WD 2008/ 031229PCT/ CA2007/ 001646 1 PROCESS AND APPARATUS FOR PURI FYI NG
LOW GRADE SI LI CON MATERI AL FI ELD OF THE | NVENTI ON The present

i nventi on wemeesalsiazorel ates to the production of sili corCT/AAT087/001646
particularly, 5 the invention relates to a process and apparatus for
purifying lowgrade silicon material to.,obtain higher-grade silicon
for use in photovoltaic or electronic applications. BACKGROUND OF THE

(S1), each applIROEFes WP EARMTS B PRI NG LR RAPEE oM.

of the world production of netall urgigATE®RIADe silicon goes to the
steel and autonotive industries, where it is used as a crucial alloy
conponent. Metallurgical grade silicon is a silicon of |ow purity.
Typically, nmetallurgical grade silicon that is 15 about 98% pure
silicon is produced via the reaction between carbon (coal, charcoal,
pet coke) and silica (Si02) at a tenperature around 1700 Cin a
process knowiEBB Q@RiThid INFENTIONduction. A small portion of the

nmetal lurgical grade Si is diverted to the sem conductor industry 20
for use in the production of Si wafers, etc. However, the

sem conduct diheipnesestt inventougerarally falates tathe predusctibn ghsificon. Mare padicularly,
el ectronic grade si.licon, (EG Si) having approxi mately. a 99. 9999999%
our ty (o Heuivantion GFRIAS G Adotets 0 Rerale TuPYFBEd Py JASRRIson
this el ectr ordteriglr &dobtdiAVWVRIKPEr-gfdtR Rifichbh | AL 4 QN iﬁf?ﬁ@(@%lta?c edraBRiRbARic
resulting in the higher cost of "el ectronic grade silicon. WO

2008/ 031229RPERlicahi?087/ 001646 2 The photovol taic (PV) industry
requires silicon of a relatively high degree of purity for the

production of photovoltaic cells, i.e. solar cells. The purity

requi r ement WMnce in solar cell
applications are: boron (B) <3 ppm 5phosphorus (P) < 10 ppm total
metallic i m%uri ties <300 ppmand preferably < 150 ppm Al though the
degree of silhpERrepuany 9n¢ ¥efied arplisationteofsiisoo(Bi)t each appdastionwitly its own

| ess thf\@ tthicm‘artspgciﬁgéﬂo%gnduct or industry, an internedi ate grade
of silicon, "I. e. sorar grade’

Most of the world production of metallurgical grade silicon goes to the steel and
automotive industries, where it is used as a crucial alloy component. Metallurgical
grade silicon is a silicon of low purity. Typically, metallurgical grade silicon that is
15  about 98% pure silicon is produced via the{reaction between carbon (coal, charcoal,
pet coke) and silica (SiO,) at a temperature around 1700 °C in a process known as

carbothermal reduction.

A small portion of the metallurgical grade Si is diverted to the semiconductor industry
20 for use in the production of Si wafers, etc. However, the semiconductor industry
requires silicon of ultra-high purity, e.g. electronic grade silicon (EG-Si) having
approximately a 99.9999999% purity (9N). Metailurgical grade silicon must be
purified to produce this electronic grade. However, the purification process is

elaborate resuliting in the higher cost of electronic grade silicon.
25



10 (500-Si) silicon, with the necessary | ow boron and | ow phosphorus
content is not readily commercially available. One current

al t er nat i v&0i2808{031228e expensi ve ultra-high purity el ectRrOMCL200T/@A6
silicon; this yields solar cells with efficiencies close to the
theoretical Iimt but at a prohibitive ‘%ri ce. Another alternative is
to use |less expensive “scrap” or off-spécification supply of

el ectronic ilico om the sem conduct dustry. .
ovever . | miPBPBRIELSENPY) FRUSHY encires sace 2 g el Iidl dedieeatorriy or
decrease i n{dierodBeticHof ep%@:&ﬁ)dtaf&fceﬁé q@l 588F SellQ! ?H@ ﬁ%hig'réﬁmréﬂé’dté 8ldifeon
to the PV i ndustr over, parall'el growth of em conduct or

and phot ovofardiast padersmanmnmﬁrweﬁ@pphnatlons)araed to the general short
supply of el ectrgni ilicon. 20Several nethods of purifying

| ow grade sili coﬁ?'lc’%.@%dfﬁﬁ@i'l icon or netallurgical grade silicon,
are knows in thephsdphoss Ftemd pﬁp-pl i cation No. 2005/ 0074388

descri bes a nedi um pur?sy siligon t @ be used as a raw material for

maki ng el ect r oni ©WRITAFRHIG ‘%‘P“Bi‘ﬁﬁ 5voPPRM agd AreTerAbY £ i188MPARd 25 t he
process for making this material. The process involves the production

of a silicon wth a | ow boron content by carbothermal reduction of
silicain a/-'\ﬁhomgh@ediegrm:ofranmoamntweqamm byI'Hne phomnodtals:umciusdm[s lessthan

roduced is adl e fi.ned n or. chlorin
P e e or iR E e don Rt 3 et fibdite §948 %Y Bt g igkoride
reduced; pr esSeGSiVbilidor) QU ik rGRSssaty sk ibofon aﬁ@lldvheﬁowre@l cbifet & not
mould 30 placed in a furnace to solidify in a controlled fashion and

cause segr efRdiyroBMeraply ayaiEsls. rpﬁ%@iff%gﬁﬂ%@latw@ 5 use expensiveiuiraThigh
f the | I
on el ect 1o PN qeERIO Yrdty Gl iz yieie sSRRUBls WK hfi@fiflpl Hodeho' e
2008/ 031229 rEebr«lx2007it 6 0460 rdhibitivelpeicki Anofthesalkernatively tooxsedess expensive
t h t f t he .

oot SR iSRS e R T B
and t hugss commausty.t MowBlst, i mlenﬁ\ms i3 sfiédn Thip @F@hn&tﬁ%ﬂhé@é ré@éﬂféd Pea
the treatment of silicon with a slag to renove cal ci um(

al uni num (Aﬁ?cmﬁﬁuﬂthﬁ escrap reupain of @laddioniagsageisiienn a\@lla@emmemmdustry

descri bes agl fil

(rmagnesi a) and Alegd%J ?m? gm na)O?IttHc%gsrm tgé?lélgt%ag@) %It@\!ﬁl&r{gge{gnggﬁ%%?lso
No 4,534, 79tontekutedie she gererahshat supphnofeletirenicgrddansifdomg conpri si ng
5102 (silica), CaO (line), 10 MgO (nmagnesi a) and Al 203 (al um na),

