si-La solution is achieved
by a large vortex occupying almost the whole of melt
volume.

The volume-averaged mass fraction of carbon in-
creases from 5.55-10* to 1.78-10 and from 3.19-10° to
4.48-10° at 2000 K and 2300 K above the seed, respec-
tively, in varying the La-percentage from 20 to 50%. At
the same time, its relative variation in the melt-solution

Reviews on Advanced Materials and Technologies, 2025, vol. 7, no. 4, pp. 222-258



Andrei N. Vorob'ev: Computational analysis of SiC crystal growth from silicon melt diluted with...

227

Top & bottom temperature: 2000 & 2010K

150 Cr:
| —_——10%
< |
E 100
d’ -
S
o |
S
-§ i
o |
S
o
o S0F
(7] |
ol v v v vy
-10 -5 0 5 10 15
Seed radius, mm
a) 2000 K
Top & bottom temperature: 2200 & 2210K
250 =
r:
I —_———10%
I = 20%
+ --——30%
» R
200 | ———
3 = 70%
< L —_—80%
E -
3. L
g 150,—
o |
.§ |
© 100
(e} -
.L_, -
7] |
50 -
ol v v 0 v
-10 -5 0 5 10 15
Seed radius, mm
¢) 2200 K

SiC growth rate, um/h

SiC growth rate, um/h

Top & bottom temperature: 2100 & 2110K

200 =
B —— e — 10%
————60%
150 0%
100
50
o’\llll\lll\lll\llllll
-10 -5 0 5 10 15
Seed radius, mm
b) 2100 K
Top & bottom temperature: 2300 & 2310K
350 o
- r
- —_————10%
300
250 [
200 -
150 |-
100 |-
50 |
O_WIIIWIIIWIIIW T L
-10 -5 0 5 10 15
Seed radius, mm
d) 2300 K

Fig. 3. Radial distribution of SiC growth rate at various Cr-doping and seed top temperatures of a) 2000 K, b) 2100 K, ¢) 2200 K, and

d) 2300 K.

Table 1. Characteristics of Si-Cr solution: drop of temperature, carbon mass fraction over melt, maximum and averaged growth rate.

Si-Cr solution

Temperatures controlled above seed and under bottom

2000 and 2010 K

2300 and 2310 K

20% Cr

30% Cr

40% Cr

50% Cr

2011 -2027 K; 0.79%
1.67-10° - 1.71-107; 2.29%
37.0 and 31.6 pm/h

2011 — 2027 K; 0.79%
4.10-10° —4.18:107; 2.03%
70.7 and 59.6 um/h

2011 -2027 K; 0.79%
1.01-10°~1.03-10%; 1.56%
115 and 95.9 pm/h

2011 -2027 K; 0.79%
2.16:107-2.18:107 1.01%
134 and 110 pm/h

2317 -2341K; 1.03%
8.45-10° - 8.64-107%; 2.20%
229 and 204 pm/h

2317 -2341K; 1.03%
1.63:107 — 1.66:10%; 1.75%
310 and 273 pm/h

2317 -2341K; 1.03%
2.87-10°-2.91-10% 1.21%
342 and 295 pm/h

2317 -2341K; 1.03%
4.54-107 - 4.58-10% 0.83%
352 and 272 pm/h
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Fig. 4. 2D-distributions of temperature with velocity vectors and carbon mass fraction in Si-La solution of various composition. Tem-
peratures shown at top and bottom of growth chamber are kept constant providing 10K between these points.

is as low as 2.97% and 1.63% at 2000 K and 3.19% and
1.32% at 2300 K for 20% La and for 50% La, respectively.
This is markedly higher than in Si-Cr solution.

As opposed to Si-Cr, the observed narrow region of
relatively decreased mass fraction of carbon is still more
stretched from the seed toward the bottom near the melt
center for Si-La solution. Despite the somewhat lower
mass fraction of carbon here, SiC growth rate turns out to
be higher at La-addition. It can be explained by a strong
difference in the carbon distribution and in the mass trans-
port due to convection and diffusion. For instance, the vis-
cosity of La is several times smaller than that of Cr (see
Fig. 5 in Ref. [1]) and, therefore, one can expect a larger
supply of carbon to the seed.

Fig. 5 shows the radial distribution of SiC growth rate
at various La-doping and seed top temperatures. As seen

from the plots, the growth rate rises as the La content in-
creases from 10 to 60 mol.% at 2000 and 2100 K and from
10 to 50% at 2200 and 2300 K. At a higher percentage
of La the growth rate decreases but becomes a smoother
function of the seed radius. A near-parabolic convex dis-
tribution is predicted beginning with 70% La. The maxi-
mum growth rate of about 1.3 mm/h is reached at 50% La
and 2300 K of the seed with an essentially non-monotonic
radial distribution.

All characteristics listed above together with maximum
and averaged values of the growth rate are collected in Ta-
ble 2. As it follows from the data in Table 2, the relative
drop of temperature over the melt increases from 0.89% to
1.09% at 2000 K and from 1.24% to 1.46% at 2300 K when
varying the La-doping from 20 to 50%. At the same time,
the growth rate rises with both temperature and La-content.
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Fig. 5. Radial distribution of SiC growth rate at various La-doping and seed top temperatures of a) 2000 K, b) 2100 K, ¢) 2200 K, and

d) 2300 K.

