1 Description Title of the Invention: Electronmagnetic casting apparatus for
silicon Technical Field [0001] This invention relates to the silicon

el ectromagneti c casting apparatus which is used to nmanufacture silicon
ingot for the silicon substrates used mainly in solar cells. Background Art
[0002] In order to solve the global environnmental issues, use of solar
cells has increased. Due to the abundant resources and high efficiency of
phot oel ectric conversion, a majority of the manufactured solar cells uses
silicon crystals. Anong them productilon of solar cells using

pol ycrystalline silicon substrates manufactured through el ectromagnetic
casting is increasing. [0003] In this nethod of el ectromagnetic casting of
silicon in a reaction vessel, ngg Fﬁhﬂ¥lble in which a cooling water is
circulated and an induction c0|I | on the outer surface of the
copper cru0|ble u g] Levitation nmelting of the SI} n mass is carried
out in the coppel I%?UBP veniRn: Rlectiomag pefices %3?9 pRaggtufor siigoR | i con mass is
solidified by cogﬁh %%“4¥ novi ng downwards and thus, silicon ingot is

manuf act ur ed. F ﬁe above nethod, since levitation melting of the
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el ectromagnetic fsgf &EmatdrRii®LilicdR ifdot fof P8 slie&SsubSFatésQiFBd haingaRkaet Wi th the
i nner surface ofceliie cruci bl e and hence, contam nation of the nolten
silicon by inpurities fromthe crucible can be avoided. Al so, the crucible
used for neltingBaskgtduedArl i con mass hardly conme in contact with the nolten
silicon; it is not danaged and can be used permanently. [0005 Thus t he
silicon el &02bna é‘%rl @ ‘é‘é@t fhﬁ g'ﬂ%\ﬁteinﬂf?éﬂ‘e&tﬁbiﬁé‘l%é's? '%s
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manuf act uring | ¢ "esr?' caoWaI° o‘ff SMaAH 8‘ ge % onpbgenei ty
by virtue of st ﬁnabtﬁﬁ Or%sﬁ?l rﬁgrﬁ chstén ?ﬁc allh '“C surseat t he

| nventi on Probl ens. e so % ?nven I on 866] Fbmever t he

fol I owi ng picRBdl &m tﬁ.&%&hamoﬁ Qect.%hlabﬁ&.e @bt srOREN e 'aCregéﬁﬁlv@Qsd;taﬁt ed
above. Nanely,” i &pbdtecridishe @5 whih aSeJolinl whteRtsl Qrtulfedtdh@ & inbigdtion iceigot by
continual 'y noviiRgalietl ofl ehaomder derfaca obthdkbppantrudible afe used.tLetvitatiod neidilg gai ns
entry into a snuadflthegsijicobetase éncartieel abln e feomer siucibleassing rejgotroraaghetihie

cruci bl e at the foratthe siligpoi mass df sdlitifiecebyneamtisially mpYieg dewnwialsiseandtttris, nol t en
silicon and the dlishh ostiiemanyfadisesdh | ngot, as shown in drawing 1. Cubi cal
expansi on t ook p ace durlngPthe solidification of this nplten silicon which
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surface of the d oes no céme in con act w inher surface of the crucible and hence,
contamination of the molten silicon by impurities from the crucible can be
avoided. Also, the crucible used for melting of the silicon mass hardly come in
contact with the molten silicon; it is not damaged and can be used permanently.

[0005] Thus, the silicon electromagnetic casting mentioned above was regarded as an
industrial manufacturing method which attains high productivity by
manufacturing long silicon ingot continuously, high quality and homogeneity by
virtue of stable and constant casting conditions.

Disclosure of the Invention
Problems to be solved by the Invention

[0006] However, the following problem arose in the silicon electromagnetic casting
stated above. Namely, in the process of solidification of the silicon ingot by
continually moving it downwards, a small amount of molten silicon gains entry
into a small gap between the solidified silicon ingot and the crucible at the
contact point of three members, the crucible, the molten silicon and the solidified
silicon ingot, as shown in drawing 1. Cubical expansion took place during the
solidification of this molten silicon which gained entry into the gap, thus
generating a force pushing the inner surface of the crucible. Cubical expansion



2 of approximately 9% takes place when silicon changes its state from
liquid to solid. In other words, this phenonenon was a result of the

cubi cal expansion during solidification which is a unique property of
silicon in contrast to other common netals. [0007] The force pushing the

i nner surface of the crucible outwards when the nolten silicon gained entry
into the gap between the crucible and the silicon ingot solidifies and

cubi cal expansion takes place, was not so | arge as a whol e when the ingot
cross-section is small. This force balances with the push-back force
exerted due to the hardness of the crucible thereby. preventlng any further
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def ormed, can be prevented. [0013] Furthernore, the above nentioned hard
structure may also be fitted on the outer peripheral surface of the said
cruci bl e having an inner dianmeter of 35 cmor nore. Based on this, outward
defl ection of the crucible having a size being particularly prone to be
outwardly defornmed, can be prevented.



Effects of the Invention [0014] As a result of the present invention, even
t hough nolten silicon gets entry into a snall gap between the silicon ingot
solidified froma nolten silicon and the crucible, and this entered silicon
exerts a force on the inner surface of the crucible as it undergoes
solidification acconpani ed by cubi cal expansion, outward deflection of the
crucible is prevented because of the hard structure fitted on the outer
peri pheral surface of the crucible. Therefore, stable and continuous
manuf acturing of silicon ingot is pos§i bl e i n the invention. Brief
Description of the Drawi ngs [ 0015] [l 1] Is a cantil ever beam nodel
used for esti matﬁh ht’ﬂ@tef‘éﬂ'é‘?é‘ %‘ﬂs §‘§ Sc'"‘l‘?@ Q@P evseR theysi ’Nﬁmt caused by
t he cubi cal exp 7 é%?: : a\”ﬁﬁgsﬁﬂu?' F'f? @te 539 ¢ % Tlo en silicon
entered into the c{ézsigpgar%w&:u ical, ex nSIonI 8ou a di?"#ec% f%ﬁﬁ DNg 2] 1t
8 3 schemat | o d%{ n?embgzaipsnﬁéh QD AR B o aepeﬁr atus of
Exanpl e 1. u ,bl LS a perspective Vi ew o ed prism shaped
cruci bl e haV| ng a hard structure shown in Dwg. 2. [Dwg 4] It is a schematic
di agr am of [ddig] Sk lsi srem@rablectBatrtRETBIBSVE trhdhtibmslt Harg stRRAE &t filed oh thxamet e 2.
[Dwg. 5] It 1s a meiphpaciurface \of ave @hid acraydie radral paditioar afcthb| reightiwf tige t he hard
structure shown safidiidation idterfdesetwaeh ittermalfen siieonSyited wlididled V0dr6ihgot1

Based on the above, outward deflection of the crucible at the position of the

height of the solidification interface which is particularly prone to be outwardly
deformed, can be prevented.