Na20 CaF2, NaF, Sr0, BaO MF2, and K20. In the article

" Ther rm,@b'nasb@éafmétrroe%vahn@fngb@w?aaé Qﬁ&cﬂﬂé'rlaW@lc%ﬁ'or%‘léthmgBlcQV rade
flux treatnment of nolten silicon' Suzuki "and Sano publishe %ﬁ
proceedi ngssibgon, gee koewn Futhepwan phot ovol tai c sol ar energy conference
in Lisbon, Portugal, 8-12 April 15 1991, reroval of boron by flux or
slag treatnent is |nvest|gated It was found that treatnent of

silicon wi tUStH’ﬁeei Applatibe o, 20068002388 a@s diliesSh Bdika QuiaP sBté2to be

(LB Qe nGia 7 oM FafsriR T tOaRng SR ALY SEPhokevaBiaUigiioon and
si |i coms of thahpbdesd & M’Bﬁﬁg&tﬂ@nﬁté‘ﬁhlsﬁé m&e&ﬁe@ﬁéﬂr%{we ctibieft a sfifon

illustrated in Figure 1, further ound 20 t oron
di stributi oWth@é@W pefasmontenthyasesotne mmelireductian iofi giliad ked submgrgeid dlbaric

| ag, h h t
Supiki " and G2 (BmBRE, THEVAN ShSBR niR U BaRER s PRARRIR A AT ds et g
of slag i n exygeamrichiorimeucsinyg e, graﬁh"te P, tpeecedi orider & Bald hisesipg Radt theated
hours. The low distribution coefficient of

m xture nolten for t
boron bet vve‘érﬁpeélr%“ PregpuEwih neutial gasainiectinnt and Meghpowedriaiona msuld
sl ag hagp t pibged'5ed f@ﬂciacteh@t séiiaﬁy%%gcéﬁtﬁ%ﬁ%&hﬁﬁsarg& Qfsz%ggg%bﬁﬁor?of

nunber of tines in order to bring the boron content
impurities in the residual liquid. The refining of the liquid silicon by oxygen injection

cannot take place safely in an electric arc furnace. As such, the refining procedure



WO 2008/ 031229PCT/ CA2007/ 001646 4 zone nelting of silicon, it has
been known that silicon may be purified of boron by nelting silicon
in a flow o0 msmsaleby oxidi zing gas m xture of Ar-H2- HZBCHCEeTighe46
patent FR 1469486 describes such a nethod. 5 European patent EP 0 756
014 describes a nethod of snelting al um3num and renmai nders cont ai ni ng
alumnumin a rotary drum furnace having an oxy-fuel burner in order

to reduce the,vol u ste ses roduced n i O onten
her sof - 100 el ian By R TR R T Cies fedrdrsfer e g 80 form
furnace equitR@esnité o anlaele/ -adﬁjmij addifioved] préﬂmvgfepsltb tAe roed3r ame &ius
seriously considered nor experlnented to melt silicon in a furnace

usi ng an oxMﬂiﬂ#leMurner 15 Al though efforts have been nmade to

devel op nethods for purifying | ow grade or netallurgical grade

silicon, there is still a need for a practical and cost-efficient

nmet hod fer B PREMANdsOB, 8182 and i40584,1091 desaldeuthgi trsrtmentidiesibicdn witim a

to obtain hi her- rade s Lic for use.in tovoltaic or elect |
appl | cat | onSE06 "SURNRRTIGHEN T T AR RS Bp iR in PRy U dtent
invention igda 83F1087216e§crlf!fe@.cﬁﬁﬁn Qrsla@%érWhQSg &bl (é?lfba? h@ho (lime), M?O
satisfies the above-nenti oned needs. I n accordance w one aspec

of the presdémeghesiahandhl.Os fRuminag tpmelierisidcen meta asd U aentiie ﬂﬁ;ﬂﬂ@

ot of a1 - RSB RE o AR Aok YP NSO KiR=) G2 timg)

appar at us eqg®padgnedid) st AXD; Q‘allﬂhlnb}mnao,, Cafig NdM)Sr@eBaOnigFacand K,O.
| ow-purity silicon material in the nelting apparatus and obtaining a
melt of higher-purity silicon material. WO

2008/ 031229 *ﬁﬁH a8 7’?’9&%?02{75# sSTbEFRR VAL of ﬁ&ﬁ%}ﬁéﬁ%ﬁﬁ%&%ﬁ&r% y flux

step (a) |nclu es a rotar rum furnace.
| ow-purity diealroent Qfm%ﬂenawhcon“ b BUZLK ammtjaaqmpabléams! imtne poceedingmie the

mol t1ng of SORREvRpeRaprBIPLAE SoB ehAy RN e ndsbars FRstgRh B Pl

fuel ratbo i1991 henicvagef Béi@ﬂi\ﬂyﬂui@rﬁaétreatmentTQ‘ﬁ'\\@%h 4ted. Riwad RDnd at
i

may i ncl ude mel ti ng .t he Iow-ﬁ)_@rlty silicon_materi

10t enper at uﬁ@ame"!tﬁés' "é?fg‘@'“? RagsyseMsCa?0tOc. Ca@tMQ@f’d@h&ﬁQ BafepiO2
(b) may inchyde fSldiarg sos yatd'saximlirtdistribution coefficient of boron (Ls), defined
as the ratio between ppmw B in slag and ppmw B in silicon, of about 2.0 when the
slag system Ca0O-Ba0-SiO; was used. As illustrated in Figure 1, it was further found
20 thatthe boron distribution coefficient increases with increasing alkalinity of the slag,
reaches a maximum and then decreases. The experiments made by Suzuki and
Sano were carried out by placing 10 g of silicon and 10 g of slag in a graphite
crucible, melting the mixture and keeping the mixture molten for two hours. The low
distribution coefficient of boron between slag and molten silicon means that a high
25 amount of slag has to be used and that the slag treatment has to be repeated a
number of times in order to bring the boron content from 20-100 ppm, which is the
normal boron content of metallurgical silicon, down to below 1 ppm, which is the
required boron content for solar grade silicon. The process described in the article of
Sano and Suzuki is thus both very costly and time consuming.
30
Methods relying on the vaporization of suboxides have also been proposed for
removing boron from silicon. Indeed, since 1956, when Theurer reported his work on



The melting of step (b) may conprise collecting silica funes produced
during the 15nelting of the lowpurity silicon material. The process
may furthewozagdoitge9a step of: (c) separating the nelt RET/CA2007/001646

hi gher-purity silicon material froma slag. 20The separating of the
melt preferably includes outpouring the nelt into a nmould having an

i nsul ated bottomwall, insulated side wdlls, and an open top.