Table 2. Characteristics of Si-La solution: drop of temperature, carbon mass fraction over melt, maximum and averaged growth rate.

Si-La solution

Temperatures controlled above seed and under bottom

2000 and 2010 K

2300 and 2310 K

20% La

30% La

40% La

50% La

2010 -2028 K; 0.89%
5.39-10*-5.56:10%2.97%
26.6 and 21.9 pm/h

2009 — 2028 K; 0.94%
1.23:10° - 1.27-107; 3.00%
64.7 and 52.6 um/h

2009 — 2029 K; 0.99%
4.36:10° - 4.48107;2.71%
218 and 175 pm/h

2008 —2030 K; 1.09%
1.75:10° — 1.78-10 % 1.63%
536 and 415 pm/h

2315 -2344 K; 1.24%
3.10-10° - 3.20-107% 3.19%
205 and 176 pm/h

2314 -2345K; 1.33%
6.37-10° —6.58-10; 3.26%
457 and 391 pm/h

23142346 K; 1.37%
1.84:107—1.88:107%; 2.60%
1081 and 905 pm/h

2313 - 2347 K; 1.46%
442107 -4.48107% 1.32%
1343 and 1062 um/h
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2.4. Si-Ce solution

Fig. 6 shows 2D-distributions of temperature together
with velocity vectors (on the left) and carbon mass frac-
tion (on the right) in Si-Ce melt-solution at various target
temperatures and compositions.

As in the case of Si-Cr, the flow pattern and the tem-
perature distribution weakly depend on Ce-content in
varying it from 20 to 50 mol.%. A similar large vortex
covering almost the whole of melt volume facilitates an
efficient mixing of the binary solution diluted with carbon.

Drops of temperature and carbon fraction over the melt,
as well as maximum and averaged values of SiC growth

rate on the seed are presented in Table 3. As seen from the
data, the actual growth temperature can exceed markedly
the measured one at controlled point above the seed.

Fig. 7 demonstrates the radial distribution of SiC
growth rate at various Ce-doping and seed top tempera-
tures. As it follows from the plots, the growth rate rises
with Ce-content in varying it from 10 to 60 mol.% at 2000
and 2100 K and from 10 to 50% at 2200 and 2300 K. At
a higher percentage of Ce the growth rate decreases but
becomes a smoother function of the seed radius. Its radi-
al distribution is close to convex near-parabolic profile at
Ce-doping larger than 70%.

d) 50%8Si-50%Ce

Fig. 6. 2D-distributions of temperature with velocity vectors and carbon mass fraction in Si-Ce solution of various composition. Tem-
peratures shown at top and bottom of growth chamber are kept constant providing 10 K between these points.
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Table 3. Characteristics of Si-Ce solution: drop of temperature, carbon mass fraction over melt, maximum and averaged growth rate.

Si-Ce solution

Temperatures controlled above seed and under bottom

2000 and 2010 K 2300 and 2310 K
20% Ce 2010 -2027 K; 0.84% 2316 -2342 K; 1.11%
6.26:10* - 6.43-10™; 3.09% 3.55:10° - 3.67-107; 3.23%
29.7 and 25.4 pm/h 218 and 192 pm/h
30% Ce 2010 —2027 K; 0.84% 2316 -2342K; 1.11%
1.33-10° = 1.37-10% 3.22% 6.97-10° -7.21-107% 3.41%
68.3 and 58.7 pm/h 464 and 410 pm/h
40% Ce 2010 -2027 K; 0.84% 2316 -2342 K; 1.11%
6.28:10° - 6.46:107; 2.82% 226107 -2.32:107 2.38%
277 and 240 pm/h 1008 and 889 um/h
50% Ce 2010 —2028 K; 0.89% 2315-2343 K; 1.20%
2.60-10%-2.53-107% 1.33% 5.26:10°-5.33:-10% 1.20%
518 and 432 pm/h 1124 and 960 pm/h
Top & bottom temperature: 2000 & 2010K Top & bottom temperature: 2100 & 2110K
600 = 700 —— Co
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Fig. 7. Radial distribution of SiC growth rate at various Ce-doping and seed top temperatures of a) 2000 K, b) 2100 K, ¢) 2200 K, and

d) 2300 K.
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2.5. Si-Pr solution

Fig. 8 illustrates 2D-distributions of temperature together
with velocity vectors (on the left) and carbon mass frac-
tion (on the right) in Si-Pr melt-solution at various target
temperatures and compositions. Note that they are close to
those obtained for Si-Cr and Si-Ce.

One can see that the flow pattern and the temperature
distribution undergo similarly an unnoticeable change as
Pr-content varies from 20 to 50 mol.%. The details are
collected in Table 4. As seen from the data, the relative

2000K

drop of temperature over the melt increases from 0.84% to
0.89% at 2000 K and from 1.11% to 1.16% at 2300 K as
Pr-doping ranges from 20 to 50%.

Fig. 9 demonstrates the radial distribution of SiC
growth rate at various Pr-doping and seed top tempera-
tures. As seen from the plots, the growth rate rises with
Pr-content in varying it from 10% to 60 mol.% at 2000 and
2100 K and from 10 to 50% at 2200 and 2300 K. A higher
percentage of Pr results in a smoother but smaller growth
rate. Its convex near-parabolic distribution is predicted be-
ginning with 80% Pr.

