1 Description ELECTROVAGNETI C CASTI NG APPARATUS FOR SI LI CON Techni cal
Field [0001] This invention relates to a silicon el ectromagnetic casting
apparatus used to manufacture silicon ingots for silicon substrates used
mainly in solar cells. Background Art [0002] The use of solar cells is
becom ng widely used as a neasure to tackle the global environnental

i ssues. By virtue of the abundant resources and high efficiency of
phot oel ectric conversion, majority of the solar cells are manufactured by
usirng silicon crystals. Anong them production of solar cells using

pol ycrystalline silicon substrates manufactured by el ectromagnetic casting
nmethod is increasing. [0003) In this nmethod of el ectronagnetic casting of
silicon, as shown in Fig. 5, a copper crucibl.e 200 in which- a coolant is
circulated and an induction coil 300 .arranged on the outer surface of the
copper crucible 200 are used in af8FHRERNvessel 100 to levitate a silicon
mass S in the coppgEcROMABNETEOCASTING APPARATES FORSWNEONC force and the .
silicon mass S is solidified by continually pulling it downwards thereby to
obtain a cast S|ngg(mtpgﬁt [0004] Accordingly, since the levitation

nmel ting of the siPPEOR nass Sis carried out in the copper crucible 200
using el ect fRERY ﬁﬁfs'n@efltﬁﬁ GBlatedTR! 4 Silicof ildcBdihgietic #aQing APfar&@N®ed B O CoONt act
with the inner suidha6urekilidohégots Be sildoe s@BGatesnhed miiply hiselacmeii am nat i on of
the nolten silicon S by inpurities comng fromthe crucible 200 can be
avoi ded. Al so, siBaekgredrsl Ast uci bl e 200 used for | evitation rrel ti ng of the

silicon mas S not,c contac the Gon, the
crueiore 1< JiuiEn ARRE Bt Gl bR
silicon electro @i@?‘idycopap%tbélgotﬁ’ée@&dv@@ﬁ a«gﬁvg bas essramemﬁer@f the
commer ci al  manuf g@Ehikéngd BE idiadSicohEgdalp AMoh6l 6B maprdghonpst eclarcdeils/i ty by
manuf act uri ng | ongingi polycystaliineg elien c subsirateso usinyfactivgdy Hoy g elagtiotnggraticd
honogenei ty by vkm$b@"emmtb&bWéﬁﬁmd regular casting conditions Di scl osure

of the Inventlon Prob nventson ; However, the .
fol ow ng ploBfleds! @:ﬁ?b.tﬁ %:tc ttf@@if*:emgz A ﬁac%t s Wore
speci ficall'y, whehalhg of cibl 26T Ura 8% 4 rdabeadt h i n

order to incr ease,eésbemrte été wstnyon .tntae slharé upqaat CripiREZO0I Uhpéttthd’ eqU| red for
mel ti ng the i ncreksednagnaiofdrieyano thesilibinaass Biis sofitifled by omtinmelytputiep ial so
increases. Sinul tdawseuds tyeretyheohidinia fasbiiiceriagdopper cr uci bI e 200 increases

and so does the width of the induction coil 300 g. é the electric
power | o ad Oﬂh qfxccordmgty, since the levitation melting of the silicon mass S is came otit in

he copper crucible 200 using electromagnetic force, molten silicon $' does not
come into contact with the inner surface of the crucible 200, whereby the
contamination of the molten silicon S' by impurities coming from the crucible
200 can be avoided. Also, since the crucible 200 used for levitation melting of
the silicon mass S does not come into contact with the molten silicon, the
crucible is not damaged and can be used pemtanent(y.

[0005] Thus, the silicon electromagnetic casting mentioned above has become one of
the commercial manufacturing methods which provides a high productivity by
manufacturing long silicon ingots continuously, high qualtty and homogeneity by
virtue of stable and regular casting conditions.

Disclosure of the Invention
Problems to be solved by the Invention

[0006] However, the following problems arose in such silicon electromagnetic casting.
More specifically, when the size of sificon mass S is enlarged in breadth in ]
order to increase the productivity, the electrical power input requured for melting
the increased quantity of silicon in induction melting also increases.
Simultaneously, the width of the copper crucible 200 increases and so does the
width of the induction coil 300'. As a result, the electric power load on the




2 induction coil 300" increases, and, if equal induction frequency is

mai nt ai ned, the termnal voltage of the induction coil 300 increases in
order to nmeet the increased electric power requirenent. [0007] For exanple,
if the induction nmelting is carried out on a 20 cmwi de silicon mass S with
2 turns of the induction coil 300" and2the induction frequency naintained
at 35 kHz, approximately 250 kW of induction power output is required and
the term nal voltage of the induction coil 300" becones approximately 550
volt. However, if the induction nelting is carried out on a 35 cm w de
silicon mass S with 2 turns of the induction coi |l 300 and the induction

frequency mai nt ai n [(jzlcngr! C il mat e i nducti on
power output is rGLITE @%@%é {tﬁ@@fﬁgﬁe’é Bl TR on Col
300" becones appr %geggge Yri 6 Her e, vve cans ‘Acr 0sSs a
problem In order to prevent the OXI datlon of the nmolten silicon S in the
silicon el eciopairagoretarsold dsteiimigetioh Frettingit esrniall oupara 20 widkesilfolr n@&se vessel
100 is filled with vitheétirng$redfiduttioatcabiptred the ipluetos fie@endimipottainedlel | um et c.
can be used as i nér¥® kjaswRroxipaely dhek\yef @%h@rﬁowefr%'%b‘hsequ'aﬁd W as is
usual |y used. HOWEVBPV’er ﬁﬁz Ir%];d ”r]t?e tﬁqnss%ggrr?ecﬁ ngine pr(gflma is low,
when an el ectric y %9% drtneARRlcli o i& ?a”@%d faci ng
each other w thinsjihgylisnasces Y>e§§eeny mtucho% um—t meagon gas,
arc discharge is easthé yrfigd mté)gd)ﬁ&hwﬂﬂcﬁoh%mmmﬂ(ﬂémeéap oithasy 1ddsual Iy, with
industrial equipneeits for induction melting, an arc discharge is usually

formed when a voltage of 600 vol ts or m)re is applied to the adjacent
conduct i ve bBAP®s HP ﬁroé*t e ’és@e‘t‘aﬁa‘ﬁe Pidytiap SpHEr i ¢
pressure. Wien a E: se, ‘{;8, 'Weﬁé Eﬂgg@ﬁﬁ snF%J i 'Hte(i\‘gi'tﬂi“o g’fease of the
vol t age between t pg;&PB uﬁt‘at1 bge,s Q,%g gg ,f Ssdn Gtive bodies

is caused to be mghdielsiAMusEY BdwAPQIcE 8d ont- AR Abita eear@dn g)és isl fw,or der to
i ncrease the i ndusehéwven @etipulboitdga i4 heplied &edss avagnheicive toaisd fabifg edche out put is

i ncreased by i ncr easiwigintiedumerervessal 100 ohicagdiladfwith hgon pduet deehagei | 300" to
t hereby increase 5heasdy é¥mpq degpy dift copHeive é’P?f?%taLPSUQ‘bI t‘“’égem&'ﬁiﬁﬁ'l ed to the
i nduction coi l 306“‘”‘%&“@6%{ @f Qiclign Spgiting ed?{?f@ﬂlar "8h 3coi | 300

. . heé adjac uc ve 0

which in turn |ndg tﬁto¥ Or more 'ﬁqoé; SES ri @rmt?g per

cruci bl e 200 pl acedcraRsh m%?f%rrh tﬁﬁdc%@si@ tfvélau'

induction and genesddsc®e elreé bi the CAMGHRM bodthE ceh@et:cr b&m6ltéhl'aﬁdﬂbvegener at ed in
t he copper cruci bvapol8. furt her generates voltage on the surface of the

silicon mass S in the cop er cru0|ble 200 throu h eIectrona netlc

i nduction. [ B89%1CePRRY. R ned above
was intended to bg,as 0@%‘5@1 ere ﬁ i ?’“gé/mrtgﬂ‘ﬁl r uctl on coi |
300" increased, i¥dPto tl’%g%cﬂ)% { ngr@teg @ctﬁéjéu r@r?ten ﬂ |er 200

and the nolten si bt)ccqvmo‘s in By 64 oesésré)r\ta&@@toh Ghel SLEEEL b0 chéoe@@&? d as
shown in Fig. 6, amcxawodplmbarsgte th: indastiohaobirem betisvrenagnbe isdiktioace of the
cruci bl e 200 and efegearafeacéectit cuent. niblet edastris ickirenb ner@tatedaigitirgcapaerh ot her .