[0013] Furthermore, the above mentioned hard structure may also be fitted on the
outer peripheral surface of the said crucible having an inner diameter of 35 cm
or more. Based on this, outward deflection of the crucible having a size being
particularly prone to be outwardly deformed, can be prevented.

Effects of the Invention

[0014] As a result of the present invention, even though molten silicon gets entry into a
small gap between the silicon ingot solidified from a molten silicon and the
crucible, and this entered silicon exerts a force on the inner surface of the
crucible as it undergoes solidification accompanied by cubical expansion,
outward deflection of the crucible is prevented because of the hard structure
fitted on the outer peripheral surface of the crucible. Therefore, stable and
continuous manufacturing of silicon ingot is possible in the invention.

Brief Description of the Drawings

[0015] [Dwg.1] It is a cantilever beam model used for estimating the force which
pushes the crucible outwards, caused by the cubical expansion accompanying
the solidification of the molten silicon entered into the gap between the crucible
and the silicon ingot.

[Dwg.2] It is a schematic diagram of the silicon electromagnetic casting
apparatus of Example 1.

[Dwg.3] It is a perspective view of a four-sided prism-shaped crucible having a
hard structure shown in Dwg. 2.

[Dwg.4] It is a schematic diagram of the silicon electromagnetic casting
apparatus of Example 2.

[Dwg.5] It is a perspective view of a cylindrical crucible having the hard
structure shown in Dwg. 4.

Description of the Symbols
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. EETRTTTPTTTITOn The apparatus
100---------- Reaction vessel
200 ............ Crucible
300 e Induction coll
310 Induction coil placed on the upper side
320----0eee Induction coil placed on the lower side
330 e Magnetic shield
400:---reeeee Graphite support
500:-----reee Vertical motion device
600------eeeee Temperature control reactor
S 700 Raw material supply unit

810, 820------ Hard structure
Best Mode for Carrying out the Invention

The embodiment of the silicon electromagnetic apparatus (referred to as
apparatus 1 hereafter) of the present invention is now explained referring to
drawings.

<Whole structure>

The apparatus 1 comprises, as shown in drawing 2 or 4, a reaction vessel 100,
a crucible 200 placed inside the reaction vessel 100, induction coils 300 and
300' installed on the outer circumference of the crucible 200, a graphite support
400 on which a silicon mass S is mounted, a vertical motion device 500 which
moves the graphite support 400 vertically, a temperature control reactor 600
which regulates the solidification of molten silicon S' and a raw material supply
unit 700 installed on top of the crucible 200. The structures of the above parts
can be the same as that used in a conventional apparatus.

With respect to silicon, it is called "silicon mass" before heated; "molten silicon”
S'in a molten state after heating; and "silicon ingot" S in a solidified state after
cooling.

< Structure of the reaction vessel >

The reaction vessel 100 is an air-tight container which is installed such that it
covers the crucible 200, the induction coil 300, etc.

The reaction vessel 100 has feeding inlet 110 formed in the upper part thereof
and exhaust outlet 120 formed in the lower part thereof. In casting, the pressure
in the internal part of the reaction vessel 100 is decreased to 0.1 Torr by using a
vacuum pump (not shown in the drawing) and a prescribed gas (such as Argon
gas) is supplied from the feeding inlet 110 until the inside pressure is equal to
the atmospheric pressure.

An insertion hole 130a is drilled at the bottom surface 130 of the reaction vessel
100 and the vertical motion device 500 is inserted in it. This insertion hole 130a
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preferably have a sealing material 140 made of rubber and the like in order to
make the reaction vessel 100 completely air-tight.

< Structure of the crucible >

The crucible 200 is made up of copper and its side walls are cooled by
circulating a cooling water in its internal part. Further, 210 denotes a tube used
for letting the cooling water in and out.

This crucible 200 is split into multiple segments in the circumferential direction
in order to insulate electrically in the circumferential direction. Electrical
insulating material such as mica is preferably inserted between each of the
segments of the crucible 200.

In addition, the cross-section of the crucible 200 shown in drawings 2 and 3 is
square while that of the crucible shown in drawings 4 and 5 is circular.

<Constitution of the hard structure>

A hard structure made up of electrical insulating material is fitted on the outer
peripheral surface of the crucible. For example, on the crucible 200 shown in
Dwg. 3, an four-sided prism-shaped hard structure 810 is fitted. Further, on the
crucible 200 shown in Dwg. 5, a cylindrical hard structure 820 is fitted.

The cantilever beam model shown in Dwg. 1 is applicable for estimating the
force which pushes the crucible 200 outwards caused by the cubical expansion
accompanying the solidification of the silicon solution S" which gained entry into
the gap between the crucible 200 and the silicon ingot S.

In this model, the silicon solution S" entered into the gap gets trapped in the
hemispherical silicon pillar SH of length (L) 4 mm, thickness (T) 2 mm and width
(W) 2 mm; and solidifies. The force f1 caused by the expansion accompanying
such solidification pushes in a direction perpendicular to the inner surface of the
crucible while an equivalent force f2 pushes the silicon pillar SH in the opposite
direction. Assuming that the force f2 acting on the silicon pillar SH at the central
point of the pillar since the lower end of the silicon pillar SH is a fixed cantilever
beam; approximate calculation can be applied to the deforming behaviour of the
silicon pillar SH as for deforming behaviour of a cantilever beam having a
uniform cross-section with a length of 4 mm and thickness and width of 2 mm
which is subjected to concentrated load at the longitudinal central point.

If the elastic modulus and the yield bending value are determined, it is possible
to estimate the relationship between the amount of deflection and the force at
the time of deflection of the cantilever beam which is subjected to concentrated
load at the longitudinal central point. When a beam is subjected to load, the
bending of the beam increases proportionally along with an increase of the load
in the region of elastic deformation. This proportional relationship is maintained
until the bending of the beam reaches to yield bending value. Once the bending
of the beam reaches to the yield bending value, the deflection of the beam
continues in the region of plastic deformation and the load does not differ much
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from the load in case of yield bending. Hence, the maximum load required for
the continued deflection of the beam can be treated almost equal to the load at
the point when the bending of the beam becomes equal to the yield bending
value. Accordingly, force f1 pushes the crucible 200 in the opposite direction
with the same strength as the maximum load of yield bending value.