2300K

2010K

2310K

d) 50%Si-50%Pr

Fig. 8. 2D-distributions of temperature with velocity vectors and carbon mass fraction in Si-Pr solution of various composition. Tem-
peratures shown at top and bottom of growth chamber are kept constant providing 10 K between these points.
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Table 4. Characteristics of Si-Pr solution: drop of temperature, carbon mass fraction over melt, maximum and averaged growth rate.

Si-Pr solution

Temperatures controlled above seed and under bottom

2000 and 2010 K 2300 and 2310 K
20% Pr 2010 -2027 K; 0.84% 2316 -2342K; 1.11%
1.81-10° - 1.22:107; 3.36% 7.20-107° —7.45-107; 3.52%
62.9 and 54.1 pm/h 218 and 192 pm/h
30% Pr 2010 -2027 K; 0.84% 2316 -2342 K; 1.11%
3.04:10° - 3.15-107; 3.63% 1.57-10% - 1.62:107 3.03%
176 and 152 pm/h 950 and 840 pm/h
40% Pr 2010 -2028 K; 0.89% 2316 -2343 K; 1.16%
1.20-10%-1.23-10%; 2.60% 3.54:10°-3.61-10%; 1.94%
494 and 428 pm/h 1280 and 1132 pm/h
50% Pr 2010 -2028 K; 0.89% 2316 -2343 K; 1.16%
3.28:107-3.32:107%; 1.35% 6.39:107 - 6.47-107; 1.16%
638 and 542 pm/h 1330 and 1147 pm/h
Top & bottom temperature: 2000 & 2010K Top & bottom temperature: 2100 & 2110K
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Fig. 9. Radial distribution of SiC growth rate at various Pr-doping and seed top temperatures of a) 2000 K, b) 2100 K, ¢) 2200 K, and

d) 2300 K.
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2.6. Si-Nd solution

Fig. 10 illustrates 2D-distributions of temperature togeth-
er with velocity vectors (on the left) and carbon mass frac-
tion (on the right) in Si-Nd melt-solution at various target
temperatures and compositions. Note that they are similar
to those obtained for Si-Cr, Si-Ce and Si-Pr.

All features of the case considered are collected in
Table 5.

Fig. 11 demonstrates the radial distribution of SiC
growth rate at various Nd-doping and seed top tempera-
tures. As seen from the plots, the growth rate rises as Nd
content increases from 10 to 60 mol.% with an essentially

1,239E-3

2010K

non-monotonic radial dependence. A further addition of the
dopant lowers the growth rate while its radial distribution is
smoothed and becomes convex beginning with 80% Nd that
can cause a crucial level of foreign inclusion in SiC crystal.

2.7. Si-Y solution

Fig. 12 illustrates 2D-distributions of temperature togeth-
er with velocity vectors (on the left) and carbon mass frac-
tion (on the right) in Si-Y melt-solution at various target
temperatures and compositions. Note that they are similar
to those obtained for Si-Cr, Si-Ce and Si-Pr. All features
are presented in Table 6.

|Carbon ]
2,6026-2
2,5956-2

carbon K]

3,816E-2
3,809E-2
3,801E-2
3,794E-2

3,787E-2

2310K

d) 50%Si-50%Nd

Fig. 10. 2D-distributions of temperature with velocity vectors and carbon mass fraction in Si-Nd solution of various composition.
Temperatures shown at top and bottom of growth chamber are kept constant providing 10 K between these points.
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Table 5. Characteristics of Si-Nd solution: drop of temperature, carbon mass fraction over melt, maximum and averaged growth rate.

Si-Nd solution

Temperatures controlled above seed and under bottom

2000 and 2010 K 2300 and 2310 K
20% Nd 2010 -2027 K; 0.84% 2316 -2342K; 1.11%
1.20-10° - 1.24-10°; 2.83% 5.93:10° - 6.09-10°; 2.58%
53.6 and 45.2 pm/h 309 and 269 um/h
30% Nd 2010 -2027 K; 0.84% 2316 -2342 K; 1.11%
548107 — 5.59'10’3; 1.86% 1.47-107 — 1.49-10’2; 1.67%
170 and 141 pm/h 492 and 428 pm/h
40% Nd 2010 -2028 K; 0.89% 2316 -2343 K; 1.16%
1.42:10% - 1.44-10% 0.97% 2.57-10 % -2.60-10 2; 1.04%
235 and 191 pm/h 558 and 477 pm/h
50% Nd 2010 -2028 K; 0.89% 2315-2343 K; 1.20%
2.43-107 —2.44- 10’2; 0.61% 3.79-107 - 3.82'10’2; 0.76%
254 and 202 pm/h 593 and 492 pm/h
300 Top & bottom temperature: 2000 & 2010K Top & bottom temperature: 2100 & 2110K
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Fig. 11. Radial distribution of SiC growth rate at various Nd-doping and seed top temperatures of a) 2000 K, b) 2100 K, ¢) 2200 K,
and d) 2300 K.
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Fig. 12. 2D-distributions of temperature with velocity vectors and carbon mass fraction in Si-Y solution of various composition. Tem-
peratures shown at top and bottom of growth chamber are kept constant providing 10 K between these points.