According to one enbodi nent of the present invention, the process may
further inclzege meitingpbplcar, it PE bgersionowm that sdiconenayebe pofified of boron by

the opent ope Bl P85 TESFAE bt e B CARE SR ae SR e HRP < Foen
el ect r omagngiataralFARy 1469486 dekctibes st a niethogontrolling a rate of the

unidirectional solidification; (f) stopping the unidirectional
solidification when the nelt has partially solidified to 30 produce

an 1 ngot shadigheih Rfefit IEP 096! 14 ABREARISNG AlethBl! & HALNREALAIGnd
silicon having a pufity higher than the higher-purity srliiton
mat eri al anderaaindntserontaining simgnuamini amptary dyura fumabe Hating andxgifléibamer

and WD 2008/ 031229PCT/ 007/ 001646 6 creating a ening in
The exteri offt STEO GrA4eaTEME Sl JraYs SR enBratsaN . BRrTaids ontent
l'iquid siliegstegnd | eave behind the exterior shell thereby obtaining

a solid polycrystalline silicon having a purity higher than the
hi gher-purity silicon material. 5 According to another enbodi nent of

t he presgnt ' . ' t st eps. of ;
(d Sol £t r4ySHER ka0 G, BFEPstEBn bR, Scfori iR &1 ony-
uni di rect i offigdl baotardi ficati on while el ectromagnetically stirring the
melt and obtaining a solid ingot; (e) controlling a rate of the
unidirectional solidification; and 10(f) separating a first portion

of the soli gy, o | o ' ' ' '
ol i di 1 ed bSrara {iETeRel 8FEH SR icns drad 1 <obp e ok gédtin
t han the renadimiang usimgtarooxy-fuslibumet.ai ning a solid pol ycrystalline
silicon ~It;avi ng a purity higher than the higher-purity silicon

mat er i aJr. 151 n accordance with anot her aspect of the invention, there
i's provi dedAghowsh efforts hat@meedriags w6 AacsiopGHEPBAS fof pilifpMgasw-drd8t or
burner for neltin a\nd purifying a |ower purity silicon material™ and

t her eby obt Hietlngdiealgrgre rsilision; ?’W@ilﬁi%‘&rﬁ ree@ferap practical and cost-efficient
accordance w : rd i i o i.de,

Tt of 20n SR REpRHIIRGEad st dMERhBRal SABESHEBARS lllfiiofer
process desgradesilicabdorusd im Futorakaince eledttordnadplieatiospect of the
invention, there is provided silica funmes obtained according to the
process descri bed above. 25l n accordance with yet another aspect of

t he i nvzht i SMMARYOF SHE INVENTIQN sol i d

An object of the present invention is to provide a process for purifying silicon that
satisfies the above-mentioned needs.

In accordance with one aspect of the present invention, there is provided a process
25  for purifying low-purity silicon material and obtaining a higher-purity silicon material.
The process includes the steps of:
(a) providing a melting apparatus equipped with an oxy-fuel burner: and
(b) melting the low-purity silicon material in the melting apparatus and obtaining a
melt of higher-purity silicon material.
30



pol ycrystalline silicon obtained according to enbodi nents of the
process described above. Wiile the invention will be described in
conj unct i owomoesdn3eRanpl e enbodi nents, it will 30 be undeCBC&9A7/A00GH
it is not intended to limt the scope of the invention to such
enbodi mrents. On the contrary, it is intended to cover al
alternatives, nodifications and equival ents as nmay be included as

defi ned by e presepnt description. Th .

2008/ oslzzggﬁfﬁ%@bggwﬁ_@%a PR L@c?fss?%&)a?ﬁ%e@sa anvoAwer fureagar es
of the present invention will becone nore apparent and be better

under st ood upon reading of the follow ng non-restrictive description
of the inve hﬁ'cm?fttgg\ﬁé?thwlcawmuatyewmwematerlahm Hecoeingyanparaitawnayg sccur

di st 1 but ol "N PAEHD seret mevAtpny e B Mlad o
CaO CaF25Si 02 sl ag system [ Suzuki et al (1990) - Prior Art]. Figure 2

is a cross-gsectional view of a nelting apparatus equipped with an
oxy- fuel burlR&Melingeiktag (Rlananichdssettingran eivdenaptesalyraligas dusliratip in

Figure 3 isya @n?@'?rd?rf] 1enfhehpy versus tenperature for el emental
silicon [Prior Art]. Figure 4 is a graph of flanme tenperature versus

oxi di zi ng- agent content of burner fuel. Figure 5 is a graph of

oxy-fuel co st pr.o, t,distribution function of oxygen .
content of @g%%@ﬁg of ﬁgﬁdﬁfﬁ% |”§mges'@ﬁgﬁﬂﬁﬁheq8\”%r% S&'ﬁBW'ﬂ@teﬁﬂl at a
out pourimg e§mperRlré iPthesidne Fronas €0 Peko 2806 Pm a rotary drum
furnace into a nould according to one enbodi nent of the present

invention. Figure 7 is a schematic drawing of a nelt of silicon

under goi n L al j Ldificatl it | ectromagneti c

stirr ?ng ?nl‘ﬂ%%tﬂgﬁ g?%gbé%ﬂr'\]la? 6'?)(5'%‘;%%%4?"‘% SggﬁlEﬁEEB%DE%CRI PTI ON OF

THE | NVENTI ON As nentioned the present invention relates to the
urification of |owgrade silicon materi t o obtain higher-grade

T cont o THS e S6PAB 4 e ol aWipe Fumes GHMuCAG Uring the
2008/ 031229ehingAARd [dHLBEAR Shid¥Rreateraci fically, in accordance with

one aspect of the present invention, there is provided a process for
purifying lowpurity silicon nmaterial and obtaining a higher-purity

silicon mateyfi i I h rocess.i ncludes the steps of (a)
provi di ng aﬁr%?hcﬁggi?)aég@ﬁﬁg}nézgﬁfgpap%tﬁg\ﬂfth an oxy-fuel burner, and
(b) nelting(d) beparavingthie MeltasfibidreppurBt sildodl materithgormed §lkR9 appar at us

and obtaining a nelt of higher-purity silicon material. These steps
wi |l be discussed nore fully hereinafter. (a) Providing a nelting

appar atis et BBE&Fathg 'brafe St bHtbraBl Mludes outpouring the melt into a mould

having an insulated bottom wall, insulated side walls, and an open top.