[0030] The elastic modulus (Young's modulus) of the solid silicon near its melting point
and the yield bending value can be estimated by values of other substances.
Although silicon is a semi conductive material at room temperature, it exhibits
metallic properties at temperatures around 500 °C or more. In addition to this,
silicon, at high temperatures near its melting point, becomes soft and easily
undergoes plastic deformation. Generally, Young's modulus of metals is 50 to
150 GPa and that of glass is 65 to 90 GPa in the room temperature as for
reference. Since Young's modulus has very little temperature dependency, it
can be considered to be about 30% at temperatures near the melting point.
Consequently, Young's modulus of silicon at room temperature is considered to
be 100 GPa, while that at temperatures near the melting point is considered to
be 30 GPa.

[0031] Generally, the yield bending value of metals is defined as 0.2% yield strength at
room temperature. In other words, yield bending is 0.2% for metals. However,
since the yield bending value largely depends on temperature and decreases
with the temperature increase, at temperatures near melting point, it is
considered to be 1/10" as compared to that at room temperature. As a result,
the yield bending value of silicon at temperatures near melting point is
considered to be 0.02%.

[0032] The concentrated load at the longitudinal central point wherein the cantilever
beam of the silicon pillar SH of length 4 mm, thickness 2 mm, width 2 mm and
Young's modulus 30 GPa, bends to the maximum of 0.02%, is calculated to be
about 4N. At this time, the amount of deflection (maximum deflection) of the
beam at the longitudinal central point of the beam becomes 0.00027 mm. Thus,
according to the calculation in this model, the force which pushes the crucible
200 outwards caused by the cubical expansion accompanying the solidification
of the silicon solution S" entered into the gap between the crucible 200 and the
silicon ingot, is calculated as approximately 4N for a length of 2 mm along the
horizontal line where the crucible 200 comes in contact with the molten silicon
S' and the silicon ingot S.

[0033] The deformation behaviour of the crucible used to manufacture the silicon ingot
S having a square-shaped cross-section of 350 mm is inferred below on the
basis of the force pushing the crucible 200 outwards calculated as above. If the
inner side of a crucible 200 is 350 mm, a total force of approximately 700N is
loaded on one side of the square crucible along the solidification interface of
silicon ingot S, as an equally distributed load.

[0034] On the other hand, in case of the hard structure 810 made up of electrically
insulating material fitted on the outer periphery of the crucible 200, the bend
strength is estimated below, wherein fiber reinforced plastic is used in order to
prevent the bending of a crucible 200 due to the cubical expansion of silicon



700 Raw material supply unit 810, 820 Hard structure Best Mbde for
Carrying out the Invention [0017] The enbodi nent of the silicon
el ectromagneti c apparatus (referred to as apparatus 1 hereafter) of the
present invention is now explained referring to drawi ngs. <Wol e structure>
[ 0018] The apparatus 1 conprises, as shown in drawing 2 or 4, a reaction
vessel 100, a crucible 200 placed inside the reaction vessel 100, induction
coils 300 and 300" installed on the outer circunference of the crucible
200, a graphite support 400 on which 4 silicon mass S is nounted, a
vertical notion device 500 which noves the graphite sup ort 400 vertlcally,
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the relationship between the bending and the force exerted on the crucible 200

and the hard structure 810 of fiber reinforced plastic can be calculated by using

the sizes of the divided segments of the crucible 200. 1t is calculated as a total

of the repulsive force wherein a concentrated load is subjected at both the free

ends of a copper beam with uniform sections having a thickness of 33 mm,

width of 23.3 mm and span of 700 mm, and the repulsive force wherein a

uniform load is subjected on a fiber reinforced plastic beam having a thickness

of 100 mm, width of 30 mm and span of 350 mm as a beam having two free

ends.

[0035] When a load of 700N is applied to this built-up composite beam, wherein
Young's modulus of fiber reinforced plastic is considered to be 10 GPa and that
of copper is considered to be 110 GPa, the maximum deformation at the center
of the fiber reinforced plastic beam is calculated to be 0.011 mm, the maximum
bending stress to be 0.43 MPa and the maximum bending rate to be 0.0043%.
The said maximum bending stress is sufficiently lower than 130 MPa of the
tensile strength of the fiber reinforced plastic. Consequently, if a hard structure
810 made up of fiber reinforced plastic is fitted on the crucible 200, permanent
deformation of the crucible 200, which is subjected to the force caused by the
cubical expansion accompanying the solidification of the entered silicon solution,
can be prevented and the silicon ingot S can be continuously moved downward.

[0036] In using a cylindrical crucible 200 for manufacturing a cylindrical silicon ingot S,
the strength against deformation of crucible 200 wherein a hard structure 820 of
fiber reinforced plastic is fitted on its outer periphery, is estimated below. In the
calculation of the strength of pressure vessel specified in the Japanese
Industrial Standards (JIS B9265), it has been specified when inner pressure is
applied in a thin cylinder, a safety ratio of 4 should be used for the tensile
strength which acts in the circumferential direction of the vessel. The inner
diameter of a crucible 200 used for casting silicon is 600 mm and its outer
diameter is 660 mm. The thickness of hard structure 820 of fiber reinforced
plastic fitted on the outer periphery of the crucible 200 is 2 mm and its width is
50 mm. In this case, the force which pushes the inner surface of the crucible
200 at the time of solidification of the molten silicon 8" which entered into the
gap between the crucible 200 and the solidified silicon ingot S is 2N per 1 mm.
Hence, the force that acts on the entire inner circumference 1884 mm of the
crucible 200 is assumed to be 3768N. Thus, the total force which pushes the
crucible 200 outwards is approximately calculated to be the force which, by
using the hardness of the crucible 200, pushes the cylindrical hard structure
820 made up of fiber reinforced plastic, which is fitted on the outer peripheral
surface of the crucible 200, uniformly from the inside, without considering
repulsive force of the hardness of the crucible 200.



< Structure of the reaction vessel > [0020] The reaction vessel 100 is an
air-tight container which is installed such that it covers the crucible
200, the induction coil 300, etc. [0021] The reaction vessel 100 has
feeding inlet 110 fornmed in the upper part thereof and exhaust outlet 120
formed in the | ower part thereof In casting, the pressure in the internal
part of the reaction vessel 100 is decreased to 0.1 Torr by using a vacuum
punp (not shown in the drawing) and a_prescribed gas (such as Argon gas) is
supplied fromthe feeding inlet 110 ufitil the inside pressure is equal to
the atnospheric pressure. 5 preferably have a sealln naterlal 140 made of
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circul ar. <Constsuffigieptymert thandhdegadirestsirgratiypes '% safgty f%ﬂoh%@@S@?ﬁcht ure nmade
up of electri caIThuﬁ’s'ﬁIP@tV?fﬁg amafi@mgsﬂ toj tge fcv'tnfie?f' Ardt factyiet her al
surface of the cP ff' PR dhe, Fricidig 0209

an four-si ded prﬁ ﬁf c[\rigr&tf?é entered %lasc;al?io? o?gaeépTF\tngll ggo';EP E%% On the

cruci bl e 200 sho the RrucBle) rd structure 'jayf tted.