The surface of th&vedePEUEMEPIIEe20B9708 thrpsuriats Uiy siiagbipeetindue to the
heat generated th ”86&‘??6{?ﬁ‘éc'béer%poéﬂr%‘@Hﬁ'leﬂ@mﬂgnet'%@ﬂtct‘qnng in the creation of a

deep groove Eo@%l' H‘FEJs ‘ﬁ e%rcht%&eoﬂlcw ihdbt IBfioh ARBE Fn'te%edté@é)lll When the
surface of the dr ety ey SlRe o i b Sl e oo n rc

di scharge A, the Omﬁkﬁl’geﬁﬁratém B4 $16h &tthQCtQQQW@dRH%%dN&{ By §i licon S,
the 3 purity of bheedrasbgnsiidindotvnimgatedded reases irshigr fngant|ly and so does
the diffusion | endetagk Avee fosmed ketwrgndeonrfast pidkd arycibkeadOp retthe Thi s decr ease
inthe mnority catp ‘e‘?f”@fmct’tﬁnﬁs‘%@'l' Pd#noicAgioineafThegriaca He&ptsdi ency of

i VARpoTIZS to the heat generated through the
phot oel ectric Con\Z%F Et@aqrg gégt]r(tqgh%%reatton of @ deep groove and increased

corrosion with the lapse of time.

[0011] When the surface of the crucible 200 is molten and vaporized due to the arc
discharge A, the copper of the crucible 200 enters the molten silicon ', the



[0012] Al so, when the corrosion of the surface of the crucible 200

i ncreased due to the arc discharge A a deep groove appeared on the even
surface, nornmal electronmagnetic function in the mcroscopic region of the
surface was hindered and anomalies were seen in the nelting and
solidification processes in electromaghetic casting. Due to this problem
the normal casting process experienced frequent interruptions. [0013] This
i nvention takes into account the above nentioned problens and ains at
providing a silicon electronmagnetic casting apparatus for accurate and easy
manuf acturing of high quality silicon ingots Means for resolving t he

probl ens [0014] Thi

I I n oﬁac |ev $ e nment i oned
obj ective, providB§ gtyf’fl els?efk% %L@ﬁ gﬁfﬁgﬁ% '\T E;g’t@gﬁa %‘f 8 i ncl uding a
furnace vessel, acqandy Eééu}é@n b i s%elé?f% aAyo«? h@cotnt)e@a tnace vessel
and an induction geisbar@bgnent arranged on the out er circunference of the

cruci ble, wherein the inside of the furnace vessel is nmintained at a
constant prel8a eAlp.mhemthpradeteritioradacgatthe endbla20pol rege! dus tetppl i ed to the
i nduction coil el @58lE"2198 A aERFOIOTOME Ireadreddhqeed syrisee. 89Mekon in t he

cruci bl e and ther E'S?tﬁo@?g’leh%f“%‘i“?q *BB}‘? mitoseegis iggi ?'I%( e suiiaoe was bipdegedy i n t hat

nomahe were se

t he i nduction coi E,egfjoﬁlg&{g @%’ me"' ang‘s%‘dlrcakf\;%ﬁqﬁﬁg?ﬁi (different
i nducti on frequeng*p@,sen@gbqrea yﬁteam [ 0 %f S construction,
since multiple coils of different |nduct|on frequenci es are used, a very

hi gh i nduct i Wet¥pulpubventon tes ot anedhasovdreerttioted pradletpand dfs ail | i nduct i on
coi | s by keepi ng plaediegs siicaaglesiomegngic whting aphasatisder acoirdtsangfeagsach i nducti on
frequency bel ow a™BrURsYies ¢higBaualiyIsficagdndels. g. 900 volts or |ess and

preferably 600 vo hr a selective conbination of the
i nducti on frequenlc\:n%%‘ssqgénje Qqﬂélg {he pP 'Pnl nduction coil and the inductive

out put. [001@b14t ThiS inpér@EELTROLE 16 laéﬁaeve a1¥0dbgve Mentiedldl objedfve dhrbViRE @nt

i nduction frequensii®s ¢mnbhanett above,appdisucaidudbgss alhed adssétha | ower part
i's of higher induetndentivef erecjeie irstaliedAgithinothe tfiiTeacs efesset anarofndedien taiduct i on
frequency, the i nﬂ'ﬁ'@?’l‘érﬁa”ﬁ?‘b ‘éﬁ@‘ye”dﬁcum*@eﬂ%wéhe ST MRN8 MSidghoul d be

sel ected as a nec%fs‘té"af yefct W) UG GEEIme? silicon
EERER &:ﬁ?;??&%ffgwgdﬁm ) et
for the exotherni @haejo o6k upmattth@m§ iFooll R@RENtABHIsOE mEHRPERS RAE Of
stirring of the rmnkférémnﬁudnb:ﬁ:muer&&sb@eg@bcbsanb e i n duction coil placed at the

upper part, since this induction coil is positioned away fromthe

sol i di fi cat i BA19 n¥éh thiscenstittlien sintewultingf coilhe dl“ﬁféﬁi@ﬁﬂ@ﬁﬂ frﬁ@!qm@gﬁ cannot
easily spread to t‘?j@ %@M’Eﬂhf'“"é‘%‘t"%ﬁp‘itﬁ? 086‘@8%1 résses the
formation of arc E eggiency 'g}l ool ‘gd(%H‘?'\ Sea%l

i ncr easi ng the to r@era‘B Son®br thl'o L%C leBfe S‘HIEI | du tFon S pl’ ef erabl e

that the inducti Ofte uém@@m,ydgeag \(;@;Jﬁaﬁ}{ehm& ebm ction coil placed
at the lower part is at |east 25- 30 kHz. Consequently, the high frequency
i nducti ve oulopif ﬂ@({mferrebjb thar antdne thexcoitstvéditidrent efifctiert fragnertclae sol i d 1 ngot
ioned above, the coil installed at the lower part is of higher induction

frequency. As for the selection of the induction frequency, the induction

frequency of the lower induction coil should be selected as a necessary

condition for manufacturing high quality silicon ingots, more specifically, the

higher frequency inductive output required for the exothermic effect on the solid

ingot and for suppression of stirring of the molten silicon. As regards the

induction coil placed at the upper part, since this induction coil is positioned

away from the solidification interface, the effect of the induction frequency

cannot easily spread to the solidification interface and this suppresses the

formation of arc discharge inside the crucible, while efficiently increasing the

total output of all induction coits.

[0017] Iltis preferable that the induction frequency of the above mentioned induction
coil placed at the lower part is at least 25 - 30 kHz. Consequently, the high
frequency inductive output required for the exothermic effect on the solid ingot



4 and for suppression of the stirring of nolten silicon can be efficiently
increased with the high frequency induction coil placed at the | ower part.
[0018] It is preferable that a nagnetic shield is installed betwen each of
the coils of different induction frequencies nentioned above. This can
prevent unnecessary el ectronmagnetic act4ion between the respective induction
coils. [0019] It is preferable that the term nal voltage applied to each of
the induction coils is 900 volts or less. By doing so, the voltage on the
nolten silicon surface can be kept at 600 volts or |ess from standpoi nt of
t he induction efficiency [0020] It is nDre preferable that the terninal

vol tage applied tg By

doi ng so, the vol 3”% %es,ﬁ){; T 'Ogn%?mfgﬁ %ff ﬁé S"éﬁl?o\%f% g&ﬁ“?’t&@”&%ﬂr ately kept
at 600 volts or |ess f I'S pre era fe that a plasma torch is
installed onotep Bk picheaprpaa mEgMdtic eNedis Gistatddbefveanehch Band®id &n sili con
i nsi de the cruci bliferénsingushpreiciechceo mphtiasstebpwet Thie@h ipregentitracdsbeey pl asma
torch. Thus, the ﬁﬁﬂ@pﬁmeﬁeawmﬂ@q@?m@dﬁﬁw%WEﬁmwﬂheCQBIicon mass in the
cruci bl e can &ﬁ e effl ientl Ef f ects of the [ nvention [ 0022]
Accordi ng t d°Hl s f