According to one embodiment of the present invention, the process may further
include the steps of:

25  (d) solidifying the melt of higher-purity silicon material by unidirectional solidification
from the open top towards the insulated bottom wall of the mould while
electromagnetically stirring the mel;

(e) controliing a rate of the unidirectional solidification:
(f) stopping the unidirectional solidification when the melt has partially solidified to

30 produce an ingot having an exterior shell comprising a solid polycrystalline silicon
having a purity higher than the higher-purity silicon material and a center comprising
an impurity-enriched liquid silicon; and



To start, the expression "nelting apparatus” refers to any encl osure
that gives off heat, and includes a device that produces heat such as
a furnace. WA2008318% pr essi on 10connotes, a "nelting appBEHEAANTHRE644NyY
apparatus that may be used to nelt material. Any appropriate nelting
apparatus equi pped with an oxy-fuel burner may be provided. One such
exanple, shown in Figure 2, is a rotary drum furnace 10 equi pped wth

an oxy-fuel : ; :

typically hag}lgré%rgpégic @%ﬁﬂ?ﬁ?ﬁﬂé’%ﬁh‘ﬁ?é@ﬁﬁ %E)s{?%t'ﬁ?anage caused"B@umy'
hi gh t enper adrinicheatiquidasilicoataxidniebeabehitt Hiss extesiopsies!! hkreby obtaining a solid
appropriate nelting appar atus include an inductjon_furnace or

el ectric ar PHNAYHEEN@glicepbaving aPuty Bigbet ihendhe sigher-puritysilicearmaterial.

provi ding a desired oxidizing atnmosphere. 20 According to the

enbodi ment shown in Figure 2, the rotary drum furnace 10 has a

rot at i ng ScylAcudrdingito anather @mbodient df thie présent diventionlthepfecesaceaylfrther
there is di 5{1) sed an o entng 16 provided with a door 14 through which

t he Iovv-purl @ c%ﬁ Yterial 22 may be | oaded into the rotary drum

furnace 10. (Ehﬁolﬂﬁﬂdglﬁga BleltldT @ighet-putB silitBK nikRefaby Lﬁﬁ’dlﬁé&loHél's'@leﬁcatlon
| oadi ng device, for exanple a conveyor belt system During

mel ting of thileleectimagnetisally srngthemelandidhainipgra &Qildllﬁgfsfeal ed

cl osed so a t t he rotary
drum furnac elrgqrﬂl'rgﬁ}ﬁ%[# \g?ﬂtugwgfrréﬁ%hgmdélﬂ ﬂcgﬁérg 4;-@9,[ he door

The oxyibuel(f) mepaeting2a diestegatiers of the sokd ¥Fot Iﬂr@tm exrte@ﬁuiﬁmbq:ﬂomdiﬁ Othtah‘ﬁ?st
rotary drumf t nace. 10. V\é}st roduced during, nmelting exit

g} gaseﬁ
t hrough a ch® ai”ingp?‘%'\q gdpsieredhe P'”S?O”R%W'ﬁ@|eﬁ§'mlﬁ€@'e§BWan

collect 30 t

haste gas ool e S AT She R RS R R 1 ¢ Ry
rotary drumhighengan the highertrsity slieoromatériabl burner 12, the chi mey
17, the canopy 19 and the exhaust duct 18 renmmin fixed. O course,
nuner ous configurations of the rotary drum furnace are possible, for

exanpl e15t hén axyertiante ithramotAdr agpechoF tHEarﬁEﬁmﬂ’ﬁetEleﬂenlst;ﬁ'I’évﬂ@Qra tée of a
and nay rotate alﬁ?ﬁgiwth the rotary 5 drum furnace 10. The neltin

appar at us nméSfepue UrnAee ﬁﬁé'pﬁegé’fi}lrhﬁl‘ Xyl Puinemfos neelfing Agd suiiiing a
for tapping f

enbodi nment édfv?églﬁggtiﬁgbd@?@{ér?l gbﬂﬁ&%ﬂg% ﬁﬁrﬁié Hoq% ar fﬂl ”H]gn“ ounrrrr]\g'(f:enal
10 opposite the door the rotary drum furnace 10 includes two tap

hol es vvlth spout s, 24. Th hol e be .10se

closed with ﬁ“%s%%ﬁgﬂaﬁéwﬁz%n%fr et o e sty thas is aRoviEwa mett of
and obt 2 ni highar-petity siifcohirgheriapstithingd Sictbrenty ﬁ&hébré’ées’s%@%é& ¥bove.
silicon material is |oaded into the nelting apparatus, rotary

drum furnace, using a |oading device, for exanple a conveyor bel t
system 15 Hhgddpuy tarial

Sys L em o e r#%‘ér\fvfé%aﬁgmglﬁ‘%@ gacﬁth\?ln@%%%%% i3 F%Q\\I/Idgﬁgll& fis
Cr, Cu, Fe, oktained adegrding o tte, prdaesNilescRpe®apbo®h, Sc, Sn, Sr, Ti, V,
Zn, Zr, 0, C, and B. It may be a | owgrade silicon material such as
netallurgical grade silicon, silicon crusher dust, silicon

hand- pi K edin28cdordancd wih y@ﬂdnbﬁﬁﬁla@déétsof%@tlméﬁtlﬂﬁ ’Eﬂéré @groddbot Q%oud
case of silicon crusher dust, it is preferable to pelletize the d

before | oadPﬂy;CW?faﬂ'H?é"lCﬁe optained aceasdiag te smbpdirdentaef tesproogss descrlbed
expl osi on agghjdhe contanmination by the silicon crusher dust of the
hi gher-purity silica fumes produced during the melting thereof, and
to increase the thernmal transfer of the burner flane and the recovery

f | t b th ili h
Gust i ¢ <BIE R PRl Pedheatss boitndrith axgaemte cbpdisssts. g
sugar s,3d i nge ahdemyocdt treit |tblsnnd¢tn|ﬁté1db§ttaﬂ%t tHeesEdPe oftHd iRentibd BPYLch

baki ng. WD 2008/ 031229PCT/ CA2007/ 001646
embodiments. On the contrary, it is mtended to cover all alternatives, modifications

and equivalents as may be included as defined by the present description. The



material is preferably carried out at a tenperature in the range from
about 1410C to 1700C. Theoretically, the energy demand to nelt

silicon anfOPM¥8§1328s tenperature to 1500C i s 88.6 kJ/ niffl/CaOF001646

kil oJoul e per nole) or 0.876 MMWr/m (MegaWatt. Hour per netric

tonne), as illustrated in Figure 3. To facilitate the 5 nelting, the

furnace may be preheated to the desired tenperature and then | oaded

W th the | ovsbpatts, tabvahtdgesrandpsttet fRlaturb®of HeeresthEnt Ot come more
silicon material is preferably nelted at a tenperature between 1410C

and 1500C t @ppeEntmndabe heliep sndprterd Uppm geatitn 0é de &oltomdng ppgaastrictive
Cont of 1 g L . .
A though an Seerinion Shing ERRORICLEY wih FEhcREL TG BbodRbaNiid ek

flame tenperature that is high enough to nelt silicon, in fact, the

| arge quant igyepf pp! Wﬁﬂbﬂl'bl—l' Eaﬁﬁ Wﬁ'sé enoves a | ot of energy
fromthe flmwl%éﬁe—m-mri&ne—aen-pmture reached is nore
realistically around 1200C. An oxy-fuel burner supplants the
inefficient . i ' ' ini ' 0 i .
nto theor | Gitoteds o BRah oA syl <Bpirkd Biticial W GrEiFRtetgera
an oxy-fuel CuO-08IF,iHOsRY dysihie[Sufuknet A1q1 9g0)a\Priggchly an air-fuel
burner, as can be seen in Figure 4. The nmaxi mum fl ame tenperature of

t he oxy-fuel burner is reached with approxinmately a 2:1 oxygen to
natural gas 9 3 i, i : i | JA G,
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atmosphere. material. These steps will be discussed more fully hereinafter.