<Structure of other parts>
[0038] The above induction coils 300 and 300" are used for melting the silicon mass in
the crucible 200 by induction heating when voltage is applied thereon.

[0039] Especially the induction coil 300 shown in Dwg. 2 has two coils of different
induction frequencies 310 and 320 one of which is placed above the other. A
magnetic shield 330 is installed between the two coils 310 and 320 having
different induction frequencies in order to prevent mutual magnetic action
between the coils. The terminal voltage applied on each of the induction coils
310 and 320 is preferably 900V or less and more preferably 600V or less.

[0040] The temperature control reactor 600 is used for gradually cooling to the
solidification of the molten silicon S'. Generally, it maintains a specified
temperature gradient from the upper part to the lower part and cools the molten
silicon S' gradually to the specified temperature finally.

[0041] The graphite support 400 is a pedestal made up of graphite. In casting, after the
pedestal is positioned at a height equal to that of the lower induction coils with
the help of the vertical motion device 500, the inserted silicon mass is mounted
thereon. Then, it moves downwards along the center line of the reaction vessel
100 making a descent of the molten silicon S' downwards resulting in the
solidification thereof.

[0042] The vertical motion device 500 moves the graphite support 400 vertically along
the center line of the reaction vessel 100. A drive unit installed separately (not
shown in the drawing) moves it vertically and appropriately according to
manufacturing conditions.

[0043] The raw material supply unit 700 supplies the raw materials such as the silicon
mass and graphite mass to the crucible 200 from the top. A silicon mass of a




[0027] The cantil ever beam nodel shown in Dng. 1 is applicable for
estimating the force which pushes the crucible 200 outwards caused by the
cubi cal expansi on acconpanying the solidification of the silicon solution
S" which gained entry into the gap between the crucible 200 and the silicon
ingot S. [0028] In this nodel, the silicon solution S" entered into the gap
gets trapped in the hem spherical silicon pillar SH of Iength (L) 4 nm
thickness (T) 2 mmand width (W 2 mm_and solidifies. The force f1 caused
by the expansi on acconpanyi ng such sol% dification pushes in a direction

per pendicul ar to the inner surface of the crucible whi|le an equival ent
force f2 pushes tPRefiesiweightis yypplied firstang e Kie %aRRER mees igisrerlied 8hheassumi ng
that the force fupPaicyifage @frihg silicogimaseorhispgrpphite naes s slieondieatingdndpoi nt  of
the pillar sincevheneldchigesurrenids apliechie te Infucipn peils| the g-Phitesmasst hegisy

cantil ever beanyupagnelr b iteneresatoa lthanedtincerasesathepeha pifidonedassdn theeloweT or mi ng
behavi our of t hepasti hdatsoup pind liteter@Rratgrefinrease$ drerit ¢hebabiant krat obthea

canti |l ever beam diaphitag Whennthé oemperaines of diet isticonntaks @xteedgt# spécilic mm and

t hi ckness and wi tdinperature? themelsbtricdl resistsnce] wabitfecdf the si@ncemdssadeetkabesad at t he
| ongi t udi nal cenkesing@thBlincrd=0€ 3Sthe Inbludtibe cateasinitite siixdnliass amdstadef yi el d
bendi ng val ue argiGehtgMmastiately fbipwgsSHhe Milicord tnaeststamdt eifthestingeliat i onshi p
bet ween the amougibpHaE ngiRE Iache @p BNEthbiRGN frnt teddrudidie 200 ethefupdafd ecti on of
the cantil ever bgamoahi ch is subjected to concentrated | oad at the

| ongi tudi nal central point. Wien a beamis subjected to | oad, the bending
of the beamincrgases ,prpportionally along with an increase of the load in
the regi on of el §?Fb°|§efor mation. This proportional relationship is

mai nt ai ned until _the bending of the beamreaches to yield bendi ng val ue.
Once the béQPdi“hgTh?ffO‘t?Wé‘gb%%ﬂﬁ%aw@Hééhet%ﬂ'c?m@e‘%e'i:maaﬂ%'éﬁéﬁt'_ﬂ_ aRRAYS 3% he

defl ection of t h%wlf‘!%é?ndf?&’l'ﬂgFrﬁJé%d Pn Ip H%\e F?é?'i‘ Prt'smaél%ty" °"d'€(f?5r§ré§i on and
the | oad does no’f‘art?iﬁ‘.’é‘?d Hh &% @hee :831? AT ?Jar rg r;%'#% ge'gfzfa«%lrl@bﬁeendi ng.
Hence, the naxi fr°$4lasﬂla£a%r"?éeaaf'? the 88H€el PUEEE e & T 85" 6 he beam
can be treated afnosSt® 8‘ﬁvﬁ'al to the load at the point when the bendi ng of

t he beam becones ual t he yi el d. bendi ng val ue.. Accordingly, force fl
pushes t he GGk Bl sggggi’eﬁgrfé%q‘gﬁvvﬁ}ggt&s@-c g t°§§§§§;§gé§;§ rength as
t he ma,X' mum | oad &S{lc%&igqlgeac EHI 1208 whs'aldh s E e h& 6ir%‘Felr ﬁiamgéréps .
(Young' s modul usie 1, Tngy SALY flaribtbd GOM.AAMNG tnarBBH &1 dAidHa! 1B ek t he yi el d
bendi ng val ue cafleddafinluidiBh 8FthE YruédleWR® vk 60! TR lefdth 8 &Hth 88gmeNt bhough
silicon is a senhe GARTHIS OO ¥hidRiviis! @idadt inf0eIMwiag MaematdbiRg waterewhd bi t's
nmetal | i c propert¢igslat@t ih apaeaal pas add ohital wa®(Onderted between dapnh afidhd i on to
this, silicon, ateghiegh dsearpeleattical essuladiar niatesialnghe itotgl fiov nolymbed dimes sof t
and easily undergoby vtersisetinsidd the cacbler200 @esn 80 deyminvteung' s nodul us of
nmetals is 50 to 150 GPa and that of glass is 65 to 90 GPa in the room
t enper at ur 0G46] f lorthe axfraratyse dvo igfyptien yaila 330 andrBLivers Hassd pae gbqvetths e
t enper at ure depe?iBRfnchre ypperchizrep dndusing] (9B Baf hee tptuss Aspunddhe spuare
t enper at ur es neafth HNMREdEMS r}pfﬁ cm ‘tﬁ?r?s'lfdﬂjhéﬂft} f',“'% ﬁg‘; g '[?Itt.’t‘f‘s of
silicon at room;l“% &} BRYF sU ﬁ'ﬁh d%?’%‘gf"’gé?”lff# ﬁ $po ] L2 3 hat at