AT ;.ﬁwa AR A S eren
i nducti on frequen,g;p 6 \5{;5% cg beyg fﬁjf can be
obtained as the tot out put o uct| on coi ‘eepi ng the termnal

vol t age of eoaado) ok |st1+oe grételaisé tn@nh@elrdnﬁamd‘uag"eeﬁ)p]eetd aEch bﬂtﬁhmdulc@n frequenci es
bel ow a predet er nioieid 6¢urlieor(éss By DO sy Gletvltage on g solencsilipsnadudacabl y 600
volts or |ess) th?aﬁ@gHCCafaS@ét'@éttﬁW@‘@Mihﬁati on of the induction frequencies
applied to r jve ctlo nductlve ou ut Hence,
accurat e and[&zzggy rﬁ%ﬁ[ﬁ’%’ L{Pﬁ;dn I‘@j Eg%{lm f %{ﬁ)t on ingots is
made possi bl e. Brt'le%mg ?T tu Qh aiMghe eoé n’ﬁe hd is a
schemati c V|em/ofgmb@m&krmmaumabmmaﬁdyyﬁﬂwdxmde nent of the apparatus
according to the invention. [Fig. 2] is an enlarged view of the essenti al
parts of the appaEféﬁtCtSSOfﬂ[eF*hgmﬁ@l} is a cross-sectional view taken along the
line Il - aratus &F IS _an enlarged vi ew of
Ct%f\ c?%

the essenti a[POZ&hr?L‘gOfgﬂg éogr% %]é?g?\;{egr?'élgh |n V& outpiit can §2%§r¢%’ ? %otal

réguencie
output of all induction coils by keepmg the terminal voltage of each of the
induction coils of respective induction frequencies below a predetermined range
(i.e. 900 volts or less and preferably 600 volts or less) through a selective
combination of the induction frequencies applied to respective induction coils
and the inductive output. Hence, accurate and easy manufacturing of high

- quality and wide silicon ingots is made possible.

Brief Description of the Drawings

[0023] [Fig. 1] is a schematic view of the structure of the first embodiment of the
apparatus according to the invention.

[Fig. 2] is an enlarged view of the essential parts of the apparatus.

[Fig. 3] is a cross-sectional view taken along the line 1t - 1l in Fig.2 of the
apparatus.

[Fig. 4] is an enlarged view of the essential parts in the second embodiment of
the apparatus.

[Fig. 5] is a schematic structure drawing of the conventional apparatus.

[Fig. 6] is a drawing showing the condition of arc discharge in the conventional
apparatus.

Description of the Symbols



[Fig. 5] is a schematic structure drawi ng of the conventional apparatus.

[Fig. 6] is a draw ng showi ng the condition of arc discharge in th
conventional apparatus. Description of the Synbols 5 [0024] 1 The
apparatus 100 ..... Fur nace vessel 200 . Crucible 300 .Induction co
.I'nduction coil on the upper side 320.%nduction coil on the | ower
330. Magnetic shield 400. G aphite support

[0024] 1................The apparatus
100............Furnace vessel
200............Crucible
300............ Induction coil
310............Induction coil on the upper side
320............Induction coil on the lower side
330............ Magnetic shield
400............Graphite support
500............Vertical motion device
600............ Temperature controi furnace
700............Raw material supply unit

Best Mode for Carrying out the Invention

[0025] [Embodiment 1]
Embodiment 1 of the invention is now explained with the help of Figs. 1 - 3.

{0026] <Overall structure>
Fig. 1 is a schematic view showing the construction of the first embodiment of
the silicon electromagnetic casting apparatus (referred to as apparatus 1
hereafter). Fig. 2 is an enlarged view of the essential parts of the apparatus 1
and Fig. 3 is a cross-sectional view of the apparatus taken along the line {ll - 1l
in Fig. 2.

[0027] Apparatus 11 comprises a furnace vessel 100, a crucible 200 placed within the
furnace vessel 100, an induction coil 300 installed on the outer circumference of
the crucible 200, a graphite support 400 for mounting a silicon mass S thereon,
a vertical motion device 500 for vertically moving the graphite support 400, a
temperature control furnace 600 for controlling the solidification of molten silicon
S'and a raw material supply unit 700 installed above the crucible 200. These
components, except for the induction coil 300, have similar constructions to
those of the conventional apparatus.

[0028] As for the terms for the silicon, the silicon before it is heated will be called
silicon mass S, the silicen in a molten state after heating will be called molten
silicon S' and the silicon in a solidified state after cooling will be called silicon
ingot.

[0028] <Structure of the furnace vessel>
The furnace vessel 100 is an airtight container which is provided in a mannerto
cover the crucible 200, the induction coil 300, etc.

[0030] A feeding inlet 110 is formed in the upper part of the furnace vessel 100 and an
exhaust outlet 120 is formed in its lower part. At the time of casting, the inside
of the furnace vessel 100 is evacuated to reduce the pressure to 0.1 Torr with
help of a vacuum pump (not shown in the drawing) and a predetermined gas
{such as argon gas) is injected from the feeding inlet 110 until the pressure
becomes equal to the atmospheric pressure.

[0031] An insertion hole 130a is drilled in the bottom surface 130 of the furnace vessel
100 and the vertical motion device 500 is inserted in it. This insertion hole 130a

e
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500. Vertical notion device 600. Tenperature control furnace 700. Raw materi al
supply unit Best Mdde for Carrying out the Invention [0025] [Enbodi nent 1]
Enbodi ment 1 of the invention is now explained with the help of Figs 1 -3.
[ 0026] <Overall structure> Fig. 1 is a schematic view show ng the
construction of the first enbodinent o6 the silicon el ectromagnetic casting
apparatus (referred to as apparatus 1 hereafter). Fig. 2 is an enl arged
view of the essential parts of the apparatus 1 and Fig. 3 is a
cross-sectional view of the apparatus taken along the line IIl - Il in
Fig. 2 . [0027] Apparat us 11 corrpri ses a furnace vessel 100, a crucible 200
pl aced within the ace Vv ction coil 300 installed on
the outer ci rcurrfgfgreﬂg /e E}ﬁ mﬁquq%q rgadfé’érugbergroé%ﬁ "@k%ﬁﬁ%nra ® 400 for
mounting a silicon nass a vertical notion device 500 for
vertically n[@oggpgsttda@regcrf&iamutcielesupport 400, a tenperature control furnace
600 for control | irmgeriditge 20lid rdadeioc@ippayandif conldtbe nircialiigaanolSt artd a r aw

mat eri al supply un$ide. 700 i nstal | ed above the cruci ble 200. These
conponents, except for the |nduct|on c0|I 300 have sim | r constructions

to those of P! ceﬁﬁ}“@ B indifap: t ?‘ 010 ”‘%@e Grorhe for the
ige r‘ I}‘Pgllrecigi)E;) egl;? ncg (Esulaﬂi m;&imcbjé‘tlea %?I;rc%l r’ﬂrﬁal mass S, the
ib

silicon, the siligQR:, re,&rtr%
siliconin a noltgég,ve% MBe ﬂgt@gs g@tggghé/\@m |J)§,oca ed” nmo ten silicon S

and the silicon in a SO|IdIerd state after cooling will be called silicon
i ngot . [ 0029po3dststuctierogthefndedien iy nace vessel > The furnace vessel 100 is
an airtight cont aivaage ighrplid lghgindigliaded! $0§ vaichranifdhe tlisot®eerS t he cruci bl e
200, the inducti ofSiggiNe cragie byipduction heating.

[0035] The induction coil 300 consists of two induction coils 310 and 320 having
different induction frequencies arranged one above the other.

[0036] A magnetic shield 330 is installed in between the above mentioned induction
coils 310 and 320 of different frequencies in order to shield mutual magnetic
action between them.

{0037] Furthermore, the terminal voltage applied to each of the induction coils 310 and
320 should preferably be 200 volts or less and more preferably 800 volts or less.
This is for the following reasons.