(a} Providing a melting apparatus equipped with an oxy-fuel burner

To start, the expression “melting apparatus” refers to any enclosure that gives off
heat, and includes a device that produces heat such as a furnace. As the expression

10  connotes, a "melting apparatus” is any apparatus that may be used to melt material.

Any appropriate melting apparatus equipped with an oxy-fuel burner may be
provided. One such example, shown in Figure 2, is a rotary drum furnace 10
equipped with an oxy-fuel burner 12. Advantageously, a rotary drum furnace
15  typically has a refractory lining which can resist damage caused by high temperature
and can retain heat. Other examples of an appropriate melting apparatus include an
induction furnace or electric arc furnace equipped with an additional oxy-fuel burner

providing a desired oxidizing atmosphere.

20 According to the embodiment shown in Figure 2, the rotary drum furnace 10 has a
rotating cylindrical body. At one end of the rotary drum furnace 10, there is disposed
an opening 16 provided with a door 14 through which the low-purity silicon material
22 may be loaded into the rotary drum furnace 10. The loading of the material may
be carried out using a loading device, for example a conveyor belt system. During

25 meiting of the low-purity silicon material, the door 14 is sealed closed so as to
prevent unwanted air from infiltrating the rotary drum furnace 10. An oxy-fuel burner
12 is disposed in the door 14.  The oxy-fuel burner 12 generates a flame 13 that
extends far into the rotary drum furnace 10. Waste gases produced during melting
exit through a chimney 17 provided in the door 14. A canopy 19 is used to collect

30 and direct the waste gases through an exhaust duct 18 to a waste gas collector 20.



By substituting equation 1 into equation .2 and rearranging, the
final boron content of the silicon material having undergone the slag
treat ment WO 0¥BiXPned: 15 [Bisate = MSBle ' Pk Sale |RCKECAOT/ 646
stag MsBle Mslag LB (equation 3) Using a conventional
purification process (one which does not,include the use of a rotary
drum furnace equi pped with an oxy-fuel burner) and slag treatnent

Yo reach: equ P TLYBIRERY HuhEBrBRAEI0 RuatS; e oRLMA blffich “RuPeBnine) ¥ e
decr eases fro@ﬁn;i@ Torand ahe. dxhzuetv.ducB=18 . rémain [f&b&l MeOF cb@r@%merous

25[ B] si a prw nmsine = 5 nt Ml a 5n 5m prmwv+5nt
4. [1me ?damn&tﬁﬁ{'on%ﬁi the motafygirago @W@WS@QO&T@@@M tEe oxy-fiel

However, copgi r1'2ntga§1| 6t ?Eﬁ%g%e& d‘l fh%%omh%{n %)E gqt%t% aﬁ#%m@@?l&%?otary

| ar ge amount ot s ag used in order (

content Bn tdlnwns'uﬂruaceﬁOrraterl al. A large amount of energy is needed
to nmelt the slag. In addition, the molten slag may not be easily
mani pul ated and may not be easily separated fromthe purified nolten

5si | i con natTéeinditing\apsaratys may ngﬂTaDmCdi#ﬂe' atep hald :?u:r%;rvaﬁtmtﬂiiglt@ ?ﬁﬁlf for
t ify th | ] n terial ,i,s not efficient 0 be suitable for
ugepggl sgl ard e@’rs“éﬂj %SPP{TB matgrial h%? Wncéﬁf%rrﬁ’f@é@ thenembediptasd ok Figuee A at

the other end of the rotary drum furnace 10 opposite the door 14, the rotary drum
furnace 10 includes two tap holes with two tapping spouts 24. The tap holes may be

10 sealed closed with carbon paste 25.

b) Melting low-purity silicon material and obtaining a melt of higher-purity

silicon material

lLow-purity silicon material is loaded into the melting apparatus, e.g. rotary drum
furnace, using a loading device, for example a conveyor belt system.

15
The low-purity silicon material may contain any one or any combination of the
following elements: Al, As, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, K, La, Mg, Mn, Mo, Na, Ni,
P, Pb, Sb, Sc, Sn, Sr, Ti, V, Zn, Zr, O, C, and B. It may be a low-grade silicon
material such as metallurgical grade silicon, silicon crusher dust, silicon hand-picked

20  from slag, and remainders containing silicon. In the case of silicon crusher dust, it is
preferable to pelletize the dust before leading it into the furnace so as to avoid the
risk of explosion and the contamination by the silicon crusher dust of the higher-
purity silica fumes produced during the melting thereof, and to increase the thermal
transfer of the burner flame and the reccvery of silicon. Such pellets can be made by

25 mixing the silicon crusher dust with sodium silicate (liquid glass), lignin liquor,
molasses or sugars, lime or any other binding substance (resin), with or without

baking.

Elemental silicon melts at around 1410°C. As such, a very high temperature is
30 needed to melt the low-purity silicon material. Melting of the low-purity silicon
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material obtained.
190
Although an air-fuel burner is theoretically capable of providing a flame temperature
that is high enough to melt silicon, in fact, the large quantity of nitrogen in the air-fuel
removes a lot of energy from the flame and the maximum flame temperature reached
is more realistically around 1200°C. An oxy-fuel burner supplants the inefficient
15 nitrogen in air by injecting pure oxygen directly into the flame (oxy-fuel). The
maximum flame temperature provided by an oxy-fuel burner is much higher than that
provided by an air-fuel burner, as can be seen in Figure 4. The maximum flame
temperature of the oxy-fuel burner is reached with approximately a 2:1 oxygen to
natural gas flow.
20
The present method may be used to purify liquid silicon of at least one of Ca, Al, Mg,
Na, K, Sr, Ba, Zn, C, O and B by changing the oxygen to fuel ratio accordingly to
provide an oxidizing atmosphere.

