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Abstract

In the present study, an EMC (Electromagnetic Casting) process, using a segmented Cu cold crucible under a high frequency
alternating magnetic field of 20 kHz, was practiced for the fabrication of poly-crystalline Si ingot of 50 mm diameter. The effects of
Joule heating and electromagnetic pressure in molten Si were systematically investigated with various processing parameters such as
electric current and crucible configuration. A preliminary experimental work was initiated with the pure Al system for the establishment
of a stabilized non-contact working condition, and further adapted to the semiconductor-off-grade Si system. A commercialized
software such as Opera-3D was utilized in order to simulate electromagnetic pressure and Joule heating. In order to evaluate the
meniscus shape of the molten melts, shape parameter was used throughout the research. A segmented graphite crucible, which was
attached at the upper part of the cold crucible, was introduced to enhance significantly the heating efficiency of Si melt keeping
non-contact condition during continuous melting and casting processes.
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71He Al=7E AR ARl 2 da] o)l Fojx 2 ), 19908t} 97X E G2 YAt F5& ol Fo=H
3 F2EAC slof WA 71ee) AR 2047] 2 FEE (FAH 60%, THEA 25%), Aol Axdh B4 % wd
B3iN717] 98l AAVIRERE ARSsIEA AlFERIG 2 o & gl et reviae] 8o g oA BlgEdAst o
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T g §871e0] AREHL Q= 2 F viEAel 2 & AT o) (A 33%, THAA 56%), FEH AN
HA715-27 1% (Blectromagnetic Casting, EMC) T}, Ax}7)F ko] wpe] 7hal e Aot el EEe] tiAoUA R
Z71&dl o] AUl wF ARE sl A7 B) HIE A de] By A48 M mEkago] A L
fridshd S5 FEHFO7F 2 £8S /M Joule A7 1R o m AgtEolof shetl, I FolMxE 53
heating) A71Al =W B FEAFE A1 2Eeld £ A BlFdA] ZEL7E] 50% oVdE AAshs HE 7%
o HA}7]1¥ (Lorentz force, F)-& AN TH (Fig. 1 %), S AGIHA AxT 7 de Vo] FHHSE JtEofof
ol mj Axpr|He T AR wko] viHvTE ZH g [4,5].

A Aol wet FA FANFoR A Ho] AR A= BFAAE Ay el 71aE Alxst] Hs)
(electromagnetic pressure)s} 7o) ZH8-3l= & 7Hpinch effect) Me FAZ/R olu B SAR R ikl $XAIZI A
7F Qlol §RF £ HuHsel &g XA 7Y F Gk QhllA AEEs g8ig & FUEHe 59 vides
Z(moldless castingyg 7FsdtA git) 1 o B2A gFuES e MAe] W SIAA FHE A|Fsks HEMH (Heat
H|5o] 231 A7|ARE7F £& AA2A 1980 d o] 759 Exchange Method)o] 7F8 da] AR&Eo] git) ey H
Fo] AgsiEo] g A= glon, Aoz HlFo] ol tEAQ] Axrre] A7k vEg & IS o F)
AN ANAEE7F @2 A7re v F4] FZ(soft contact ek dB, s 5& FAHOR ATl o3 Az
casting)7} 4835 v} [1-3]. 76 FHEHOR el AJEEElaL JE AR B
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Fig. 1. The principle of pinch effect in EMC process. Coil current is
(a) coming from and (b) penetrating into paper plane,
respectively.
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Fig. 2. Schematic diagram of EMC equipment using a segmented
Cu cold crucible and a high frequency electric power.
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Table 1. Comparison of poly-crystalline Si ingots produced by EMC and HEM processes [6-8]

Electric power Production rate Impurity level Conversion yield
consumption (kWh/kg) (ton/h) O (cm?) C (em™) (%)
HEM 22~28 0.6 6.7x10"7 5%10"7 13.7
EMC 18 3 <0.2x10"7 3.4x107 13.9
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Table 2. Electric conductivities and skin depth of silicon, copper, and
graphite for electromagnetic analysis [13]

Silicon Copper Graphite

ﬁ%ﬂ; conductivity ) 33105 598X 107 1.59% 10°

Skin depth at 20 kH. . .
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Table 3. Compilation of physical properties of Al and Si [13]

Properties Al Si

Density at 20°C (kg/m®) 2,700 2,330
Density at melting point (kg/m?) 2,385 2,550
Electric conductivity at 20°C (1/Qm)  3.70 X 107 10°~10°
Electric conductivity at melting point 6 p
(1/Qm) 4.17X 10 1.33X 10
Melting point (°C) 660 1,420
Total energy necessary for melting 1,195 3,047

material from 20°C (kJ/kg)

%9 pinch effects BANE & Ug 2oz Algd) 7]e}
AR7IFx 3R % dFuE A28y B4ANEL
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Fig. 4. Variation of magnetic induction with induction coil current.
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Fig. 3. The distribution of magnetic induction with (a) r direction and (b) z direction.
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Fig. 6. The temperature variation of the thermocouples, which are inserted at different levels along a slit of the cold crucible, with the induction

coil current.
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Table 4. Joule heating power with crucible configuration under the
induction coil current of 1,230 A

Joule heating power Si melt Cu cold Graphite
Crucible configuration (W) crucible(W) crucible(W)
Cu cold crucible 5,386 11,037 -
Cu + graphite crucible 5,478 9,518 4,183
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Fig. 7. Lorentz force distribution in Si melt with (a) in Cu cold crucible and (b) in Cu cold crucible + graphite crucible.
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Fig. 8. Relationship between the electromagnetic pressure under the
induction coil current of 1,230 A and the hydrostatic pressure
with crucible configuration.
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Fig. 9. (a) The definition of meniscus shape parameter S, and (b)
the variation of S, with the induction coil current and charge

materials.
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