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A Numerical Simulation of Radiative Heat Transfer coupled with
Czochralski Flow in Cusp Magnetic Field

Tae-Ho Kim, You-Seop Lee, Chung-Hwan Chun

Condition (37§ A =7)
Abstract

The characteristics of flow and oxygen concentration are numerically studied in Czochralski 8”
silicon crystal growing process considering radiative heat transfer. The analysis of net radiative
heat flux on all relevant surfaces shows growing crystal affects the heater power. Furthermore,
the variaton of the radiative heat flux along the crystal surface in the growing direction 1is
confirmd and should be a cause of thermal stress and defect of the crystal. The calculated
distributions of temperature and heat flux along the wall boundaries including melt/crystal
interface, free surface and crucible wall indicate that the frequently used assumption of the
thermal boundary conditions of insulated crucible bottom and constant temperature at crucible
side wall is not suitable to meet the real physical boundary condtions. It is necessary, therefore,
to calculate radiative heat transfer simultaneously with the melt flow in order to simulate the real
CZ crystal growth. If only natural convection is considered, the oxygen concentration on the melt/
crystal interface decreases and becomes uniform by the application of a cusp magnetic filed. The
heater power needed also increases with increasing the magnetic field. For the case of counter
rotation of the crystal and crucible, the magnetic field suppresses azimutal flow produced by the

crucible rotaion, which results in the higher oxygen concentration near the interface.

Czochralski Single Crystal Growth (== ez wbAA A=A, Radiative Heat
Transfer (£} Ay, Oxygen Concentration (A 2% %), Thermal Boundary
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Table 1 The material properies of silicon melt.

Density

o 2500kg/m*

Kinematic viscosity

v3.0x107"m?/ sec

Volumetric expansion coefficient A 1.41x107°% K
Thermal conductivity b 671/ (msecK)
Electric conductivity o 1.2x10°¢/m
Magnetic permeability o 47 X107 henry/m
Oxygen diffusion coefficient D, 5X107%m*/ sec
Oxygen segregation coefficient ko 1
Latent heat of fusion AH 1.8KJ kg™!
number, Sc 4= Schmidt number = 2] 52 Ren =  dd H2= 28 o]&al4 #7]#(electric field)
magnetic Reynolds number-5- v}ebict. % Fskc}

Mga-= Zze o] ofdt *%"5491 03%1%_ vt V- =0 (13)
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A schematic diagram for Czochralski silicon
crystal growth system
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Table 2 Material properties of surfaces.
Emissivity | Conductivity Density
3 ko W/ (mK) o, kg/m®
Chamber 0.5 - -
Graphite 0,65 40 -
Insulator 1 0.4 -
Crucible 0.25 6 -
Silicon melt 0.05 67 2500
Silicon crystal 0.55 22 2300
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Max beates teropl982.36 K Max haater 1er0g2050.17 K.
3 junchon tep 1683.04 X 3 junction terop 1683.28 K
Max melt ternp 182652 X 130 Max roeh ternp 1924.36 K.
Heat power 14870 KW
Cominds 010 m
Ciymalheight 0.0l m
120 Melt depra 0N m
Awpeiato 080

Coymat 0% gm
10 Caaable Jrn 110
Noagrectidd 000 Batn

(a)

Fig. 2 Radiation and conduction only (a)

ratio=0, 8¢, (d) aspect ratio=0, 7

aspect ratio=0, 82,

Max heater temp1995.96 K
3 junctiontervp 1683.72 K
Max neittemp 166324 X
13470 KW
Crysalndus 010 m
Crymibeight 001 m

Comindin 010 m
Cymlhaght 018 m
n

120 Mek depth 020 m 120 Melt depth [
Aspecsiatic 0.0 Agectitio 070
Cyea) 000 rpm
110 110 Crcble 000 rpm
Migsdichild 000 Teals

(d)
(b) aspect ratio=0, 8¢,

(c) aspect
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Table 3 Variation of heater power, melt and heater maximum temperature for various aspect ratio, 0.
8 normal heater position, 0, 8 onlyheater position down, 0, 8¢ heater position down and ther-
mal shield shape changed.