25  As expiained in the background of the present invention, it is known in the art that
silicon may be purified of boron by melting the silicon in a flow of a weakly oxidizing
gas mixture of Ar-Hx-H;O. Therefore, to remove boron from the low-purity silicon
material, the melting of the low-purity silicon material in the melting apparatus (e.g.
rotary drum furnace) is carried out under an oxidizing atmosphere. In the present

30 invention, the oxy-fuel burner allows to change relatively easily the natural gas to
oxygen ratio to provide an oxidizing atmosphere, be it anywhere from weakly to
strongly oxidizing, through the combustion gases produced, which may include H;0,
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Ha, Oz, CO and CO; (see Figure 5). In fact, to provide an oxidizing atmosphere for
purifying the silicon material of boron, a mixture of oxygen to natural gas in the range
from 1:1 to 4:1, preferably in the range from 1.5:1 and 2.85:1 so as to also optimize
the flame temperature, may be selected. The safe, controlled and relatively simple
manner of providing the oxidizing atmosphere using a rotary drum furnace equipped
with an oxy-fuel burner is yet another advantage of the present invention over the

prior art.

To enhance the purification of the low-purity silicon material, the melt may also
undergo slag treatment. A synthetic slag may be added to the melt to change the
chemistry of the melt and purify the melt of specific elements. Numerous slag
recipes are known in the art. For example, a synthetic slag that includes SiO,, AlLOs,
Ca0, CaCOg3, Nay0, Na,CO3, CaF, NaF, MgO, MgCQ3, Sr0O, BaO, MgF,, or K>0, or
any combination thereof may be added to the molten silicon to remove Al, Ba, Ca, K,
Mg, Na, Sr, Zn, C, or B, or any combination thereof from the melt.

The efficiency of slag extraction may be estimated using simplified theoretical
arguments. The efficiency of the purification of boron using the slag treatment
process where equilibrium is obtained between slag and silicon is given by the
distribution coefficient of boron (Lg), defined as the ratio between the concentration
of B in slag and the concentration of B in the final silicon material:

(B
Ly =35 equation 1
’ [B]SMI:: ( q )
nTSJML' ‘ [B ]D Siffe + ni.\‘fug : [‘B ]o.\'fag = fnSr'Ma ' [B ]SJ’MI: + "I.\'n'ag : [B].\'Iag (equat’on 2)

where
[B)°sime = initial boron content of the silicon material {(ppmw)
[Bl°sisg = initial boron content of the slag (ppmw)
[Blsme = final boron content of the silicon material (ppmw)
[Blsag = final boron content of the slag (ppmw)

Msime = mass of silicon (kg)
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Mslag = mass of slag (kg)

and
ppmw = parts per millicn by weight
kg = kilogram.

The establishment of equilibrium between slag and silicon is rapid at the interface.
Advantageously, the rotary movement of a rotary drum furnace generates new
surfaces favourable for the rapid establishment of chemical equilibrium. Unlike a
stationary furnace, the rotary movement of the rotary drum furnace continually

exposes new surfaces of the molten material to the slag and the oxidizing

atmosphere.

By substituting equation 1 into equation 2 and rearranging, the final boron content of

the silicon material having undergone the slag treatment is determined:

Y7 "B hidfe .\'a’.B sl .
[B]Smte - Do r[n ]UW_:_ r: el &L [ ]D 0 (equation 3)
Sikfe B

slag )

Using a conventionatl purification process (one which does not include the use of a
rotary drum furnace equipped with an oxy-fuel burner) and slag treatment where the
slag and silicon material under purification are allowed to reach equilibrium, the

boron content in the silicon material decreases from 10 ppmw to 4.1 ppmw:

Lg = 17
[BYsive = 10 ppmw
(Bl’stag = 1 ppmw
Mgime = Smt
Mslag = Smt

[B] _ Smt - 10ppmw + Smt -1 ppmw

e T =4.1
o Smt+5Smt-1.7 ppmy
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However, considering the mass of silicon material to be purified, a large amount of
slag has to be used in order to obtain a low boron content in the silicon material. A
large amount of energy is needed to melt the slag. In addition, the molten slag may
not be easily manipulated and may not be easily separated from the purified molten
silicon material. As such, using conventional slag treatment alone to purify the

silicon material is not efficient.

To be suitable for use as solar grade silicon, the boron content of the freated silicon
should be iess than 3 ppmw. In order to reduce the boron content in the low-purity
silicon material to an acceptable low level, it is necessary to use a slag that has low

boron content (e.g. a boron content less than 1 ppmw).

There are also strict requirements as to phosphorous content of solar grade silicon
material. If the slag (for example, a calcium-silicate-based slag) used to remove
boron from the iow-purity silicon material contains too much phosphorous, the
phosphorous content of silicon can be increased during slag treatment. It is thus
important to use a slag that also has a low phosphorous content (e.g. a phosphorous

content less than 4 ppmw P).
The following are two examples of synthetic slag recipes:

Treatment 1 (first mell/ impurity extraction):

Grounded quartz (Si0O,): 700 kg/mt Si
Quick lime (CaO): - 150 kg/mt Si
Soda ash (NaxCO3 — NayO + CO,):; 256 kg/mt Si

Treatment 2 (second melt / impurity extraction):
Grounded quartz (SiO,): 800 kg/mt Si
Soda ash (Na;C0O3; — NapO + COy): 342 kg/mt Si

With reference to Table 1, which shows the chemical composition of a plurality of
synthetic slag components, a synthetic slag made of pulverized quartz and soda ash
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TABLE 1: Chemical composition of synthetic slag components

Quartz Quick lime Soda Ash

Element (Si0y) (Ca0) (Na,CO;}
{ppmw) (ppmw) {(ppmw)

Al 1046 2098 20
As <1 8 <9
Ba 2 22 2
Bi 2 19 <1
Ca 16 668700 66
Cd <1 <1 <1
Co <1 2 <1
Cr <1 4 <1
Cu <1 12 <1
Fe 55 1432 22
La <1 2 <1
Mg 24 3157 21
Mn <1 55 <1
Mo <1 <1 <1
Na 20 170 433800
N <1 4 <1
P <1 37 3
Pb <1 6 <1
Sb 7 25 <1
Sc <1 2 <1
Sn 2 2 <1
Sr <1 286 <1
Ti 6 125 <1
14 <1 22 <1
Zn 2 15 <
Zr <1 20 <1
B <1 14 2
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during nmelting of the lowpurity silicon material as the materi al
undergoes 5 treatnment. These funes pr ovﬂsde a source of high-purity
silica and may be recovered and collect'ed during the nelting of the
| ow-purity silicon material. Exanples The following non-limting
exanples illustrate steps (a) through (b) of the present invention.
These exanples and the invention will be better understood with
reference 10to t he acconpanyi ng figures. Exarq?,l e .1 .
With the process of the preSent invention, a significant volume of silica fumes can be
generated during melting of the low-purity silicon material as the material undergoes
5 treatment. These fumes provide a source of high-purity silica and may be recovered

and collected during the melting of the low-purity silicon material.
Examples

The following non-limiting examples illustrate steps (a) through (b) of the present
invention. These examples and the invention will be better understood with reference

10  to the'accompanying figures.
Example 1

An experiment according to the process of the present invention for purifying low-

purity silicon material was conducted.