[0038] Generally, in the conventional electromagnetic casting method in which the
cooled copper crucible 200 is used, the electric power inputted to the induction
coils 310 and 320 is transmitted through the crucible 200 as a medium to the
molten silicon $' in the crucible 200 with a power ratio of 60 - 65%. In other
words, the induction efficiency becomes 60 - 85%. As a result, when a voltage
of 900 volfs is applied to the terminals of the induction coils 310 and 320, the
voltage on the surface of the molten silicon S' proportionally reduces to
approximately 600 volt. As stated earlier, an arc discharge is formed in the
electromagnetic casting apparatus when a voltage of at least 600 volts is
applied to adjacent conductive bodies facing each other in an argon gas
atmosphere with 1 atmospheric pressure. Accordingly, the terminal voltage of
the induction coil which completely suppresses the arc discharge at the time of
induction melting is preferably less than 600 volts but to prevent the arc
discharge between the surface of the copper crucible 200 and the opposing
surface of molien silicon S', the terminal voltage of the coil may even be 900
volt.

[0039] Furthermore, the induction coil 320 placed in the lower side is preferably of
higher induction frequency. It is also preferable that this induction frequency be
at least 25 - 30 kHz. This is for the following reasons.

[0040] Generally, in the process of heating the molten silicon S’ by electromagnetic
induction, a force pushing the molten silicon S' inwards is generated in the
region corresponding to the magnetic field penetration depth in the surface




[0030] A feeding inlet 110 is forned in the upper part of the furnace
vessel 100 and an exhaust outlet 120 is fornmed in its |lower part. At the
time of casting, the inside of the furnace vessel 100 is evacuated to
reduce the pressure to OA Torr with help of a vacuum punp (not shown in the
drawi ng) and a predeterm ned gas (such7as argon gas) is injected fromthe
feeding inlet 110 until the pressure becones equal to the atnospheric
pressure. 6 should have a sealing material 140 made of rubber in order to
make the furnace vessel 100 conpletely airtight. [0032] <Structure of the
cruci bl e> The crucible 200 is nade of copper and is cooled by circulating a

coolant inits |nsa|ecrle ‘e Sh i uet n . the’ cru ible 200 is
split into multi pll é %{e ectni? e dg gﬁh tleg\(/ﬁ‘g(f arg%?fhlfelm%e
electrically insu r}”cﬁré/ & el n{oqe al ﬁo L on.

El ectrical insul a{hbtrbgrsmiﬁatrﬁiﬂtb@imc&ugn ra@umycraagel.ﬁmewoeﬁyfea wreg.asedted bet ween
t he respective segaenusicioft stirig) o thd @loldnaili2zd0s' is[a0834] wiviShslacd wdien of t he
i nduction coil > Astvteistreqiyeaini@ ipphipteitbatency teeion whire thee etirirgaiffect IS(DE(W which nmelts

the silicon nmass |nS|de the crUC|bIe b |nduct|on heatln 0035] The

i nduction col®?*130 wé %9‘28‘ e§ 9" havi ng

di fferent |nduct| 'F @j 08% é@ Cﬁe@m %p(?y% Iog }fenyi‘QO%] A
nmagnetic shield 3 &:F&ct ﬁfo%%@pt QN nAHRNK tieGH | nduction

coils 310 and 320x&4 uend;'y gehaﬁud prneqmee@fae&;aydaw%r fe ete&ncScth@rltﬂovVgUt ual
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erface, sot solidification m erface expands to the lower side and a
deep solidification interface is formed. When the silicon solidification continues
steadily while forming the deep solidification interface, a temperature difference
is generated between the surface layer and the internal portion of the solidified
silicon ingot, resulting in generation of an intrinsic material stress in the internal
portion of the ingot.

{0043} Since the heat intensity of the ingot surface layer is low on the low frequency
side, this is insufficient to maintain the temperature in the surface layer of the
ingot. Hence, this temperature in the surface layer reduces easily and the
temperature difference between the surface layer and the internal portion of the
solidified silicon ingot increases. More specifically, in the low frequency region,
the solidification interface is deepened due to intensive stirring of the molten
silicon §' and to the low heat intensity in the surface layer of the solidified ingot.
The solidification interface, which is largely expanded to the lower side,
increases the intrinsic material stress in the internal portion of the solidified
silicon ingot and crystal defects were generated. As a result, the diffusion length
of the minority carrier was decreased and the quality of the polycrystalline
silicon as a semiconductor was deteriorated.

[0044] On the other hand, in the frequency region higher than 25 - 30 kHz, the stirring
force to the molten silicon S' was weak and thus the molten silicon S' was
maintained, the convection heat transfer of the molten silicon S' {o the
solidification interface was less, the solidification interface was difficult to
expand to the lower side and a shallow solidification interface was formed. At
the same time, since the heat intensity in the surface layer of the solidified ingot
is high due to the high frequency, the temperature difference in the surface
layer of the ingot and the inside of the ingot becomes small. Thus, in the



vol tage on the surface of the nolten silicon S proportionally reduces to
approxi mately 600 volt. As stated earlier, an arc discharge is fornmed in
the el ectromagneti c casting apparatus when a voltage of at |east 600 volts
is applied to adjacent conductive bodies facing each other in an argon gas
at nosphere wth 1 atnospheric pressures Accordingly, the term nal voltage
of the induction coil which conpletely suppresses the arc discharge at the
time of induction nelting is preferably Iess than 600 volts but to prevent
the arc discharge between the surface of the copper crucible 200 and the
opposi ng surface of nolten silicon S, the term nal voltage of the coil may
even be 900 volt. [0039 Ir e ind ctl n placed in the
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while a static noksedrordtegpler deds, fraindtdibmezhupney shreldpieiiathreaedy regi on
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wor ds, by sel ecti mgcoashdog/hwérneqmenlwyps t.ntense heating can be carried out in
the surface | ayer. [0042] As regards the selection of the |nduct| on
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sol i dification intedgragée mgssftothmedcibi\Befromhtge ©pTihe sificos olasd$ ffiacat i on
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| ow frequency si dene silibdngndss Sidagersts, teaniuctioo car@htrih @ik Rilidkoheasserper at ure in t he
surface layer of triweasasgod selitierive statthilke silsapoastSutats sei-chitgsod hace | ayer
reduces easily and@h ”ﬂf’éhge ihatop issirpitpresybnwBd e (e e cheble ap% ace | ayer and
the internal port iMSPERdCR& Yol i dified silicon ingot increases. Mre

speci fical | Vyoobf) o @YW ik BABGREN: BEHA on bS5 0kd BhblEabigp i nterface is
deepened aut 8T, s hv&ls§tdarnala§tgonegbwaeg@ﬂtenrﬁbﬂcérfna alséfd to the |ow
heat intensity inusde surface |ayer of the solidified ingot. The

solidification interface, which is largely expanded to the | ower side,
increases the intrinsic material stress in the internal portion of the
solidified silicon ingot and crystal defects were generated. As a result,
the diffusion length of the mnority carrier was decreased and the quality
of the polycrystalline silicon as a sem conductor was deteriorated.



[0044] On the other hand, in the frequency region higher than 25 - 30 kHz,
the stirring force to the nolten silicon S was weak and thus the nolten
silicon S was maintai ned, the convection heat transfer of the nolten
silicon S to the solidification interface was | ess, the solidification
interface was difficult to expand to the | ower side and a shall ow
solidification interface was forned. At the sane tine, since the heat
intensity in the surface |layer of the solidified ingot is high due to the
hi gh frequency, the tenperature difference in the surface |ayer of the

i ngot and the inside of the ingot beconmes snmall. Thus, in the 8 process of

solidificati g(% FE;‘% E con ingot in the high frequency region, the
solidificatil f r“%tw%%y%%%%%%%[ﬁh%%hgfqu | ower side and a

shal l ow solidification | n erface was e tehperature difference
bet ween t he sasef ag 4livarniaajed vibh of thdéseEdtial pafdin thistmpb@edtnpeé Was reduced
and generation ofappattusmsi c material stress inside the ingot was
suppressed. As a result, crystal defects becane difficult to generate in