equency was set to 10 kKHz. heoweleéid cojl 32 s_§031
tenper at ur es neaé)r(r]ﬁ %tﬁ%ﬁ depg'ndg fontcof %1&9/& Wak oﬁ}r%c%at e g:i(/:tl ) ]
Generally, the yigld shssihithond a%ﬁwuﬂfmﬂﬁk% $50kPy SHRF thd Fluétdn Gregliéniy €l d
strength at roon}iLReE & kL Thédd tRb MRICIBATER 3101 HbB20PRAENGAd By Hde2% f Or
netal s. However, w&kpestidnae ayihe kehtbredi tet@ighabiusudiohs 200, ¥ 3eRp@RE Sospar
t enperature and glegietastsd 880 Wad get! @ngeavath Uecinduttsrecndie 310dndt320ped at ur es
near nmelting poithe,outdr cisuafershce exf eblis t roagneticl thiGllh330s weo mpale@ dising ¢ hat  at
room t enper at ur ecorrdgated tuesul t, the yi el d bendi ng value of silicon at
tenperatures near nelting point is considered to be 0.02% [0032] The
concent r at deP47batheastateyherayn gihaiddstivalurec &1 pade wo phiibeprinfeiced plR#EICaNt i | ever
beam of the silifited qoithé anteSperipherplesugiage af thencruclblec?d9ds showmimDwg- & h 2 nm
and Young's noduThesha80 stBrRéyre [8¢d Havingan meemside (lengthodf the 0edp) dfd1®atneul ated to
be about 4N. At slbagsthé burer, sidens treempurittie 2070, d 6édne ttidkoess (Oftkemand adeédnect i on) of
the beam at the longitudinal central point of the beam becones 0.00027 mm
Thus, according to the calculation in this nodel, the force which pushes
the cruci ble 200 outwards caused by the cubical expansion acconpanying the
solidification of the silicon solution S" entered into the gap between the
cruci ble 200 and the silicon ingot, is calculated as approxinmately 4N for a
|l ength of 2 nmm along the horizontal |ine where the crucible 200 cones in
contact with the nolten silicon S and the silicon ingot S. [0033] The
def ormati on behavi our of the crucible used to manufacture the silicon ingot
S having a square-shaped cross-section of 350 nmis inferred bel ow on the
basis of the force pushing the crucible 200 outwards cal cul ated as above.
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solution S'. The fiber reinforced plastic conprises glass fiber while a

mat eri al having Young's nodulus of 10 GPa can be selected as the material.
When a structure of thickness 100 nmand wi dth 30 nm made of gl ass fi ber
reinforced plastic is fitted on the outer periphery of a crucible 200
having an i nner side opposite to the hard structure of 350 nm this hard
structure is approximately cal culated to be | oaded together with the

cruci ble 200 a maxi mum force of 700N as an equally distributed | oad on one
of the four inner sides thereof. In th®s case, the rel ationshi p between the
bendi ng and the force exerted on the crucible 200 and the hard structure
810 of fiber reiWfBrafSempivasfifted jgstrbelow tbalower Resitpray indestieg cehé2&inzes of the
di vi ded segment ssugh apigenesthat jt kughepdite crygible 2003l cul ated as a total of the
repul sive force wherein a concentrated load is subjected at both the free
ends of a ¢a@pkerTHeeqerating broaeduled nthis exbmala vak asi folpwa. Eitstly Knee gsiplofe 33 nmm

wi dt h of 23.3 nmauppdh siaRaviiy a/ &fliareghapstierbdsesectlih shevéovinBmaedivlonei N a

uni form |l oad i s &dbj eGdtedf GBcr was Bsuntedli 6 MeCedtical mstionCcdd@@nsdoaatidng a

t hi ckness of 100ng8ited W tHé Bruéible 300 MBuBIE nfaRAdt tiRd itsShY sifacewas thesimehavi ng t wo
free ends. [0035I]3veV\b§iﬂe%vJeP@<§!;eQ;f thé GiYctioh caiPPAo. BRknt 8 silidtnsmdebiof 40k conposi te
beam wherein Y%Me&om%d@x@ée 5f'tl@éra6tfﬁb@ﬁ;§ifoﬁ@dﬂbl@r Hite moBs AR dered to
be 10 GPa and that uge%gﬂ&eéroés%,e%rrﬁﬁ ﬁll@rd@ n\x/é?d laﬁec:hap ith of BEnTBRg Mum

sufficiently lo
rei nforced pl asﬁrgon ha8 "Fd 'n “fe 5esﬁ %Tt

uIDrssu E u Y of fiber
reinforced plastf °? e " reng ?'hép &ed’(?io%rl %azﬁg éolnrﬁg %}’&90 Tation of
the crucible 200" %H?’bfﬁe‘iugncé’ 1 Kz yoliage wag apriipd witlh Sepugnfially inpiRasing i ¢ 5
expansi on acconp&h¥i zﬁg kY4f indy VSlWYpEbfP'i'%d@V thenRCraFingy otRds; aPPIsBHes of ut i on,
can be prevent ed"PaiRd 0P ¥ %fl“l‘q”é'@)ﬁ’ quiRybio the lowRr BlaceddpfuCHRIoid 1390 BV

downwar d. [ 0036]2n idupsipm frequeagy pintlr kiiza This: (iden |siecipFurraits WalRuarREdri ng a
cylindrical silitbwugh thgdndugiiontdes 310randi2A. the amesratyie Pbiha@rardite BBSr uci bl e
200 wherei n a haplatedtonden ofrthe Sii@nahaskiinsegasedbnindvdtionl heatiag and itityngd t t ed on
its outer periphedyDueits trestdiamheat obthle oed tuined praphitsahass| the tevmpegture ke st rengt h
of pressure vesstat ispeai diliced mass Inbreasbdp@hers the [terdpesatnieadf thst sllicdamess (J1 S
B9265), it has hegams pepickinaib@N G NAE feldptriesiSusistance alel ofetle ishicen t hi n
cylinder, a saf edatrdaddd, theQhdubticnQuubet il teltfigsh nags ihdtade@ AR bafIKdalingt h whi ch
acts in the circysidar GRhe el if61BRIn vaQHe Qbir-hiliny R&HESS- thd RficdmRass, dhanet er  of
a cruci bl e 200 ;Sjrmltrec?ﬁasgeh%ts'vﬂ@ldn% 'beﬂﬂth'escr@ime L) ﬁanfﬂe'tﬁ)ﬁar‘aLﬁn‘%Etloq' aneter is
660 mm The thi ckpRss wRiing2F th% %ta'déﬁergtg ncféaglﬁé tHthcmfcﬁ\yeC&thﬁé astic
fitted on the oufer perlp Qédym ?ﬁoulceﬁﬁcd 56 %, laRd of &édw' dthis