15  Arotary drum furnace having a capacity of about 14 000 Ibs (1 Ibs = 453.6 grams) of
liquid aluminum and equipped with an oxy-fuel burner which burns a fuel comprising
natural gas and pure oxygen and which provides a power of 8 000 000 BTU/hr
(BTU/hr = British Thermal Unit per hour) was used.

20 The process included the steps of:
1) preheating the furnace for 3 hours at high fire;
2) melting 2.5 mt of low grade silicon (hand picked to increase the silicon
content) in 3.5 hours at high fire under an oxidizing atmosphere with an
oxygen gas to natural gas fuel ration of approximately 2:1;
25 3) tapping of the rotary drum furnace at low fire to outpour the liquid silicon;

4) cleaning the rotary drum furnace to remove the slag left behind.
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calcium, carbon and oxygen impurities from silicon.

TABLE 2: Chemical analysis of the silicon material before and after

purification treatment

Before After
Element treatment treatment
(%) (%)

Al 0.964 0.065
Ca 0.825 0.005
Cr 0.003 0.003
Cu 0.006 0.0086
Fe 0.603 0.610
Mn 0.012 0.012
Ni 0.001 0.001
Ti 0.053 0.052
% 0.002 0.002
c 0.268 0.008
o) 3.435 <0.005

15
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The cost associated with the melting (i.e. with the fuel consumption) of this process
is reasonable and not prohibitive, the lower cost of oxygen gas as compared to the

cost of natural gas contributing to the cost-efficiency of the process.
Example 2

A rotary furnace equipped with an oxy-fuel burner is charged with 3500 kg of silicon
‘material. The silicon metal is sampled prior to charging and an initial boron content
is determined. The silicon material is then melted in the rotary drum furnace and
under an oxidizing atmosphere with an oxygen gas to natural gas fuel ratio of
approximately 2:1. When the silicon material is completely melted, a liquid sample is
taken and a final boron content is determined. Analysis of the samples before and
after melting confirms a lower boron concentration in the liquid silicon material
following melting in the rotary drum furnace and purification according to the process

of the present invention (see Table 3).

TABLE 3: Boron content of the silicon material before and after

purification
Trial Initial Final Boron
Boron content | Boron content | purification (%)
(ppmw) (ppmw)
1 60 46 23%
55 42 24%
61 45 26%
Example 3

A rotary furnace equipped with an oxy-fuel burner is charged with 3500 kg of silicon
metal. The silicon metal is sampled prior to charging and has a boron content of
8.9 ppmw. The silicon material is then melted in the rotary drum furnace under an
oxidizing atmosphere with an oxygen gas to natural gas fuel ratio of approximately
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Boron content of the silicon material before and after 15purification
Trial Initial Bogf}?=c§0nteemtoo4ﬁ RPmw) Final Boron content

where :
t is the time in minutes;
10 By is the boron concentration in ppmw at time tq;

B(t) is the boron concentration in ppmw at time t.

TABLE 4: Boron content over time of a heated melt of silicon material

Time Boron content Boron
[min] [ppmw] purification
[%]
to 0 50 0%
£y 43 4.1 18%
ts 80 3.6 28%

15 Examples 1to 3 demonstrate the particular efficiency of the process according to the
present invention when it comes to purifying low-purity silicon material (e.g. low-
grade silicon such as metallurgical grade silicon) of aluminum (Al), calcium (Ca),
carbon (C) oxygen (O) and boron (B) impurities to provide a higher-purity silicon
material (e.g. purified metallurgical grade silicon) which can be used as raw material

20  for solar grade silicon and/or electronics grade silicon.



(PPmw) Boron purification (%9 1 60 46 23% 2 55 42 24% 3 61 45 26%

Exanple 3 A rotary furnace equipped with an oxy-fuel burner is
cha?lg)ed wi 9 28631328 of silicon netal. The silicon net aPCT/EAYEHHIIEAG

prior to charging and has a boron content of 208.9 ppmw. The silicon
material is then nelted in the rotary drltémfurnace under an oxi di zi ng
at nosphere wth an oxygen gas to natural “gas fuel ratio of

appr oxi mat el WD 2008/ 031229PCT/. 0071001646 18 2: 1. _\Wen the .
sﬂoi con net a¢é) F?ggaf‘,%fﬂﬂ eew?tn%ql-rl?'cﬁ,%r'ﬁur' oy '805%6”@""\' fromeslag: tine
to. Additional sanples of the liquid silicon netal are taken fromthe

rotary drum furnace at | at times t1 t2 ete. Analysis of the boron
cont e%t of tIHGOFQ%FrﬁS)l ﬁqﬂﬁﬁbg@gﬁégh?rﬁ@r%ﬁ ﬁo%mﬁtérr’ﬁ” feam @nglag.i thaineelt
silicon net ahagess eaggsurailt Mid 'ﬂecéiviﬁ?_ﬁ%sﬁﬁl té%ﬁ“a§°é‘trﬁ81lt1ld9fTHi?%ay be
liquid silicon netal decreases as the Tiquid silicon netal 1s
accomplished by tapping the melting apparatus, as shown in Figure 6. For example,
5 anoxygen lance may be used to open a tap 24 (sealed with carbon-based mud, i.e
carbon paste, in this instance) in the rotary drum furnace 10 and to allow outpouring
of the melt of higher-purity siicon material 28 into a mould 26. The flow of the

outpouring melt can be controlled by rotating the furnace.

{d) Further purification of the melt of higher-purity silicon material by

10  unidirectional solidification while electromagnetically stirring the melt

The melt of higher-purity silicon material obtained with the process of the present

invention thus far can be further purified by unidirectional solidification while

electromagnetically stirring the meit of at least one of the following elements: Al As,

Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, K, La, Mg, Mn, Mo, Na, Ni, P, Pb, Sb, S¢, Sn, Sr, Ti,
15 V,4Zn,Zr, O, C and B.

Referring to Figure 7, the melt of higher-purity silicon material is outpoured info a
mould 26 having an insulated bottom wall 30, insulated side walls 32, and an open
top 34. The melt is then solidified by unidirectional solidification from the open top

20  towards the insulated bottom wall of the mould while electromagnetically stirring the
melt using an electromagnetic stirrer 40. The rate of unidirectional solidification may
be controlled through the type of insulation used to insulate the bottom and side
walls. The rate of unidirectional solidification may also be controlled by controlling the
temperature gradient from the open top towards the insulated bottorn wall of the

25 mould —the free surface of the melt at the open top of the mould may be placed in
contact with a cooling medium, for example water or air.

