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Numerical Computation of Czochralski Mixed Convection
for Molten Silicon

Hiroyuki OZOE and Toshio MATSUI*

The semiconducting materials such as metalic silicon and gallium arsenide
are processed in a crucible at high temperature. @ Melted material convects
under a gravitational field. In Czochralski method, the crystal silicon is pulled
up with a rotation in order to keep the uniformity of the crystal component.
The melted metal receives both the buoyant and the rotational centrifugal force.
The resulted convection pattern depends on the combination of the parameters
such as the Reynolds number, the Grashof number and the Prantl number. A
stable computational code was developed and sample computations were carri-
ed out for three different values in dimensionless parameter of Gr/Re?. Three
different flow modes were found to be stable depending on this dimensionless

parameter.
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Table 1. Summary of the computed system.
k system 1 2 3
Rout/ H 0.5 0.5 0.5
Rin/ Rout 107 107 1071
Ra 10°¢ 5.4 X 10* 1.25 X 10°
Pr 0.054 0.054 0.054
O 0.0432 0.3024 0.1728
Re 1000 1000 1000
Gr 1.85 X 107 10°¢ 2.31 X 10¢
Gr/Re? 18.5 1 2.31
2Ls 50 18.9 25
Vmax 1.08 2.857 2.16
R =r/ro
Ra Rayleigh number=Gr Pr
Re Reynolds number= £ sV max/V
r radius of the crucible [m]
T =(T"-To')/(Tw' -T:")
7 rystal ;/7 Ty =(Tw+Te')/2 [K]
// T temperature (K]
7 (cold) /) )
/% / t time [s]
/ VA U =u/uo
/ % u velocity component in the radial direc-
;f/' '/: tion [m/s]
% Me [t ed {/ V.  =u/w
/ M v velocity component in the circumferential
/) Silicon locil
., direction [m/s]
.;/"A;','..;,;'/////.-'//_///7,///,.‘_ T T 777 Umax maximum rotational velocity at the peri-
. meter of the crucible [m/s]
CrUC'ble(hOt) Vmax =Umax/Uo
Fig.1 Schematics of the Czochralski method W =w/wo
w velocity component in the axial direction

Pr

Nomenclature
g acceleration due to gravity, [m/s?]
Gr Grashof number=g8 (T4’ -T." )h%/v?
H =h/ro
h height of the crucible, [m]
L =Rout -Rin
£s radius of a crystal rod [m]
Ls =4s/ro
P =P' /Py
P perturbed pressure due to convection
[Pa]

Prandtl number=v/a

[m/s]

Greek letters

0 "D c ™™ K

thermal diffusivity [m?/s]

volumetric coefficient of expansion [1/K]
circumferential coordinate [radian]
kinematic viscosity [m?/s]

density [kg/m®)]

dimensionless time=t/ty

angular velocity of a crystal rod [rad./s]

Subscripts

(¢
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h hot wall

in inner radius

N point in the north direction

out outer radius of a domain

P central point to represent pressure

0 reference value for a dimensionless
variable
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Fig. 2 Geometry of the cylindiral coordinate
of the model.
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Fig. 4 Computed results for system 1 at Ra=10%, Gr/Re?=18.5 and Pr=0.054.

(a) velocity vectors

(b) isothermal lines

(c) iso stream lines (d) iso circumferential velocity

— 146 —



BEDENFHERRE $£2% $H15 (1988)

R RERRE S > TWAT ETREBANS, & Se DRI TFEVBRAT RS 1E 400 (s) £78 3, TC T, /P
TE®RBIHZ T T DREDIBEA DRI SHRITO Mickn B2 ohi- TROMEERFHE -7/ 2% 0,

fEicE LT3, Ry ) 7 v ORS 1683K, v=2.7xX10"7 (m?/s), @
320IF0F S 10cm =5x10"* (m?/s), Pr=0.054 T&% %,
REEBEE 5cm T, EBOF 27 5 VA F—ETIRRESHLVY
E9T5E, FEEN S EFALDT, ThaBEF 57 0H0EMA
Pl FAHEEEE 2 =0.216rad/s, —[ElExic29%) B EHITONTV S, ZDIHiTwy KEKICHIS
ERBEHOEEERA - F  5.4mm/s PHOTHROAL VXD IR L TV S, ZHITEBERE
KRG EL LT 5L KBS P B En— LYY ABEL, Hhickid s
1.72x107° 1.72%x10°° T T EAFBELLBDTH B, THHIDVT
AT=(""5 =1 qix1os 2K i3, 1N OORRICHET B, BT B LT

22
i Y
T
\
\
|
i
i
Py

[—'R ’—R
:: -------- j/
Zl Z z Z
R
[ I R B T PRI
LI I I I ) o«
[ I I I I ] 0
[ I T B R RSP N
I T T T S ST N
| N O T T T S
| I B T T R N
Phrr e ee oo, '
| B B B R,
"ll: ..... ’
| B I B T A
| I R,
Tt oo o 0oy
| T T T Y S
0 T T O
LI S N
(a) (b) (c) (d)

Fig.5 Computed results for system 2 at Ra=5.4x10%, Gr/Re?=1 and Pr=0.054.
(a) to (d) are the same as Fig. 4.
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Fig. 6 Computed results for system 3 at Ra=1.25x10° and Gr/Re?=2.31 and Pr=0.054.
(a) to (d) are the same as Fig. 4.
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Fig. 7 Computed streak lines for system 3 at a steady state. Starting point
of a tracer is indicated by a black circle located at (R, 0, Z)=(18, 0, 4)
and 1000 steps with a step size 47 =0.5.
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