t he ingot, tBRS3H hsdrgndinemighéicradible 208 inmplarod insige Beafuriaes vereed 190ncr eased and
t he perfornmance o#“dtpﬁémsﬁrcérs ¢einsgllageed 1 9Pr oved. [0045] In this manner, to
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The above nentdspnsidceghapihitires siuppemnsiningp:ats pedestak asrtde dfthege@phite. In the
casting oper at i onpettheedpgedesdaient s(Fgodi-t3). deedreaendediyitigtemequal to that of
the lower inductidMPEBPILORIANANES BN of the vertical notion device 500,
and the inserted |I|e mass S is nounted on this pedestal, which is then
noved downwar ds a ond’et e centre line of the furnace vessel 100 to nove the
nol ten silicEgs7d ndnyvawalads 1adkosRbdsE §ip@Rd ubwnwlaRE48dr iRy ¥ @4tk ineal notion
devi ce 500 noves ﬁJ&ﬁoQﬂh@.Qhﬂcﬁt&rvsltﬂ@ihlétQOdSthMerstdi\Ec&H|\)¢ﬁi&éll9ﬁ@ didteicaentre |ine
of the furnace vessd#tiod@0d wherdini aoelavinis teircuiedaln| isdinsepapdatioal ynd et shown in
t he draw ng) rmve@dlictlowet“t?to@athl i§ Araepd kicyrfc e iuteh thbré‘ferﬁ%ﬁw)é&*?urr ng
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vertical maofion moves
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t e S|

mass S decreases ,emb @gdrdmmgg Jent in I con mass S increases and
sel f - heati ng starts The silicon mass S starts self-heating and the

graphi te nmaseosn ey maprraISJpSy o 708, rvehipt slipplisst stiibabrreass ST grapiit¢ nesscr uci bl e 200
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coil 300 was corrptf%ﬁe‘ﬁd B ﬁbpﬂehﬂ%tt’“tﬁga’ék‘]ﬂf}@ ingy ‘Q‘ AEUEPBVe t he
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[0060] The cross-section in the casting direction of the silicon mass S was square-
shaped and its width was 35 cm. Accordingly, the horizontal cross-section of



[ 0051] [ Enbodi nent 2] Enbodiment 2 of the invention is now explained with
the help of Fig. 4. [0052] Fig. 4 is an enlarged view of the essenti al
parts in this enbodi nent of the apparatus 1. [0053] In this enbodi nent, the
cruci ble 200 is placed inside the furnace vessel 100 and plasma torch 800
isinstalled on its top. [0054] This ploasma torch 800 accel erates the
heating of silicon at the time of casting. It is of a cylindrical shape
with a diameter of e.g. 10 cm its negative electrode or the whole torch is
wat er cooled and it can be noved horizontally and vertically. [0055] At the
time of casting, the plasna torch 800 is placed in such a may that its tip
conmes near the SI Leon as i
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[0063] Then, the pressure within the furnace vessel 100 was decreased to 0.1 Torr
with the help of a vacuum pump and then argon gas was injected into the
furnace vessel 100 until the pressure became equal {o the atmospheric
pressure. This was followed by sequentially increasing the inductive output up
to 200 kW by applying electric voltage to the induction coil 310 on the upper
side having an induction frequency of 10 kHz. Next, the inductive output was
increased up to 100 kW by applying voitage to the induction coil 320 on the
lower side having an induction frequency of 35 kHz. The terminal voltage of the
induction coil 310 on the upper side was 170 volts and the terminal voltage of
the induction coil 320 on the lower side was 280 volts in case of the above
mentioned inductive output.

[0064] Thus, when electric current was passed through the induction coils 310 and 320,
the temperature of the graphite mass placed on top of the silicon mass S
increased and it turned red since induction heating took place. Due to the
radiant heat of the graphite mass which turmned red, the temperature of the
silicon mass S, which was placed above it, increased. As the temperature of the
said silicon mass S became approximately 500°C, the electrical resistance



[ 0060] The cross-section in the casting direction of the silicon mass S was
squar e-shaped and its width was 35 cm Accordingly, the horizontal
cross-section of 10 the crucible 200 was al so square-shaped with a side

| ength of 35 cmand an outer side length of 41,6 cm The nunber of
divisions for vertical electrical insullation of the crucible 200 was 60.
That is, the crucible 200 was divided into 60 segnents and the | ength of
each segnent was 70 cm A coolant was circulated through its internal part
and mca was inserted between the segnents as an electrical insulation
material. The total flow vol ume of the coolant used insi de t he crucible 200
was 500L per m nut "1218 d u%tl on, os 310 and 320
vere placed one I3 &b er%tat.ag mt&“} b dricea on (he
upper side was 2 Sthk Brafhits HHed ength of 42,6
cm and a hei ght ody N t m@vaytﬁﬁre&;@mnecte to t e |nduct| on power suppl y
with the maxi mum out put of 350 kWand the induction frequency was set to 10
kHz. The i ndesl onirtbei nelBR0Of plcacess asnelérbied bomeeasyp the indaclivé bigpusefne f or m as

t he induction cor*he @i‘@*’?ﬂ@éé‘d} Rbﬁ?e‘ihe‘hh rS'%ﬁUcﬂéD 3V, et o thgas connected to

the i nduction powg} 'k T e ! %@% J¥ rB?peTB@yaI{W and the
i nducti on frequevnf%éf’ey\/gﬁJl 3/2%‘ &gé%%‘o g%cl&%; @2}%&2{@ e(‘%cgél s 210 and
a lC I C

320 were positi onggaatwith e 68 &&i
t hi ck copper magnertdr@arsmrelodmsmomecrpéam% ke DERCORENTH X AECT | 0N corl
310 pl aced on t heteuppévoltsgedé thaidudtihecdidduet thoupendide va20s0 pitaadd on t he

| ower side and t hbatglithendedtiorcesiPed @rbelowsr sidhives $9ppitsrin easgpidhd ¢ shiel d 330
was cool ed usi ng &°@ase¢ tﬂ@féf'\é"d’“fpﬁhée"“f@éﬁ‘z‘]"eThe operatl ng procedure for this
exanpl e is 3@06%f'dv9%ner ltg nsgrte hgon%eﬂ%moﬁle?‘et%p h mé%gri ps%\/ab@g a

squar e- shap L1 | fhiBade and a side
l'length of 35 cm |;§ad§@Hg§Ht6 o@methabuym WeSihcréaabd rarhe @we%rém Aand is

i nserted into thehamayrificat aaﬁprox"msupks a/civarythé Bainwhidlirédtigh wasr f ace | evel s
with the | ower edgentelﬁect he |nduct| on coil 320 placed on the | ower side.
Then, a silicon mass was Iaced on the top surface of the

graphite suppBit @ : ﬁbﬂ f 'g@@r "é‘g ? ahich
cross-section norm ;mo 6@:'0 "y lrit%? |b|egzer hg_gpé%‘% 'er%I 30 cm and
15RA, 9] '

hei ght of 7 cm Was'izpbl%&ﬁc%@ @thteQer bAGvreh the! il it was
| ocated by 2 cm a@uesamrre@meawﬁv@aﬁn@kméhena 16 eokeadilisnlS' 6@ tRSS S.

[ 0063] Then, the ipretiosemignihe ibwan etdesf fhe indacion wd S3® kthe B@Oronmgnadiecr eased t o
0.1 Torr with thefOlhepgm@fm e yatansics Gtméeft&mérheam@mﬁli 5SS Was | nj ect ed
into the furnace QP@@ spityieg it “'1'5t Si é‘titfﬁ'FO”t‘

at nospheric pressif Vezgg'”‘g/t% lonc %: t o %%ﬁgﬁgbggd (ﬁg:ré%sr ng t he

i nductive output n 0 the induction
coil 310 on the upper si de aV|ng an |nduct|on frequency of 10 kHz, Next,

t he i nducti veoeaut Trus, camBusudcaiasess dapietl out IDGhida\dbixuapplippiygthw ol t age to t he
i nduction coil 32Qiconraivheatdrigvgar caiticke uhisplidifigtiaref ihadition imess $ trelquency of 35
kHz. The termi nal P'%IS @!‘%‘I’S'Yt Wéh'fi ??@ﬁ'é'?rtb?tc%mglspwwaéﬁOtﬂt@p%pper si de was
170 volts and the™ ‘{;\‘i’”c é’“t?f"et*h‘ “i“ﬁa ?f‘stﬁr@"tasa 0 on the | ower

side was 280 vol t? proﬁ'?ég t,rba% %E{é&eem ﬂ,ﬂ;ﬁ RN ° it put. [ 0064]
Thus, when el ect rterﬁﬁéwcrt ox SorBasSarzd rwrg eth&o'f{ﬂ rhetdf.encoﬁm I's 310 and