deformation at t el Qbs &tk ﬁnrth é’(ﬁ)tét%eb&éﬁbﬁ St

cal cul ated to b ﬁf'ﬁi kg AtadRf gg 9 ger%m&n SfooPa and

t he naxi mum ben %ta%t%n%f |sd C 8 o 7 ren Qenz'é;ess is
fﬁre al(:f\o

50 I'n thi ATaR

oruci bl e 200 at Cﬁ%‘""?“ °°(ﬁ3 ase i qa,g %ra theﬂi‘ffrrg[i?ﬁ%sg ﬁ'ﬁgg " whi ch
tered into th d |

Thgot S is 2N pg ﬁ*ﬁ ﬁfh@genfhcgn @%?aze i %ta M‘ﬁﬁe g o | SO

ci rcunf erence 18%'2Ferﬁ'ﬁ°8f’m?% ie FIg8 #Ie Pohe; '@"eé§"§ °t % é ‘gli\f:h Thus, the
total force whi cRe§UBHEE ISR} Bci bl e 200 outwards is approxi mately
calculated to be the force which, by using the hardness of the crucible
200, pushed0Q4Be Bpen the rnitidly inkerted siiconumeliadecogP@talhans mgintained ptakly, theei nf or ced
pl astic, which i®mperatuer canrot teactouted opthei sillsen drigot iwhichcwasoplataderight uci bl e
200, uniformy fbeaow tHeecrucige @60, indredsedtits demgdraterei arg & dpuhaigradidndbote of t he
hardness of the gipusinidt@y 300C/cn] BOBE doRfwardrdrgttioh, wss ieihialned.oCastingf 3768N

i s approxi mat el ywgak@HeAbEEohthubesy e@b8rhgesiRBh mAwed halify lang@hulsted f ace of
103620 MR of t hgamubi A4 61 toBRh &l theleludibR 288 GromWhé ediv mster@dappyp of fi ber
reinforced pl aSt&&llc@ﬁ@O B@@eoaébob@ﬁ%rcrtﬁlb@@fo% etfer QAR mdlhg Wbwehwardfthe®0 nm and
thi ckness of 2 G fon delbEe 5ENFhi r?haémg%hea BidoH% QURGLAAE G558 1
direction is cal g«i.o%to%gicé‘&o st %dvﬁ‘xgtd \?a‘mﬁa\},\?h %ﬂfthgﬁ'nlolt nféoéé'rééﬁﬁe%e 820 of

i nner dianeter 6 nm and t ness I's made up of fi ber
reinforced plastic and has an i nner pressure of 0.037 MPa. Since a margin
of safety ratio of 4 is specified in the Japanese Industrial Standards (JIS
B9265), if the tensile strength of the fiber reinforced plastic is 26.4 MPa
or nore, there is no breakage possibility of the cylindrical hard structure
820. Since the tensile strength of the fiber reinforced plastic is 130 MPa
as stated above, it is sufficiently nore than the required strength even if
a safety ratio is considered. Thus, it prevents any danage to the
cylindrical hard structure 820 which is made up of fiber reinforced plastic
and fitted on the crucible 200 which is subjected to the force caused by




9 specified weight is supplied first and then the graphite nmass is supplied
on the upper surface of the silicon mass. This graphite nmass aids silicon
heati ng and when electric current is applied to the induction coils, the
graphite mass heats up and the tenperature thereof increases, then the
silicon mass in the |lower part heats up and its tenperature increases due
to the radiant heat of the graphite. Wien the tenperature of the silicon
mass exceeds a specific tenperature, ige el ectrical resistance value of the
silicon mass decreases resulting int increase of the induction current
in the silicon mass and start of self-heatin | medi ately follow ng the

silicon nmass st af leveldeyar thanthe jower efge of e épﬁﬁ%ds'“g‘ﬁ’“??]é°'l(%2p9 vm t hdr awn

from the cruci bl¥ecronagnetic ipecepadad an themolen gifon Sxdasrragedianddn iy the

following i s an BXgRpsiieonct waneoolqd ang gelidiip@ct r omagneti ¢ casting appar atus as

shown in drawings 2 and 3. In the exanple, a prismatic silicon ingot Sis

manuf act ur ¢a50jsi frgmaire atppe raabtinsolracastig weashehidvest hyusirultaee @& @ontmmdeusup  of

el ectrical insul=sppingf et emi mbtefigltand cootinuouy beliddication obdhei phaetr 4I thisur f ace of

a cruci bl e 200 axamgle| igasasting srESH Wag ZtQ'Té“EQ( te thet ﬁé”‘@?'b@@”%@é‘tplﬂon in the

casting directi ohrigd copdand;qastingnvas Pr° g\}’/ E ?{ﬁﬁ’pﬁr nB2F8% wi dt h

was 35cm Accord%‘gﬁ °°E'ﬁ’é0 B‘i' F%%Eﬁ' T;% E}%‘ g d?‘é‘ﬁ%?ﬂ e 200 was
p ? Fh né;n

al so square-sha sttﬂg‘é{ﬂs SAToar el di ameter of

41. 6_cm Th glg ]f] ergé Cﬁ]l CShdLC L s aH of the
cr uci bl e 28%"%‘%5 Xen ot Mm RN u@ir;bg%es&mthé 9800 i ch
was divided intq oWﬂéc Bi206085 ags e ﬁgawsmqm s ioRfiRid kbt tHefe | Nt er nal

part and m ca wagas idRHdB6h kg 6dIe e of the segnents as an el ectrical
insul ation material. The total flow volune of the cooli ng water used inside