Table 6. Characteristics of Si-Y solution: drop of temperature, carbon mass fraction over melt, maximum and averaged growth rate.

Si-Y solution

Temperatures controlled above seed and under bottom

2000 and 2010 K

2300 and 2310 K

20%Y

30%Y

40%Y

50%Y

2010 — 2028 K; 0.89%
2.59-10° - 2.62:10°; 1.26%
39.5 and 30.1 pm/h

2010 —-2028 K; 0.89%
1.09-10% - 1.10-10%; 0.55%
69.1 and 49.8 um/h

2009 —2029 K; 0.99%
2.72:10°-2.71-10% 0.18%
55.5 and 38.6 pm/h

2009 — 2030 K; 1.04%
4.71-10° - 4.72:10%; 0.085%
35.3 and 24.2 pm/h

2316 - 2343 K; 1.16%
1.07-10° - 1.08:10% 1.11%
203 and 163 pm/h

2315 -2344 K; 1.24%
2.58:107°—2.59-107; 0.46%
213 and 160 pm/h

2315 -2346 K; 1.33%
4.60-10°-4.61-10% 0.19%
159 and 115 pm/h

2314 -2347K; 1.41%

7.057-107% = 7.063-10%; 0.085%
107 and 75.9 pm/h
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Fig. 13 demonstrates the radial distribution of SiC
growth rate at various Y-doping and seed top tempera-
tures. As seen from the plots, the growth rate rises with
Y content in varying it from 10 to 30 mol.%. At a higher
percentage of Y the growth rate decreases but becomes
a smoother function of the seed radius. The maximum
growth rate of about 210 pm/h is reached at 30% Y and
2300 K of the seed.

Emphasize that Y-addition can noticeably affect the ra-
dial dependence of SiC growth rate and, hence, the surface
shape of grown crystal. As it follows from the 2D-computa-
tions, its convex near-parabolic profile is achieved already
at 30% Y that makes Y more preferable compared to other
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additives due to a low doping and, thereby, a low contami-
nation of the crystal despite a moderate growth rate.

2.8. Si-Me (Me = Fe, Co, Ni, Al, Sc) solutions

2D-distributions of temperature together with velocity
vectors and carbon mass fraction in Si-Me (Me = Fe, Co,
Ni, Al, Sc) solutions are similar to each other but can differ
only in their values. Therefore, all patterns and character-
istics related to them are collected in Appendix including
the radial dependences of the growth rate. Note that the
found trends remain the same with the exception of Si-Al
solution. The growth rate increases monotonically with
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Fig. 13. Radial distribution of SiC growth rate at various Y-doping and seed top temperatures of a) 2000 K, b) 2100 K, ¢) 2200 K, and

d) 2300 K.
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Al content varying from 10 to 80 mol.% and no convex
near-parabolic distribution is predicted.

2.9. Preliminary comments

The results presented above for binary solutions show
that the SiC growth rate, its radial distribution over seed
and, hence, the crystal surface shape are considerably in-
fluenced by both an additive and its percentage. All ad-
ditives with the exception of aluminum give rise to the
growth rate elevation at their relatively low content and
to its subsequent reduction at higher level of doping. At
the same time, the radial profile becomes smoother with
dopant content, approximating to a convex smooth func-
tion. In this connection, to reveal the effect of several
solutions on the radial profile and to collate them to each
other numerically, the following cubic parabola (V) is
introduced:

— 3 2
Vp—Vg’max—mr -b-r°, (N
where

200 1 %
a=—7|————V, o ¥V o ) |5

r05 |:2TC 4 ( g,max g,mm)
P -
_g( g,max g,min roa)a
[=2n j v, rdr. 2)
0

Here, r, is the seed radius; V,, V, ., and V, . are the

radial distribution of the growth rate over seed surface
obtained from 2D-computations, its maximum and min-
imum values, respectively. The introduced parabola, V),
possesses the values of V,  at r=0and V, ; atr=r,
while the area under it equals the integral / in Eq. (2). To
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evaluate the relative deviation of V, from its parabolic ap-
proximation ¥, the following parameter is applied:

I r | V,-V, | dr
dev(V,,V, ) = t————-100%. 3)
'[ rvV,dr
0

Figs. 14-24 demonstrate the radial profiles of growth
rate (solid curves) and their approximation by means of
the cubic parabolas (dashed curves) at three typical mole
fractions of dopants and at two top temperatures of 2000
and 2300 K. Each pair of profiles is accompanied by the
relative deviation in percentage terms (3), deV(Vp, v, )
One can see from the plots that a higher doping results
in a lower deviation from a convex parabolic distribution.
Especially, the trend manifests itself at Y-addition (see
Fig. 19). The deviation here does not exceed 2% and be-
comes less than unity already at small Y-doping. The trend
is violated only with Al addition (see Fig. 23). Note that
the temperature elevation gives a positive effect too.