320, the tenperatupenafe dp sléarmpb@mﬁﬁ@ﬁzﬁd)%&QQthaE@@ttﬁfrndhﬁﬁn silicon mass
S i ncreased and i ¢oil B2 st e sgie Ndtingrvdid Sopmd oheatbd gl ltr@olof peace. Due to

t he radi ant heat ioﬁott)fh?emgﬁ@ém"ti'te rrass V\hi ch tur ned red the terrperature of
the silicon nmas { [
t enper at ur e [Qﬁsgth‘efeé% Oa”gé 'f’ iﬁﬁ%""ﬁg\? q’ﬂ? C@Fg} @ t he
emp, erngo W remove om the ssel a rsurfage”’
el ectrical reS'Stcﬁ%ecr iﬁz‘é Ue ect (EF 5 4% the
i nduction Cu”entdrécﬂar{g End3h érﬁ@@ofmr%e drfﬂé‘ero%ﬁlz%% @r@ (ﬁﬁ‘ésashﬁ%&' ng started.
When the silicon wesse S started self-heating, the graphite nass was
si mul taneously withdrawn fromthe cool ed crucible 200 in the upward
di rection.



[ 0065] Further, nelting of silicon was accel erated by increasing the
i nductive output of the induction coil 310 placed on the upper side up to
350 kW and of the induction coil 320 placed on the |lower side up to 150
KW respectively. The tenperature of the silicon mass S which had started
self-heating increased further and it 2oon nelted conpletely. The nolten
silicon S did not cone Into contact wwth the cool ed crucible 200 since
el ectromagnetic force acted on the inner wall of the crucible 200 which
faced the nolten silicon S. The maxi num term nal voltage of the induction
coil 310 on the upper side mas 280 volts and that of the induction coil 320
on the | ower side _wa g§ reased i nductive out put
and

ment i oned ab§ve! Et‘ﬂg’ L C °H Ot IrF 2% C mﬁmﬁ@ t ed

es !ar cells wWere manu ur
conpl etely and ma| il Akl LsiR f, rh &pntrol furnace
600 of the sili COBro&sDQ@ﬂo'ﬁ:and’\@Feﬁgk ¥as chlwvase oEt'wﬁlmhelR@!b@Wduhﬁ)n@r uci bl e 200,
was increased in thghgineRpey alduiewantbcasseermmmé a groaticremmewf thiappr oxi mat el y
35C/ cmin the dowsiivan dolgtirysiatite oamstweesbyrvarersbasiived. Fuftt@0679) st€atsbithg was started
by moving downwar e&id #ifisen percpisietine wmtraerwed@\are@@nepee witden atiigl kSt he nol t en
silicon S while c 81k 59176 ‘F Wy r@ég 8 Profreernti St th a
r

T
fani o ongo B o P A s
supply device 700 g/&a @trp,{tpgg‘ Bin ek %/terstr cal notion
devi ce 500 started,\,(tma] mv@m sm\éemmstragdofm eqmiyten silicon S canme to
a level lower than the | ower edge of the induction coil 320, the
el ectromagnetic f &raevlagting on the nolten silicon § decreased and the
nolten sili con71 S vr/als coolted alnd r%ol i di frled At thi S trlrre ce the
surface of tKe é\(l)\g EIFf‘PpéE%:% R/ ANS) ‘#é?g%/ rtrcgiﬁé Hg{?‘é’ﬁ coi | 320
pI aced on the lo sul ogcg mggr&rﬁggdotéﬁtqsél SatbdHY eytﬁp dtﬁ’é the induction
coi |l 320, the S"'in‘e‘t@d’t‘io:k&@@o D65 duRE B BLitedRd ph\é@s)fm@tmaae@ommd
i mredi at el y. [ 0068}ambielts silidd0 BlettRthagieti€ astiighgh wasSappastid £ehiotiisein whi ch
conti nuous suppl y tvafindub@nsilsis3¢@mdraatoivteeni iaducBindreqendi¢srudtie sol i di fication
of the silicon rragbsreatoebr%ocbwa%eerfgrmmraﬁaheeusl y. In this exarrpl e, the

casting speed s 10 m nute |on ut at the tinme
of steady cab?f O%e h rF'g %fo tg&%\nspél ??%E em ct| on coi l
310 on the upper % Q\ w@r@@r led@r?e%lb){v iﬁ r hidurfadeoulr p gduction coi |
320 on the |ower @{cd8ppel &i6c rmezzcmﬂatem@tata@eonvrawaappswwmtcehwszoo volts in
the case of the |méumpe@amem{hesdrﬁm@mrtdtmeumpmrmess deaapieeapgt oxi mat el y 250
volts in the case bebwthheruchiddeq, itervedicdl mo®p@eviee F0havhichmeresdliede. Casti ng was
stopped once the gEpgle SP@}?‘?gt“Plo rticelyevasritptledrng e lionomashe WPD069] After

cool i ng the ingot C?’ﬁ' Ayouihy BTEL LY WATH t he above nenti oned pr ocedure to the

roomtenpera od? & %n& %@Mﬁgrsf od grlﬂ@n M?s%%e ra mE?se i nner
surface of tL ﬁr Wi leemgﬁ dﬁ\%gﬁreb&%p@@éﬁ Eﬁ&ﬁace vEﬁ@lWhﬁ%}gratp Risyas no trace
of arc discharge aagtethematrappercide Lh® thanaer of Hanfiacen ediis sdvan e uci bl e 200 was
as flat as bef or e.crucibi2 2008 T@ttinfewor btigmeltihgof thesdiceresdss Braodlwet | on of sol ar
cells with the si Iilt'de@inmihnqgt sThisiﬁupeqtpafve@rwedhqawgtqﬁ@egtﬂoarnaw| s vver e

manuf act ur ed a eff ci enc
speci fi cal | y[00 n$ gﬁaéhﬂ Sg‘?'@w@&%ﬁé@%m ;?S era%’t]abf% sectr on
and a | ength of 4 t out W t P arond cutting
machi ne and foars waecrpts%aﬁ;ﬁadntaqo (Rkestiag &Q@troﬂ”‘oﬁﬁ@ﬂhcﬂiﬁﬁw@s{s giki ck silicon
pol ycrystal | i ne subsid-giapeduyd s siee 8@ isE1 an.mgeordigit henorizd B4 cebeet s of t he
sai d silicon pol ycedist aflthe mesibi 98 easleo swasre-shapkewitheandhnaeside lm@dfon a trial
basis in the sol ar51é@I3r‘%a" ‘PI_WIS@ Enoth afssgucmatneaﬁmheefrbw'%a r

process of test pre Oft cr en t as Cm Iue of t he
ef ficiency of photlg * G@ {eh ter ica W 0 sheet s
was 15.1% 1t vas jcQnbkiaAn rarrm érar SHADR few %e& o%b it a;a I ngot s
manuf act ur ed usi nghstdbrms; Cmamerjgtmwgb woubé muyi de sol ar cells substrates of

hi gh quality. Exanple



[0071] In this apparatus 1, silicon mass S is pulled downwards after
melting it wwth the help of a conductive crucible 200, which is divided
vertically for electrical insulation and wherein a coolant is circulated in
its interior portion, and the induction coil 300 arranged around the outer
peri phery of the crucible 200. The exasple of silicon el ectromagnetic
casting with this apparatus 1, which used two induction coils 310 and 320
of different induction frequencies and the plasna torch 800, was perforned
as follows. [0072] In this exanple, as shown in Fig. 4, crucible 200 was

pl aced within the furnace vessel 100 whose internal pressure can be
~controlled and two |nduct|on c0|Is 310 and 320 mere arra o e above the

e
ot her ar ound®?#%& W%’ | ;)Z h t

tenperature contr ,fn °' AT e“ ‘fﬁ@ 5 %é%ﬁﬁ for t he
solidification of ,ngﬁgeonsdo ,csgwm@sh 5Bd Al & crucible
200, the verti cal rgqtdcpWasayioae kadbhe Mdil]c(kh\ dammsplabmngmeaehmtsﬁe support 400
vertically, was imsited daed f@mds thaéndsdtibn caid 10plssd & waspreosMe. Auahis| y pul | ed
downwar ds. [ 0073] w#% qoangcteritodhd iaduckanppive suppivtwiti 0@, maximugPupuhkiles sil i con

mass S, graphite H%é‘%d ‘égot’i\guc“‘?/(())esféeiqi‘%@t Slséﬁogﬁkfﬂzhehheﬁ ﬁndggg)egqﬂf the furnace
vessel . The graph 1tc€cr er.mag lCSh dﬁo as p%% dgﬁg %t elndua 0[9 I?& . | evel OT
i