Aspect Heater Melt max. temperature (K), Heater max.
ratio power (k W) (T-Twm) temperature (K)
0.8¢ 149. 3 1826, 52(143.52) 1982. 36
0.8” 148, 7 1924, 26 (241. 26) 2050, 17
0. 8° 134.7 1863. 24 (180, 24) 1995, 96
0.7 139.2 1821, 68(138. 68) 1958, 38
0.6 140. 9 1812. 00(129. 00) 1943. 31
0.5 141.7 1819, 71(136. 71) 1953, 64
0.4 142, 7 1830. 94(147. 94) 1963. 07
0.3 145, 2 1841.17(158.17) 1978. 95
o] oo} £4L Fo 4 vl wiie Y] Y B REE JeEpfich Aol Aupwld sd 7] 9 A
o 1347kW2 obg wlelmeh elmw shalv] gh sl Wwlz sl Rapdel aale,
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&t Table 3} w R I
5.1.2 3;_5_“:” .j |[[|,E 7F°d7| xadol u19_} 0}04 % oqLHo] kv %‘f—, 7}017]/] ita /], o}

Fig. 3¢ Z&ul7} 0.6, 0.5, 0.4, 0.3% =hel & 3 Qe
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m Cymilndm 010 m 130t———] Crptalnadus 000 m
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—
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Fig. 3 Radiation and conduction only (a) aspect ratio=0. 6, (b) aspect ratio=0,5, (c) aspect
ratio=0, 4 (d) aspect ratio=0,3
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Table 4 Aspect ration =0, 7, the effect of cusp magnetic field on natural convection-heater power,
maximum temperature of the melt, maximum velocity of melt, maximum oxygen concentration
in the melt, net radiative heat transfer rate on the free surface, crystal surface, heat transfer rate
on the wall and bottom of the crucible.

Magnetic flux (Tesla) 0,0 0.02 0. 05
Heater power (k V) 121.0 123.5 124, 5
Max. T. in the melt (X) 1713.00 1724, 03 1734, 89
Max. velocity (m/sec) 0. 0202 0, 0166 0.00944
Max. oxygen concentration 0. 995 1. 047 1. 126
Crucible wall (kW) 8. 355 8.236 7.969
Free surface(k W) —2.768 —2.816 —2,848
Crystal(k W) —3.632 —3.526 —3.522
Crucible bottom (k W) —1.825 —1.614 —1.489
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Table 5 Aspect ratio =0, 7, the effect of latent heat and cusp magnetic field on the counter rotation
case-same as Table 4.

Latent heat no yes yes yes
Magnetic field (Tesla) 0,00 0. 00 0.02 0,05
Heater power (k W) 125.8 124.5 126. 2 128, 6
Max. T. in the melt (X) 1725, 53 1724, 72 1727, 47 1733, 00
Max. velocity (m/sec) 0, 05658 0. 05607 0. 04887 0. 05217
Max. oxygen concentration 1. 05831 1. 0525 1, 07311 1.12553
Crucible wall (k W) 9,037 8, 882 9. 461 9. 070
Free surface (kW) —2.699 —2.690 —2.516 —2. 448
Crystal (k W) —4, 480 —4,494 —5.363 —5.033
Crucible bottom (k W) —1,281 -1, 306 —1, 464 —1.633
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Fig. 12 Aspect ratio =(, 7 , counter rotation with latent heat. heater power = 124,5 kW, B=
0.0 Tesla, (a) streamlines, (b) isotherms, (¢} oxygen concentration
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the effects of thermal boundary condition and solidification front shape

on maximum velocity, oxygen concentration front, the ratio of maximum/minimum streamfun-

ction value and heat transfer rate from crucible wall.

with radiative without radiative
heat flux B.C heat flux B.C
Max. velocity (m/sec) 0. 0561 0. 0325
Max. oxygen on solidification front 0. 09775 0. 6566
Min. oxygen on solidification front 0. 09750 0. 6562
Max. streamfunction/Min. streamfunction 2.07 0.934
Heat transfer rate from crucible wall 9. 037 1.87
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