The dependence of the relative deviation on the dopant
content variation in a wide range is presented in Fig. 25
under four growth conditions. The discontinuity of curves
corresponding to Y- and Sc-addition indicates that there is
no liquid state of Si-Y and Si-Sc alloys within certain tem-
perature-doping region as seen from Si-Y and Si-Sc phase
diagrams discussed in the previous paper [1] in detail. As it
follows from the dependences obtained, a smoothest pro-
file of the growth rate is predicted for Si-Y solution (green
curve) providing a lowest relative deviation of the growth
rate from its parabolic approximation. Si-La (dashed red
curve), Si-Cr (solid red curve) and Si-Nd (dashed dot dot
red curve) systems demonstrate a good result, particularly,
at high dopant percentage. The considered feature of rest
binary alloys is much worse and worst at Al-addition.
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Fig. 14. Radial distribution of growth rate at various Cr-content in Si-Cr solution.
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Fig. 15. Radial distribution of growth rate at various La-content in Si-La solution.
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Fig. 16. Radial distribution of growth rate at various Ce-content in Si-Ce solution.
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Fig. 17. Radial distribution of growth rate at various Pr-content in Si-Pr solution.
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Fig. 18. Radial distribution of growth rate at various Nd-content in Si-Nd solution.
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Fig. 19. Radial distribution of growth rate at various Y-content in Si-Y solution.
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Fig. 20. Radial distribution of growth rate at various Fe-content in Si-Fe solution.
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Fig. 21. Radial distribution of growth rate at various Co-content in Si-Co solution.
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Fig. 22. Radial distribution of growth rate at various Ni-content in Si-Ni solution.
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Fig. 23. Radial distribution of growth rate at various Al-content in Si-Al solution.
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Fig. 25. Relative deviation of growth rate from its parabolic approximation in binary solutions.
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Fig. 26. Radial distribution of growth rate at various Cr/Y ratios in Si-Cr-Y solution.
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From the analysis one can conjecture that Y-addition
to some binary solution should smooth the surface of SiC
growing crystal. With account of a relatively high growth
rate and a low deviation of its radial profile from convex
parabola, Si-Cr and Si-La systems can be expected as most
promising ones in this connection. Therefore, such ternary
solutions as Si-Cr-Y and Si-La-Y are investigated below.

3. TERNARY SOLUTIONS: Si-Cr-Y AND Si-La-Y

For simulating the SiC crystal growth from multi-compo-
nent solutions, it is necessary to know the carbon solubil-
ity. To calculate it for ternary solutions within the thermo-
dynamic approach expanded in Ref. [1], Cr-Y and La-Y
interaction parameters of excess Gibbs energy should be
added to Si-Cr, Si-La, Si-Y, Si-C, Cr-C, La-C, Y-C listed
in Table 2 of the previous paper [1]. Their values are col-
lected in Table 7 of the present paper.

Emphasize again that all 2D-computations of SiC crys-
tal growth from solutions above are carried out by CGSim
software [18] at the same process parameters and for the
same reactor design described in Section 2.1.

3.1. Si-Cr-Y solution

Fig. 26 demonstrates the effect of a partial replacement
of chromium by yttrium on the radial distributions of the
growth rate at three fixed mole fractions of silicon (60, 50
and 40%) and two typical temperatures over the seed (2000
and 2300 K). Here, the red curves depict the growth rate
obtained from 2D-computations while the green ones cor-
respond to their parabolic approximations according to the
formulae (1) and (2). The values of relative deviation (dev)
calculated from Eq. (3) are shown by green color. As it fol-
lows from the results, the crystal surface is smoothed with
Y-doping. Support for this comes from the fact that the
radial distribution of the actual growth rate tends to a con-
vex parabolic profile that is confirmed by a simultaneous
decrease of the relative deviation. In addition to that, the
process temperature elevation gives a remarkable smooth-
ing. For instance, 50%Si-(50—x)% Cr-x%Y solution allows
one to provide an acceptable near-parabolic radial distri-
bution of the growth rate at 30% Y (see Figs. 26¢ and d).
Therewith, the maximum values of about 50 um/h and
150 pm/h are achieved at 2000 and 2300 K, respectively.
They are lower than in Si-Cr solution without Y-doping.

Fig. 27 illustrates the relative deviation of the growth
rate from its parabolic approximation at varying the Si-
Cr-Y composition in a wide range. One can see that the
deviation falls down with the gradual Cr-to-Y transition.
The growth temperature increase from 2000 to 2300 K en-
hances the trend.

So, Y-addition to Si-Cr solution in substitution for Cr
is predicted to smooth the crystal surface and to reduce the

Table 7. Additional binary interaction parameters of excess
Gibbs energy description.

AGY, =xixjg(kai7j + kb,ij)(xl —xj)k, J-mole™

i-j ‘a,_;;°b,_, 'a,_;;'b,_; Refs.
Cr-Y  3200.0;0.00 8500.0; 0.00 [20]
La-Y  -350.0;0.00 0.00; 0.00 [21]

40%Si (60-x)%Cr x%Y, x=0-50%
50%Si (50-x)%Cr x%Y, x=0-40%
60%Si (40-x)%Cr x%Y, x=0-30%
70%Si (30-x)%Cr x%Y, x=0-20%

2000-2010K

'2300-2310K

Deviation of growth rate from parabolic profile, %

0 10 20 30 40 50
Y-percentage in Si-Cr-Y solution, x%

Fig. 27. Relative deviation of growth rate from its parabolic ap-
proximation vs Cr/Y ratio in ternary Si-Cr-Y solution.

growth rate at the same time. Therefore, one has to search
for a compromise between these two opposite trends.