(CD—(D:

—

the induction coi meéeambnp;?ebgdecgnuqdeh St iler kil Lial el ting
of the silicon mags 1BAdifbr WRSmIeRABCI kiR opfte tcs%ldsasbﬁfay&% dto accelerate
the heating of thesiiddogaateams. S. [0074] Further, a plasma torch 800 was

installed over the crucible 200 and pl asna j et heatl ng was carried out from
t he upper sil@e77bf Intorder weRMEIt Blgdmadge heagng fr ”(DIDVB pe?l‘ﬁ@e Qfﬂ‘@wﬂ%!e%{c?fbn normal to
the casting direc *Bﬁp'é?mat‘ﬁ h%‘?ol"faéﬁ?f‘“ﬁﬁ%%msdr % d;fé‘}?d its side

length is 51 cm E\%%S, Q'Ego en ﬁ%niisme;ﬁﬁf & 4he crucible

200 was al so squapghRe aﬁ@tthlQ@ﬁaé#oﬁ'@O y wh Cé;meand an outer
side length of 57mewd hImmgwmb@venQ iydi vi si ons or vertl cal electrical

i nsul ation of the crucible 200 was 84. That is, the crucible 200 was

di vi ded i nt ol0BZ] s Sepmenawtingaantedunelof tin grampisfis esdfoliows Egatieribe werhi@0 cm A

cool ant was ci rch%P‘eH“qorﬁ‘aY“tgsaﬁi f%ﬁ*?&Pd ‘}?f&frstse‘éﬁﬁl“?ﬁ“é'éo\ﬂﬂgo“i"ﬁ@@rted bet ween
the segments as aff GlREH 7 ¥ ‘?'e” Is‘éf’%gi" b\ QE};’?E’@?OHP"S‘E@ §"°f) ow vol une of

the cool ant used pRSTAR, efs'iffi'ifé‘fft‘éu& @rg QO e Gy o 13 [0076]

Furthernore, two !;lmdhlﬁztaémofqm M&d@h@@@éﬁ:@@@op@@ove t he
ot her. The induct#@n coil 310 pI aced on the upper side was 2 turns in a

square formwith an inner side length of 58 cmand a height of 15 cm and
connect ed t ol0ftH Nﬁdd@qﬁlﬁﬁ‘am%mw? pyedypwivardsdn s¥eixd waMiad it fput of 550 kW
TIRHYES IR e‘%"ﬁ hEP Y coi | 320

B aced on ¢ ﬁiti?@“%%&,é g é@fﬁ%ﬁ'@mw FETHIERDE sol 310 pl acec

on the upper si dethe tdbmd h1§onv\)@%§c@rﬁ ed WA WRLHORBAWEL Supply
with the maxi num gass@ithroQf th&Qddsﬁ%@e.@ 3t|d51end|3mduct| on frequency was set to 35
kHz. These two induction coils 310 and 320 were positioned at the centre of
the hei ght o0& ughdyl melZQES thasiBopmath? wks aseqiyeied byeapvetily rcehsied e 330 was

pl aced in bet Ween":‘ffplﬂ%d ?'??Hi‘i@?‘i’%ﬁﬁ%@iafm%@@“ |aa%w"eh0ftqﬁé0“a$f5ferth%| de and the

i nduction coil 328¢ ng}f-?g Z%';?a g Ihg Rip “‘ﬁ p'&W&f‘Z as BeeEye 8‘?‘1"&% erence of

le mperes and volt A maxim
thi s copper magnef;

tngoapmfrssm ﬁaiat ube. [0077]
I'n order to Carrym@kﬂn @rﬁ%ndaﬂlond@@@fésﬁgolsrmfém RduPREhaRIiFR@.Pf the nol ten
silicon Si, the phasmmed @ftﬁ&u;ﬁ)@&;d@aslmwmmeﬁ&mm;@d@ndﬁllﬂb@&hcmes ent power
supply of 100 kW tithe p @ akimem ol ¢tieerowsiut ofeomkWiasd 4 hexirawmochd terfing pl asma t or ch
800 was of a cyli MlrgcHPoGelpuerpprHieco diednustien ca¥f32d pagsapen ihe pwaegat i ve

el ectrode and theShol e torch were water cool ed and the plasma torch 800

the t t 078] Th
\(I)VSZI‘ at iengygﬁ)mgcaeé%%raturf %Xs%%np%fl or? h% s’hi/ %ig Ws:a: nalgvc;%L a\&%ﬁeik e 91 aphlet e

support 400 havi n%a@ge@%ﬁﬁt@?&@ﬁ%@al%ﬁ@@@%@bb @il tRO§ ity ér@nel hdkeslOWnWar d
direction and a skiftenlseaghbd 08 k§.Iunaenthsiramuiot &theqmsinb@t soarthé cal noti on
device 500 and is inserted in the crucible 200 in such a way that its top
surface levels with the | ower edge of the induction coil 320 placed on the
| ower side. Then, a silicon mass S of 110 kg was placed on the top surface
of the graphite support 400. [0079] Next, the plasma torch 800 was noved
downwards in such a way that its tip came near the silicon mass S. 250 L of
argon was injected into the plasm



torch 800 per mnute and direct current plasma was ignited between the

cat hode of the plasma torch 800 and the cathode of the nolten silicon Si.
After the plasma ignition was confirmed, voltage was applied and electric
current was passed through the induction coils 310 and 320. [0080] Then,
melting of the silicon mass S was accel4erated by gradual |y increasing the
~applied electric power after plasma ignition and application of voltage on
the induction coil was started. The output of the plasna jet was increased
up to the electric current of 7000 anperes and the voltage of 125 volt. A
maxi mum i nducti on frequency of 10 kHz, a naxrnuntrnductrve out put of 550 kVV

and a maxi mum coi | % gteof 380 vot vverea lied to the

i nduction coil 31@\«% g%)e condrtron@% olﬁgn%sﬂﬁjgm\;vnas ke tSP \%rﬂ? {ﬁgﬁ ﬁﬁjm I ndUCti on
frequency of 35 K coofd TRE ékycermg pQ

coil term nal vol &fmr@b}eia@fam {hs ARG ilicd o the i nductr on coil 320
placed on the |ower side. [0081] Terrperature |ncrease and nelting of the

si | i con massii®heeeratecieltiamatiedpraseds ofitee Wicén roor Snas sonPlgaiomd el t ed

conpletely. Sili c@n‘teﬁawoﬁﬁt'efrlmethewvés:iaf"aﬁtaﬁetf‘e t,eh‘a?f 'e@ CP@*@hﬁUtnhfeﬁ raw materi al
suppl y device 70089} ‘E”’Te Stliggn ‘r(ﬁﬁfi Wf"i"’t d V‘? N @S reached 180

"kg. Under the i rr%ﬁgéﬁ (Qlﬁ L e P er T apﬁ%x"ﬁﬁtf"t'en silicon S

t
whi ch had under gone i nduction ne |n t neancrucr bl e 200 was now i n stable

condi ti on andodsecssahd s sGitkd mmsomtdsmmtanra;m.owet.@ecgoo%tsrh the cool ed
cruci bl e 200 undeioldshie raditectifcomagyngd cantifuolistyefesi @adv didod Metediannigra wal | of the
cruci bl e 200 faci grgnuiatien randetod htosiOmimdio the Srucipig @8RfforVthe rrwinieteriaisiupihal el ti ng
process of the srrqvee@f%%gd @%’?‘ié@ﬁﬁ? 8% h%h‘ﬂe t’q‘i'e%;‘rf@ﬂ“t"e‘r‘ﬁ@\i F¥&kon S

mai ntained its sti rhte %‘\tf’g‘te&%’ V@)@ ' aRmiap ‘E;°§ §301° 19 BIOHBICR600 for t he