t he cruci bI %p'B S 500L per mnute. [0046] In the apparatus, two

i nducti on cOl and 320 were placed one above the other. The upper

pl aced i nduction coil 310 had two turns around the square with an inner

di amet er ofl0082] 6the fakwing inan gramrle ofi 3 glligon) qlecfiamagnsin eastieg 2R3 nduct i on
power supply w t¥howndn drawingsirandopun s exesplenaanindrier silieaniegqt hwas equency
was set to 10 kHranufdstur¢douging ph @epafaiundading enhasdistructere 838dnadeeusafre f or m as
t he upper i nductélenfricebinsulating mhtetial fitted vt thenewdert ealipheralt frsfaceq dfidhd on power
supply with the eeotbler2@n. out put of 150kWand the induction frequency was set
to 35 kHz. [d0sepeintthe example! tHencredsi desticdlil tienchstiiOdifebinead tisd slicobyngst de wer e
posi tioned at thgaCaRURF in0§hab8eint s Hdmeddr WdsUBI0OA. 2QEhardiAglB N trieek copper
magnetic shield &&Qetm th @6&le OO RSS BREAMLANG itk ROE bibPBeESBd ®m31k: and 320
and the outer cig AN 6f HHGEsGbr \;eiﬂlcﬁl dRARSH ihSulatibh 8t fle 3RLibEOGRRIERD USing a
corrugated tube. ;{004 ZILIeTE@) 2t Ginerg %Oase@ﬁn'égtssér{duﬁcgdﬁﬁ? Wil grde up of
fiber reinfor Cedcumjlgt%&'lr?m c'htéeg% ik hﬁl&ewgéﬁngérté?ieirn' me"ﬂ ea%HrJfQEéa of the
crucible 200 is e ts re tric %Ian %a?etn%lu%grtgta QMJFQQ%&}F:E I nner
f t

side (length of ? e crucible
200, a beam't hi c‘f<°r?ér’sgsw 'E?n ﬁcruc'beam “TD Wi Bodt e m"ﬁS cmwas fitted just
bel ow t he | ower lE)OSl tioned induction c0| | 320 in such a manner that it

t ouches t hdO®fLcysthermags.a maima) orfRat efRIP WY H'Qd PrOeRa @PPRXIMREY ©xanpl e
was as fol | ows. Wzr‘@%f?ysedtfhféh‘@m‘ﬂﬂﬁ'% eovgeu hondvrsion FRYl 390drd&iee shaped
cross section i ntufngavit Garnar @!iafdﬁt?@@‘tqmﬁmaﬁw tae\hp'ahtwf 8f0 B8t Ahewldasmbunt ed on
the vertical notiebdevitend shaQoingheidiawing) weich heats the siieerceaiutien om théy such a
manner that its toppr Sde danpesetbs wathecoedwldsmaddrchabavinigen digogier @dgemnf t he

i nduction coil 3&@.lefdienf 1& sj ditecocurmeat soundfe FOkaximen iontpet 6fedP00Wide t op
surface of the ghigphéduensyugpitiatbr 0 Glasmagraapimition anss flba\contgpller whjokar e- shaped
Cross section i ncdnbrels disvovabtardorn @a4. i ThB, distnatérddf thed pladOe jat arificeacfitee ght  of
7cm was i nsert edpibgnfoich@vak@®mf. the cruci bl e 200 at the position of 2cm
above the top surface of the inserted silicon mass The internal pressure of

the reacti gfpsyese@ineiife,i the %9&@@&&%.&%9 hhrdl S Uctuds i8D@ nfad¥ agpUbmigaH P and
then Argon gas V‘@ﬁfo?ébgpdlésﬁgls'ff&e& BE tHEER peHiiHetd! stiftRe BF B8 THIchIED igqual to
the at mospheric gy ?JH 5! RRR r&Qt(SG{lﬁeHﬂP vind! ARk UL oM GRdth 310

havi ng an |nduct|on ency o tage was applied with
sequentially increasing up to 200 kWof inductive output followed by the

i ncreasi ng voltage application up to 100 kWof inductive output to the

| ower placed induction coil 320 having an induction frequency of 35 kHz.
Thus, when electric currents were applied through the induction coils 310
and 320, the tenperature of the graphite mass placed on top of the silicon
mass i ncreased by induction heating and it turned red. Due to the radi ant
heat of the red turned graphite mass, the tenperature of the inserted
silicon mass increased. Wien the tenperature of the silicon nass becane
approximately 500 C, the electrical resistance value of the silicon



11 a level lower than the |ower edge of the | ower placed induction coil

320, the electromagnetic force | oaded on the nolten silicon 5 decreased and
inturn, the nolten silicon S was cool ed and solidified. [0050] Fromthe
above, continuous casting was achi eved by sinultaneous continuous supply of
the raw material and continuous solidification of the ingot. In this

exanpl e, the casting speed was 2. 0Onm per m nute, the induction power output
during constant casting was approximately 260 kW for the upper placed

i nduction coil 310 and approxi mately kWfor the | ower placed induction
coi | 320. Castlng was stopped when the total | ength of the ingot becane
200cm [0051] Af¥&P fE'BdY%Srf ef plong Hgoputeripgoe whhe Cg%%b'%?%“?h ‘gle\‘?e
procedure to rodiductiarpe 200 e surhcr MeRrsyithag itiregRd preend,aakiarched e tsut war d
defl ection of tHudliher edge of the crucible 200 was measured. As a result,
it was confirmed that there was no deflection of the crucible 200. Exanple
2 [0052] TIH®56lo| Thevitraepting prapeduseatepinis xemalegyas; asopllows elitsty ey a@phite casti ng
appar at us as showapdrhdMrwhdisegess segtion B the downwerdsisefitrehadza digmetgeel cal
silicon ingot S &@snmuwasfraeuntadeah heivadicalmaippaevicai80thand ingerigdmithe st ructure
820 nmade up of edranitle P@Bh sichsaimatnenghatritedon sUrfagé oftteel pesiesial is e sateer

peri pheral surf deel ad the hevecedgeiobthe ifdd&tion [cOi0BW)]. Then, tlsticexaagslof12GKye cr oss
section in the oestplagddnm detgraphitefuidoe 400! Tieon) thengeinahasessire ofitter | n shape
and its di anet erred@isn 0843eM00 viBCReasgl tv,0.1 Nér by neng divacaatrepungf ariche

cruci bl e 200 Wasar§éhya8Mad BGbpliéSur@itthe intdihA prRE&ire #8JediiEN to THeaatmoupherc of
divisions for vegtdsgrl TRInE tHeldidehla thridl Wadtio0st @dwrikarisGuEEingl & t#0lasnas 60.