3.2. Si-La-Y solution

2D-simulations show that the partial replacement of
lanthanum by yttrium gives the effect similar to that re-
vealed for Si-Cr-Y solution. Fig. 28 illustrates it at the
same process parameters. Y-addition in substitution for La
results in both monotonic reduction of the growth rate and
smoothing of its radial distribution.

As an example, let us consider 50% Si-(50-x)%La-x%Y
solution again. 20% Y turns out to be sufficient to reach
the relative deviation of 1.06% at the top temperature of
2300 K (see Fig. 28d). On the other hand, the growth rate
of about 400 um/h is predicted that is remarkably higher
than that in Si-Cr-Y system at the same Cr/Y ratio. In
comparison with 2300 K, the relative deviation is only
1.88% at 2000 K (see Fig. 28c), confirming the better
smoothing of the crystal surface due to the growth tem-
perature elevation.

The reduction of silicon content to 40 mol.% smooths
additionally the growth rate profile and provides the devi-
ation of 0.98% already at 10% Y when the top temperature
is 2300 K (see Fig. 28f). At the same time, the rather high
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Fig. 28. Radial distribution of growth rate at various La/Y ratios in Si-La-Y solution.
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Fig. 29. Relative deviation of growth rate from its parabolic ap-
proximation vs La/Y ratio in ternary Si-La-Y solution.

growth rate of about 600—-700 um/h is predicted under
these conditions. The further elevation of Y mole fraction
to 30% lowers the deviation to 0.75% and the growth rate
to 200 um/h. One can see that a smoother profile corre-
sponding to a smaller deviation goes with a decrease in
the growth rate.

Fig. 29 shows the relative deviation of the growth rate
from its parabolic approximation as a function of La/Y
ratio at fixed mole fraction of silicon. Note that in com-
parison with Si-Cr-Y system (see Fig. 27), an addition of
yttrium instead of lanthanum gives a steeper dependence
of the deviation on temperature. For instance, the transition
from 2000 to 2300 K decreases the deviation from 2.61%

to 2.15% at 60%Si-30%Cr-10%Y solution whereas the fall
from 2.61% to 1.60% is predicted at 60%Si-30%La-10%Y
solution.

From the results obtained, one can conclude that for
achieving the desirable compromise between the high
growth rate and its smooth profile at low foreign inclu-
sions in the crystal, Si-La-Y solution turns out to be the
best candidate. Nevertheless, such quaternary solution as
Si-Cr-La-Y seems to be of interest too.

Note that the dopant penetration into SiC crystal is a
problem requiring a special and deep elaboration.

4. SUMMARY

Sequential 2D-computations of SiC TSSG by CGSim
software [18] are conducted for investigating the crys-
tal growth rate and its radial distribution at various tem-
peratures and percentages of 11 co-solvents in binary
solutions. It is shown that among others the addition of
Cr, lanthanides and Y to the molten silicon turns out to
be most promising. Moreover, such ternary solutions as
Si-Cr-Y and Si-La-Y are found to provide both relatively
high growth rate and its minimum deviation from a con-
vex parabolic profile. It should be noted too that a partial
replacement of chromium or lanthanum by yttrium lowers
the growth rate but smooths essentially its radial profile.
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APPENDIX

8,776E-4

2000K 2300K

2011 |7

2010K 2310K
d) 50%Si-50%Fe

Fig. A1. 2D-distributions of temperature with velocity vectors and carbon mass fraction in Si-Fe solution of various composition. Tem-
peratures shown at top and bottom of growth chamber are kept constant providing 10 K between these points.
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Fig. A2. Radial distribution of SiC growth rate at various Fe-doping and seed top temperatures of a) 2000 K, b) 2100 K, c) 2200 K,
and d) 2300 K.

Table A1. Characteristics of Si-Fe solution: drop of temperature, carbon mass fraction over melt, maximum and averaged growth rate.

Si-Fe solution

Temperatures controlled above seed and under bottom

2000 and 2010 K

2300 and 2310 K

20% Fe

30% Fe

40% Fe

50% Fe

2011 -2027 K; 0.79%
6.25:10* - 6.41-10% 2.53%
17.0 and 14.5 pm/h

2011 —2027K; 0.79%
8.78:10" —9.00-10"; 2.47%
21.8 and 18.3 pm/h

2011 —2027K; 0.79%
1.40-10° — 1.43-107; 2.31%
30.4 and 25.1 pm/h

2011 —2027K; 0.79%
2.98:10° —3.04:10°%; 2.04%
51.5and 42.1 um/h

2317 —2341K; 1.03%
3.59-107° - 3.6810% 2.56%
129 and 115 pm/h

2317 —2341K; 1.03%
4.69-10° —4.81-107; 2.44%
152 and 135 pm/h

2317 —2341K; 1.03%
6.62:10° - 6.77-107%; 2.23%
187 and 163 pm/h

2316 —2341K; 1.07%
1.12:107° - 1.14-10°7%; 1.85%
242 and 206 pm/h
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Fig. A3. 2D-distributions of temperature with velocity vectors and carbon mass fraction in Si-Co solution of various composition.
Temperatures shown at top and bottom of growth chamber are kept constant providing 10 K between these points.
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Fig. A4. Radial distribution of SiC growth rate at various Co-doping and seed top temperatures of a) 2000 K, b) 2100 K, ¢) 2200 K,

and d) 2300 K.