S fcon tngot, whi B N L RN

Increase Its tenparst o &t Asih R Rkta @l oAflE 66]:&#& siieEhEXWARIS Y 35C/ cmin
the downward dir emt inaittiveil BB picad trele 10jvO08B]Jandoasdijed theWasictat afidced by novi ng
downwar ds t he ver tranctab indutiorowil d2dvandded0 @ bedamehedtol ate wiabeotnpértcer silicon S
whi | e continuousl $idkeding raw silicon material with a gr anul ati on range of

lto 20mmto &4 el bm% ZOOafromthe rav%/W terr p% g vrace 700 pl aced
above the criidi*hi ga“g;gﬁﬁ ng‘élﬁ 1@%0@}’95%& P“%Oylfg G0"$¥4r t ed
downwar d rmverre tsidl :gt n'g Sp @d’Was Qrv}ﬁrm,; gkel than the
| ower edge of themﬂd&ﬁldhcﬁow&rbu@aﬂdtt ZQe of SRt a@%&@@&ﬂdﬁ&&rﬁé@el &i@e acting on
the nolten siliconcSe oflgesmadseghp@richaicly SEUKW jn cae0dfed irandios odilizao i ed t he

nol ten silicon S the fppet $idesant pprsoxirgdteir €60tkMéin sage oltbeinddfctienneil 828 dndi f i ed
silicon ingot was ‘hﬂé’&ﬁrsd% T'ien%iu“@? VOHRIR BPT aPpiMBlely Sl valtp itgaee ' 8\er si de and
rECE| Ved the IndU g ?onc %2% onthel Pgrr[;ﬁ%%na nﬂr@gl"‘ tﬁ]yé ((?)Youﬁ?qtﬁlaﬂi ence It
became red hot an i\% T U847 PRSP nuous
casting was carri ed ou vvherer n contr nuous supply of the raw mat eri al and
cont i nuous sjobasli Atee adoli@theihgd thet védslch g @stoiding @ thé Sdke Phaweedsi nul t aneousl y.
In this exanple, phedgastoytespertiravs inherduriave pihe erighid 200 wake i nducti on

power output at tHePeeipdrds fresyit. heepWeIaRa Fages Q/f/a@d&pftﬂf@mnﬁrﬁteehape&o kWin case
of plasma jet, apﬁf"Wﬂ?rr?ﬁ‘t‘aéP9”@%‘%5”%99?%“@&@%“%?5 hefpge- | nductr on coil 310 on

the upper S'[g@%g FoPPﬁé{Z?tt idﬁct%ﬁgfs%W$eQS\$ﬁt§ﬁescﬂcortr gaé; On coi | 320

on the | ower for St ol BT LU b AL 1BPHiORR o%tea s¥gl ts in case
of the induction geklspedkbaipRqidiesHapRediics fd6c una@ms%tbmatvn b¥ 470 volts in
case of the inducsdrate o df 13&0sqiaretingert anterthisineks. of AShitrogme@s st opped once

the total length u?rephearﬁmfgmth@ﬁtgﬂ(a@d eshpiaisctieglchlettell{ VOB 8Bieddut.er cool i ng
t he ingot that wasooc'sasettsﬁé'@é%ﬁf fﬁﬁhtvt‘fée'a’t%\%‘ Wﬁt‘ﬁeér‘fe&f" P%cedure to room

tenperature, the p resoaroel f gb?ﬁs %%fp‘{? r%’E:?fed As a
result, there wer st]m%g %é@( fﬂj Ch rn f %;g w t he i nner
surface of the cruﬁd@"es ggeosh sq t as efore rb her, for the
test production of solar ceIIs wth t e silicon ingots, substrates for

sol ar cells were memisfideppiicabilignd t he efficiency of the solar cells was
tested. More specifically, square-shaped silicon polycrystalline substrates
having a surface area of 15 cm square nmeters and a thickness of 200 m cron
meters




were prepared fromthe ingot and test production of solar cells was carried
out. 100 sheets of the substrate, which were taken out, were used for this
test production. The average value of the efficiency of photoelectric
conversion of the solar cells for 100 sheets was 15.2% It was confirnmed
fromthis exanple that the silicon ingmts manufactured according to this

i nvention could provide solar cells substrates of high quality. Industrial
Applicability 15 [0087] This invention can find applicability in the
silicon el ectromagnetic casting in which silicon mass is nolten by

i nduction heating to produce cast silicon nmass in order to produce high
quality silicon ingots to be used as silicon substrates for solar cells.

o Ll oL A" Ml il SONB SEGANRANGL) fichaoLdRA.ARRALAMS, | 10\ 10110 2
furnace vesggfé, mﬁwﬁ&f‘s‘ﬁl«! YL iChbl %ﬂéﬂnd e Ada i?ﬁo‘%&i eré‘gt icdnithAxace vessel
and an induction goikder & ®&RES hipgiaddy Is@ebnan@ene be hedidts@torcdubgtatgber ence of
the cruci bl e, whefoesomreelisonst ant pressure is maintained wwthin the furnace
vessel using a predetermned gas and a silicon in the crucible is nolten by
i nduction heating by applying voltage to the induction coil elenent and
thereafter is solidified, characterized in that the above nentioned

i nduction coil elenment conprises multiple coils of different induction
frequenci es arranged one above another. [Caim 2] The silicon

el ectromagneti c casting apparatus according to claim1l wherein nmultiple

i nduction coils of different induction frequencies are used and anong them
the coil placed on the |ower side is of high induction frequency.



The silicon el ectromagnetic casting apparatus according to claim1l or 2
wherein the induction frequency of the abovenentioned induction coil placed
25 - 30 kHz or nore. The silicon el ectronagnetic
casting apparatus according to any one of clains 1 - 3 wherein a magnetic
shield is installed in between the abag¢enenti oned nultiple induction coils

on the lower side is

of different induction frequencies.
apparatus according to any one of clains 1 -4 wherein the term nal

The silicon el ectromagnetic casting

vol t age

applied on each of the induction coils is 900 volts or less. The silicon
el ectromagneti c casting apparatus according to any one of claims 1 - 5

wherein the term na

any one of
above- nentig e&pﬁruc

é L3 @ira[ &
nolten silicon in th%ospéllalrﬁé@ itabd Brol, th@Q?férQ e )

[Claim 2]

[Claim 3]

[Claim 4]

[Claim 5]

[Claim 6]

[Claim 7]

vol t age appling qon each of the induction coils
volts or less. The silicon electro

QICOH <§ é;?ro élgﬁme c%gtrrrwg p r§us mc?ud: | fumaCﬁ vesse

dﬁdﬁ@

s 600

5H8¥ c castlng appar atus according to
i nst.al | ed ab ye t he

{Riliopn the

roubit@ensalod tHal @sdie, t or ch.

wherein a constant pressure is maintained within the furnace vessel using
a predetermined gas and a silicon in the crucible is molten by induction
heating by applying voltage to the induction coil element and thereafter is
solidified, characterized in that the above mentioned induction coil
element comprises multiple coils of different induction frequencies
arranged one above another.

The silicon electromagnetic casting apparatus according to claim 1
wherein multiple induction coils of different induction frequencies are used
and among them, the coil placed on the lower side is of high induction
frequency.

The silicon electromagnetic casting apparatus according to claim 1 or 2
wherein the induction frequency of the abovementioned induction colil
placed on the lower side is 25 - 30 kHz or more.

The silicon electromagnetic casting apparatus according to any one of
claims 1 - 3 wherein a magnetic shield is installed in between the
abovementioned multiple induction coils of different induction frequencies,

The silicon electromagnetic casting apparatus according to any one of
claims 1 - 4 wherein the terminal voltage applied on each of the induction
coils is 900 volts or less.

The silicon electromagnetic casting apparatus according to any one of
claims 1 - 5 wherein the terminal voltage applied on each of the induction
coils is 600 volts or less.

The silicon electromagnetic casting apparatus according to any one of
claims 1 - 6 wherein a plasma torch is installed above the above-
mentioned crucible and plasma jet heating is carried out on the molten
silicon in the crucible with the help of the said plasma torch.



