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Abstract For various angular velocities of crucible and crystal, the characteristics of melt
flows, temperatures and concentrations of oxygen are numerically studied in the
Czochralski furnace with a uniform axial magnetic field. Buoyancy effect due to the
heating of crucible wall and thermocapillary effect due to the temperature gradient at the
free surface, can be differentiably suppressed by the centrifugal forces due to the rotations
of the crucible and crystal. The most important factor which yields the centrifugal forces
is the rotation velocity of the crucible, that influences the fields of velocities, temperatures

and concentrations. In the case that the crucible rotation velocity is not high, the rotations
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of the crystal gives rise to the centrifugal forces effectively.
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Table 1
Numerical values in the formulation
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Crucible radius

Crystal radius

Crucible depth

Magnetic permeability

Electric conductivity

Density

Volumetric expansion coefficient
Characteristic temperature difference
Kinematic viscosity

Specific heat

Thermal conductivity

Melting point

Melt emissivity

Pull rate of growing crystal
Initial oxygen concentration
Oxygen diffusion coefficient
Oxygen segregation coefficient
Oxygen evaporation coefficient
Ablation rate

gV
il

o o
I

ks =

cev

0.095 m
0.038 m

= 0.095 m

47x1077" H/m
1.0x10% S/m

= 2330 kg/m?®

141x107° /K

= 100 K
= 3.0x1077" m%/s

1.0x10% J/kgK

= 67 W/mK

1685 K

= 0.318

2.117xX107° m/s
75.9 g/m?
3.0x107% m¥/s
1.25

3.36 x107® m/s

= 1.5x1077 kg/m’%

Table 2
Nondimensional parameters

Reynolds number Pie

Prandtl number Pr

Prandtl number(mass transf er)
Prm

Gr/(Re)?

Interaction parameter N
Hartmann number M
Buoyancy parameter S

£2=1.57 (rad/s)
4.72x10*
1.04x107?

3.0x 10" for oxygen

5.91x1072
2.73

3.59 %102
2.16 x10°?

2=0.78 (rad/s)
2.35 x10*

2.39x107!
5.50

4.34x107?
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Fig. 2. Velocity vectors in a meridional plane with a uniform magnetic field[unit:meter/
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Table 3
Crystal and crucible rotation conditions

Crucible angular
velocity

rad/s (rpm)

Crystal angular

velocity

Centrifugal pumping

parameter A

rad/s (rpm)

Case 1 1.57 (15) 1.57 (15) 1.46 x107!
Case 2 0.78 (7.5) 1.57 (15) 2.94x107!
Case 3 1.57 (15) —~2.3 (22) 3.14x 107!
Case 4 0.78 (7.5) —2.3 (22) 6.32x107!

4:Q=0.78 rad/s, Q.=1.57 rad/s)el] dij&l A
3| A8}k oot

Fig. 2ol Z+7t 2] 7% Wi’ meridio-
nal plane |2 &=7} veht ik ¢7]
A BAEL IS WS, F5& U4 B
F& 7tz Jeldch o] oA E o A
Aol 7Rz BT AFI AN FHAE
9] FA]e 2 sl thermocapillary flow7}
vebdcoh o] frE52 AAFZ A wHAw
Fell @2 Z =7 o el
AR HA A 2 o] }E S u o E F
& ubtEo] Ft}. o]2]% thermocapillary$-
T2 28 AL AI7lE 2R 2
a7z71¢ 238% F sk

2o e FA A4}l 15 rpmel case 1
7} case 32 §%S AHE o A§IA o}
ol A A dodo] vy ZA LA}
RAe BZE 5 ok &H case 29} case 4
A oleldt AT J9L HFAAY 7}
A2te] ZAeA ZA Jepda . 44
9 7ol N HARAAHTAHY AFEHel
M8 &xe Ay)E o] 2¥YdA uIs}s)
o} o2 AFEHA HE LR EZoA
vag 4 9o

Fig. 3+ meridional planes4l9] 2%
TEZ7F Vel ok o] LEEEZE oiFat
fell ZA dg%g w1 Qo =7k A

257} 28 case 29} case 494 o] FHA
257} 2 case 13} case 39f n]3te] =)y
9 Aoz gt YAHoe] A Ho] A4
EdHo Ao #F52 st 9% dFg
marangoni convection®] 3L L = A
ek 223 =rhe ALe} 2te
ZAtele AAAAL A A A wuE
o029 LxFuy} =A WA =Heu,
oleig WA Fo ] FAE 2rTule I
229l marangoni convection ¥AFg o7
o] I S B X9} APE e

Fig. 4ol &7] ARA2%E(75.9 g/m®7}
Foizl Adefell A AAAAo] Al=ts=le] 3000
2 759 $9 42 324 deht At
Azke] Ashael wet mrhvel WA
v =rhY He 4tE Qe i ¥x
7} Z7}8t) AkA 9] segregation coefficient
7} 1250122 JAAA RIdxe A 7
233 ok ¥ AFERIAE Va7
R Fugh,

=79 FALws} 2 case 13} cased
dMe A4HY £ E2 ste] dFaso)
A HAAAAHF TR A4 AGPAol
A AA=H Ut old Fge2 qi3}
o] case 13 cased dAE ©& T A
H|gle] A AR FHAA Axre 2 A
AHor dor FYdsAgs AL 2=



544

r=0.095m

r=0.0

z=0.0 2=0.095m

(a) case 1

V/——\\\/
o

r=0.095m

N
A

L, g
— 32 r=0038m
— T
P —
____/ AR ]
1.7264003
[\_‘ ‘..,“w;——':—/_/ \J""/
atsend Vo0t

N

z=0.0 2=0.095m
(c) case 3

-
[}

o
,

of

r=0.095m

\ """‘"\/ r=0.038m

z=0.0 2=0.095m

r=0.095m

/\ !
/-\ ! Mesay \\\.ﬂn’“/

o3 r=0.036m

o
e - o
.
-1

/\me Sy
Pt ——
-:m..ws————// S
/ - P
A TE4ON3 \‘_

z=0.0 2=0.095m

(d) case 4

Fig. 3. Temperature distributions with a uniform magnetic field [unit:Kelvin].
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Fig. 4. Distributions of oxygen conceniration at 3000 seconds after the starting of the

growth [unit:g/m®].
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Concentration [g/m*3]
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Fig. 5. Oxygen deposition rates at the growing surface.
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