Table A2. Characteristics of Si-Co solution: drop of temperature, carbon mass fraction over melt, maximum and averaged growth rate.

Si-Co solution

Temperatures controlled above seed and under bottom

2000 and 2010 K

2300 and 2310 K

20% Co

30% Co

40% Co

50% Co

2011 —-2026 K; 0.74%
4.90-10" - 5.03-10"; 2.59%

14.5 and 12.5 pm/h

2011 -2026 K; 0.74%
53410 —5.48:10%; 2.52%

14.8 and 12.6 pm/h

2011 —2026 K; 0.74%
7.5810*-7.76:10% 2.36%

18.6 and 15.6 pm/h

2011 —2026 K; 0.74%
1.73:10° — 1.76-10°; 2.04%

34.6 and 28.8 pm/h

2317 —-2340 K; 0.99%
3.09-107° - 3.17-107% 2.50%
116 and 104 pm/h

2317 - 2340 K; 0.99%
3.17-107° - 3.25:107; 2.40%
109 and 99 pm/h

2318 - 2339 K; 0.90%
3.97-10° - 4.06:10%; 2.20%
120 and 109 pm/h

2318 — 2339 K; 0.90%
7.19:-10° - 7.32:107; 1.82%
172 and 155 pm/h

Reviews on Advanced Materials and Technologies, 2025, vol. 7, no. 4, pp. 222-258



Andrei N. Vorob'ev: Computational analysis of SiC crystal growth from silicon melt diluted with... 251

3,709E-4
3,6B3E-4
3,658E-4

3,760E-4
i 3,734E-4

a) 80%Si-20%Ni

E-3
1,9126-3
1,898E-3
1,885€-3

5801€-4 | (2323 / (e

5,919E-4 2341
5,880E-4 2335 | /%
5,840E-4 2329 M
5,761E-4 2316

d) 50%Si-50%Ni

Fig. AS. 2D-distributions of temperature with velocity vectors and carbon mass fraction in Si-Ni solution of various composition. Tem-
peratures shown at top and bottom of growth chamber are kept constant providing 10 K between these points.
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Fig. A6. Radial distribution of SiC growth rate at various Ni-doping and seed top temperatures of a) 2000 K, b) 2100 K, c¢) 2200 K,
and d) 2300 K.

Table A3. Characteristics of Si-Ni solution: drop of temperature, carbon mass fraction over melt, maximum and averaged growth rate.

Si-Ni solution

Temperatures controlled above seed and under bottom

2000 and 2010 K

2300 and 2310 K

20% Ni

30% Ni

40% Ni

50% Ni

2011 -2026 K; 0.74%
3.66:10* - 3.76:10% 2.72%
11.6 and 10.1 pm/h

2011 —2026 K; 0.74%
3.22:10*-3.31-10% 2.70%
9.74 and 8.35 um/h

2011 -2026 K; 0.74%
3.43-10*-3.53-10% 2.73%
10.1 and 8.56 pm/h

2011 —2026 K; 0.74%
5.76:10* —5.92:10*; 2.68%
15.7 and 13.3 um/h

2317 -2341K; 1.03%
2.31-107° - 2.38107% 2.82%
100 and 88.9 pm/h

2317 —-2341 K; 1.03%
1.88-107° — 1.94-107; 2.79%
78.6 and 70.0 pm/h

23162341 K; 1.07%
1.95:10° - 2.00-10%; 2.85%
79.7 and 71.1 pm/h
23162341 K; 1.07%
3.00-10° —3.08-10°%; 2.80%
116 and 103 pm/h
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Fig. A7. 2D-distributions of temperature with velocity vectors and carbon mass fraction in Si-Al solution of various composition. Tem-
peratures shown at top and bottom of growth chamber are kept constant providing 10 K between these points.
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Fig. A8. Radial distribution of SiC growth rate at various Al-doping and seed top temperatures of a) 2000 K, b) 2100 K, c) 2200 K,

and d) 2300 K.

Table A4. Characteristics of Si-Al solution: drop of temperature, carbon mass fraction over melt, maximum and averaged growth rate.

Si-Al solution

Temperatures controlled above seed and under bottom

2000 and 2010 K

2300 and 2310 K

20% Al

30% Al

40% Al

50% Al

2011 -2026 K; 0.74%
6.34:10* - 6.52:10% 2.81%
20.9 and 18.2 pm/h

2012 -2026 K; 0.69%
8.77-10* - 9.04:-10*; 2.93%
29.2 and 25.6 pm/h

2012 —-2026 K; 0.69%
1.29-10° - 1.33-107; 3.02%
43.3 and 37.9 pm/h

2012 -2026 K; 0.69%
2.02:107° - 2.09-107%; 3.12%
68.0 and 59.6 um/h

2317 —-2340 K; 0.99%
4.30-10° - 4.43-107; 2.88%
180 and 161 pm/h

2317 -2340 K; 0.99%
6.08:10° —6.26:107; 2.93%
252 and 225 pm/h

2318 — 2340 K; 0.94%
8.97-10° - 9.24-10%; 2.95%
358 and 321 pm/h

2318 — 2339 K; 0.90%
1.38:102 - 1.42:10%; 2.89%
507 and 457 pm/h
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Fig. A9. 2D-distributions of temperature with velocity vectors and carbon mass fraction in Si-Sc solution of various composition. Tem-
peratures shown at top and bottom of growth chamber are kept constant providing 10 K between these points.
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Fig. A10. Radial distribution of SiC growth rate at various Sc-doping and seed top temperatures of a) 2000 K, b) 2100 K, ¢) 2200 K,

and d) 2300 K.