The cruci bl e 200,380 MeviifteAl nadt 8n G SRFHRRAE 26010 pePRINLRIVAI waRS
circulated insidg,fagph |o§ﬁﬂFH% I§1t & BirddB Surtdns BlabRs wal ibieeeerdle of the
segnents as an elaphliLf p|a§r$|9 t(ﬁyq@% B REdnThass | Rffer Bhtihink tlﬁ:@"fg?{l%nu”e Of the

cool i ng wat er us r i
§t éépr% Cl‘u p&’\f Eeﬁ'anc?\p@r equ@lﬁggﬁ%)s nB)B'éPO)g f‘?glt ely 6

Furt her nore, nRx1 olm ow
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Dwg. 5. The har dostacted on the 3her Walldf thg caudbite 200rvdnh farfed heaificameblutiodt h 12 of
50 mrmwas fitted along the outer edge of the crucible 200 g ust bel ow t he
[0058] After the initial melting process reached to a stable state, the temperature

control reactor 600 of the silicon ingot, which was placed right below the

crucible 200, increased the temperature and a thermal gradient of

approximately 50 °C/cm in the downward direction of the silicon ingot S was

maintained. Furthermore, casting was started by continuously supplying

crushed silicon material into the crucible 200 from the raw material supply

device 700 placed above the crucible and moving downwards the vertical

motion device 500 which holds the molten silicon S' . When the vertical motion

device 500 started moving downwards, continuous casting was attained by

continuous supply of the raw material together with continuous solidification of

the silicon ingot. In this example, the casting speed was 3.0 mm per minute, the

induction power output during steady casting was approximately 400 kW and

the output required for plasma generation was approximately 200 kW with a

voltage of approximately 130 V and electric current of approximately 1500A.

Casting was stopped when the total length of the ingot became 3 m.




i nduction coil 300" in such a manner that it wound around and touched to
the crucible. [0056] The operating procedure for this exanple was as
follows. Firstly, the graphite support 400 whose cross section in the
downward direction had a diameter of 600 nm was nounted on the vertica
noti on device 500 and inserted in the crucible 200 in such a manner that
the top surface of the pedestal is the sane | evel as the | ower edge of the
i nduction coil 300'. Then, a silicon mass of 120 kg was pl aced on the
graphite support 400. Then, the interm&l pressure of the reaction vessel
100 was decreased to 0.1 Torr by using a vacuum pu and argon gas was
suppl i ed uffoPP] tAfter poplieg e inoplieal ¥@p éas\%ﬁgh@ fngntiqngd gﬁ’é‘*%‘(‘f%é%ﬁ%ri C pressure.
Then, the pl asndemesreireand rereaved e Winigpees tharufvarhaefiertos of thg INN&s ¢l ose to
the silicon masseddn ot thecyeiplp8Pe wanhiezsyBd AR fesH, f e coFir # M8 made to
f1 ow t hr ough it .waphw dgflection ofdhe ¢regitle M0asma was i gni t ed bet ween the cat hode
of the plasma torch and the silicon mass. After confirmng the ignition of
pl asma, el ectri qneRItFialMAppiRcabifity on the silicon mass by supplying

i nduction power. [0057] Increase of the silicon mass tenperature was

accel erate 0 n1'hte ?es@ptqweﬁf#oneéaﬁ%tag ieggly\ﬁlrc VB ctBlnf Hé’clcgstin Wh@t%ﬁ'ne‘d after
argon pl asﬂ'ﬁ%mgﬂ%aﬁn@ngn&ﬁnhdo@% 'bgﬂusg i ST gmtrgiemr ﬁl’agl%ys yes

started. Then t hgarfidcturddbyMsitingRe@Bsh hassBylidductdhthestinghe begi nni ng of
silicon nelting, silicon raw material was further supplied fromthe raw

material supply device 700 continuously until the quantity of the nolten
silicon S reached to 250 kg. Due to the radiation fromthe plasm jet acted
upon the silicon solution which had undergone induction nelting in the
cruci ble 200, the liquid state of silicon solution was stable and the
silicon solution did not cone in contact with the crucible 200 since

el ectromagnetic force acted on the inner wall of the crucible 200 which
faced the silicon solution. [0058] After the initial nmelting process
reached to a stable state, the tenperature control reactor 600 of the
silicon ingot, which was placed right below the cruci ble 200, increased the
tenperature and a thermal gradient of approximately 50 C/cmin the downward
direction of the silicon ingot S was maintained. Furthernore casting was
started by continuously supplying crushed silicon material into the

cruci ble 200 fromthe raw material supply device 700 pl aced above the
cruci bl e and novi ng downwards the vertical notion device 500 which hol ds
the nolten silicon S . Wen the vertical notion device 500 started noving
downwar ds, continuous casting was attained by continuous supply of the raw
material together with continuous solidification of the silicon ingot. In
this exanple, the casting speed was 3.0 mm per mnute, the induction power
out put during steady casting was approxi mately 400 kW and t he out put
required for plasma generation was approxi mately 200 kWwith a voltage of
approximately 130 V and electric current of approximately 1500A. Casting
was stopped when the total length of the ingot becane 3 m 13 [0059] After
cooling the ingot that was cast with the nentioned procedure to room
tenperature and renoved fromthe vessel, the outward defl ection of the

i nner edge of the crucible 200 was neasured. As a result, it was confirned
that there was no deflection of the crucible 200. Industrial Applicability
[ 0060] The present invention can be applied to silicon el ectromgnetic
casting wherein high quality silicon ingot to be used in silicon substrates
for solar cells is manufactured by nelting a silicon mass by induction
heating. 14 dains



[Claim1] A silicon el ectromagnetic casting apparatus conprising a reaction
vessel, a conductive crucible installed in the internal part of the
reaction vessel and an induction coil installed on the outer circunference
of the said crucible; wherein constant pressure is nmaintained in the
internal part of said reaction vessel using a prescribed gas and the
silicon inside said crucible is solidified after nelting it by induction
heati ng by applying voltage on said i Miuction coil; and further wherein a
hard structure nmade fromelectrical insulating material is fitted onto the
outer peripheral surface of said crucible. [Caim2]The silicon

el ectromagneti c casting apparatus aCCQ#%W®% to claim1, wherein said hard
structure is fitted onto the outer al surface of said crucible at a
position of the height of the solidlflcatlon |nterface betmeen t he nDIten
silicon and_t he SO|IdIerd 5|I|con |n ot 3].The si

| ect r omaghRMcas A Sl cAPb apbprats TR adiSEiResel o sai ¢
s st S T et e,

having an inner ?Jssmﬂ' is auqtglng inTY iftternal part ofsald reaction vessel using

a prescribed gas and the silicon inside said crucible is solidified after melting it
by induction heating by applying voltage on said induction coil; and further
wherein a hard structure made from electrical insulating material is fitted onto
the outer peripheral surface of said crucible.

[Claim 2] The silicon electromagnetic casting apparatus according to claim 1,
wherein said hard structure is fitted onto the outer peripheral surface of said
crucible at a position of the height of the solidification interface between the
molten silicon and the solidified silicon ingot.

[Claim 3] The silicon electromagnetic casting apparatus according to claim 1 or 2
wherein said hard structure is fitted on the outer peripheral surface of said
crucible having an inner diameter of 35 cm or more.