Table AS. Characteristics of Si-Sc solution: drop of temperature, carbon mass fraction over melt, maximum and averaged growth rate.

Temperatures controlled above seed and under bottom

Si-Sc solution

2000 and 2010 K

2300 and 2310 K

20% Sc 2011 -2027 K; 0.79%
1.31-10* - 1.36:10% 3.18%
4.11 and 3.57 pm/h

30% Sc 2010 — 2028 K; 0.89%
1.19-10* = 1.24-10* 3.56%
3.65 and 3.19 pm/h

40% Sc 2010 — 2028 K; 0.89%

3.00-10* - 3.11-10%; 3.74%
8.49 and 7.44 pm/h

50% Sc -

2316 -2342 K; 1.11%
9.5810%-9.91-10% 3.36%
41.4 and 36.7 um/h

2316 -2343 K; 1.16%
9.05-10* —9.40-10*; 3.73%
39.2 and 34.8 pm/h

2315 -2344 K; 1.24%
2.16:107° - 225107 4.02%
89.7 and 80.2 pm/h

2315 -2345K; 1.28%
1.61-107 - 1.67-107; 3.61%
517 and 464 pm/h
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VK 538.91:539.374.1

YucieHHBII aHAJIU3 POCcTAa KapOuaa KPeMHUS U3 pacijiaBa KpeMHUs,
paszoasiennoro Cr, Fe, Co, Ni, Y, Al, La, Ce, Pr, Nd u Sc. Yacts 2

A.H. Bopo6bes'’

"AO «I'PYTITIA CTP» — 000 «Codr-ummnaxt», bosimoit CamMnconuesckuii np., 64 nmurepa «Ex», oduc 603, Canxr-Iletepbypr,
194044, Poccus
*HIIO «Crekino u kepamukay, yi. dynko, 3, Caukr-IlerepOypr, 192029, Poccus

AnHoTtammsi. C y4€ToM OIbITA, HAKOIUICHHOTO B MpeIbLIyHIel padoTe, YUCICHHO MPOBOANTCS PACIIMPEHHBIN ABYXMEPHbIH aHaIN3
pocra kapOouaa kpemHus 13 11 OMHapHBIX PACTBOPOB B YCIIOBUSIX, TUITMYHBIX JJIS pEaIbHOTO ITpoLecca, IIPH TeMIepaTypax 1 cocTaBax,
H3MEHSIOLIMXCST B MIMPOKOM JHara3zoHe. Hapsay ¢ ocpeaHEHHBIMM 3HAUYCHHSIMH CKOPOCTH POCTa, HCCIEAYIOTCs e€ pajuajibHble
pacrpeseneHus 1o MOAJIOKKE JUIsl OLEHKU (OPMBI TIOBEPXHOCTH pacTyIIero Kpucramia. HalijieHo, 4To 3a HCKIIIOYCHUEM QJIIOMUHHMS
JO0aBJICHUE MPOYMX IPUCATOK K PACIUIaBy KPEMHUS NPOSBISETCS B HACBHILICHUH CKOPOCTH POCTa HMPH MX HEKOTOPOM YPOBHE,
BBIIIE KOTOPOTO CKOPOCTH POCTa HE yBeianunBaeTcs. Kak ciemyeT u3 McciieloBaHus PaJnaibHOTO PACIIPEACIICHHUs, er0 OTKIOHEHHE
OT BBIIMYKJIOTO NapaboIryeckoro npoduiis yMEHBIIAETCSI ¢ BO3pAcTAaHUEM JIOJIM TIPHCAJIOK M TeMIepaTypsl. B aToil cBs3u, XpoM,
JIAHTaHUJIBI ¥ UTTPUI MOTYT OBITH BBIJIEIICHBI KaK HanboJee nepcrekTuBHbIEe. [Toka3aHo, 4To Takue TpOoHHbIe pacTBOpHl, Kak Si-Cr-Y n
Si-La-Y, criocoGHBI 00ecIieYnTh OTHOBPEMEHHO OTHOCHUTEIILHO BHICOKYIO CKOPOCTB POCTa U OJIM3KYIO K ITapaboInuecKol HOBEPXHOCTh
KpHCTaJUIa IPY YMEPEHHOM COJICPIKaHUH JICTUPYIONIEH IIPUMECH.

Kniouesvle cnosa:  pocT KapOuaa KpeMHUsS; PacIuIaB KPEMHUs; PacTBOP; PacTBOPUMOCTh yriepona; MPK (MoxenupoBanue pocra
KPUCTAIIIOB)
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