In accordance with one embodiment, the unidirectional solidification is stopped when
the melt has partially solidified (say when 40 to 80% of the melt has solidified) to
30 produce an ingot having an exterior shell comprising a solid polycrystalline silicon 36



heated (see Table 4). The relationship is given by the foll ow ng

equati on:

B(t) Bo a -0.0041 t where : t is the tinme in mnutes; 10Bo

is the bor¥R®20¢#B&3Pration in ppnw at tine to;, B(t) is PEECHHOTII6G
concentration in ppnw at tinme t. TABLE 4: Boron content over tine of
a heated nmelt of silicon material Tinme (m n] Boron content Thinnwj
Boron purification to 0 5.0 0%t1 43 4.4018%t2 80 3.6 28%

10

15

20

25

30

having a purity higher than the higher-purity silicon material and a center comprising
an impurity-enriched liquid silicon 38. An opening in the exterior shell of the ingot is
created, by mechanical piercing, thermal lance, etc., to outflow the impurity-enriched
liquid silicon and leave behind the exterior shell thereby obtaining solid polycrystalline
silicon having a purity higher than the higher-purity silicon material.

In accordance with another embodiment, the meit of higher-purity silicon material is
allowed to completely solidify. The first portion of the solid ingot to solidify contains
les impurities than the remaining portion. This first portion is therefore separated
from the remaining portion, using any appropriate means such as cutting, thus
obtaining solid polycrystalline silicon 36 having a purity higher than the higher-purity

silicon material.

Of course, the entire process — from melting in a rotary drum furnace equipped with
an oxy-fuel burner to unidirectionally solidifying the melt —may be repeated using the
solid polycrystalline silicon as starting material to thereby obtain a final silicon
material of an even higher purity. In this way, solar grade silicon may be obtained

from metallurgicai grade silicon.

fn view of the above description, the present invention is also directed to the higher-
purity silicon material and the silica fumes obtained by melting low-purity silicon
matenial in a melting apparatus equipped with an oxy-fuel burner according to the
process of the present invention. In addition, the presentinvention is directed to the
solid polycrystailine silicon obtained following unidirectional solidification with
electromagnetic stirring of the melt of the higher purity silicon material of the present

process.

In accordance with another aspect of the present invention, there is also provided a
use of a rotary drum furnace equipped with an oxy-fuel burner for melting and
purifying a lower purity silicon material and thereby obtaining a higher-purity silicon

material.



15Exanples 1 to 3 denonstrate the particular efficiency of the
process according to the present invention when it cones to purifying
| ow- pur i tywﬁzl“i’%‘fgiﬂzf’rat erial (e.g. |lowgrade silicon sucPfFHGA2007/001646
nmetal | urgi cal grade silicon) of alum num (Al), calcium (Ca), carbon
(C oxygen (0) and boron (B) inpurities,fo provide a higher-purity
silicon material (e.g. purified netallu?gical grade silicon) which

can be used raw material 20for sol ar_qrade silicon and/or. . ,
el ectront cs AaHEN eEOgBREs ARNSRIETRSS I FDBeR Mo Sortngd npetall herein
(c) Separ at igng ilfa&afer ih tied a&‘dcﬁﬁt%nqu]drbwir@b! it 6 @b SBAGErSRlod A MMRinGémibn
In order to separate the nelt of higher-purity silicon material from

a slag, theisgiat lirajeddooiliepeupresisenembadimerys vanty thats yariousy changes and

chown i n i gHaioR RAPhe SREeEc @R M ep AR S IR EA'Sr ot o

a tap 245(seld pbsent imveatidron- based nud, i.e carbon paste, in this
instance) in the rotary drumfurnace 10 and to all ow out pouring of
the nelt of higher-purity silicon material 28 into a nould 26. The

fl ow of the outpouring nmelt can be controlled by rotating the

f ur nace. (d) Further purification of the nelt of higher-purity
silicon material by 10unidirectional solidification while

el ectromagnetically stirring the nelt The nmelt of higher-purity
silicon material obtained with the process of the present invention
thus far can be further purified by unidirectional solidification
whil e el ectromagnetically stirring the nelt of at |east one of the
following elements: A, As, Ba, Si, Ca, Cd, Co, C, Cu, Fe, K La,

My, Mh, Mo, Na, Ni, P, Pb, Sb, Sc, Sn, Sr, Ti, 15V, Zn, Zr, 0, C and
B. Referring to Figure 7, the nelt of higher-purity silicon materi al
is outpoured into a nmould 26 having an insul ated bottomwal |l 30,

insul ated side walls 32, and an open top 34. The nelt is then
solidified by unidirectional solidification fromthe open top 20
towards the insulated bottomwall of the nould while

el ectromagnetically stirring the nelt using an el ectromagnetic
stirrer 40. The rate of unidirectional solidification my be
controlled through the type of insulation used to insulate the bottom
and side walls. The rate of unidirectional solidification may al so be
controlled by controlling the tenperature gradient fromthe open top
towards the insulated bottomwall of the 25 mould - the free surface
of the nelt at the open top of the nmould may be placed in contact
with a cooling nedium for exanple water or air. In accordance with
one enbodi nent, the unidirectional solidification is stopped when the
melt has partially solidified (say when 40 to 80% of the nelt has
solidified) to 30produce an ingot having an exterior shell conprising
a solid polycrystalline silicon 36 WD 2008/ 031229PCT/ CA2007/ 001646
20 having a purity higher than the higher-purity silicon material and
a center conprising an inpurity-enriched liquid silicon 38. An
opening in the exterior shell of the ingot is created, by nechani cal
piercing, thermal |ance, etc., to outflow the inpurity-enriched
liquid silicon and | eave behind the exterior shell thereby obtaining
solid polycrystalline 5silicon having a purity higher than the

hi gher-purity silicon material. In accordance with anot her

enbodi ment, the nelt of higher-purity silicon material is allowed to
conpletely solidify. The first portion of the solid ingot to solidify
contains les inpurities than the remaining portion. This first
portion is therefore separated



10 fromthe remaining portion, using any appropriate neans such as
cutting, thus obtaining solid polycrystalline silicon 36 having a
purity higher than the higher-purity silicon material. O course, the
entire process - fromnelting in a rotary drum furnace equi pped with
15 an oxy-fuel burner to unidirectionally solidifying the nelt-nmaybe
repeated using the solid polycrystalline silicon as starting materi al
to thereby obtain a final silicon material of an even higher purity.
In this way, solar grade silicon may be obtained from netall urgical
grade silicon. 20In view of the above description, the present
invention is also directed to the higher- purity silicon materi al
and the silica funes obtained by r@ﬂting | ow-purity silicon materi al
in a nelting apparatus equi pped with an oxy-fuel burner according to
the process of the present invention. In addition, the present

i nvention iS“4¥fected to the solid polycrystalllne silicon obtained
follow ng unidirectional solidification with 25el ectronmagnetic
stirring of the | S t he

pr esent proce §m3 %r mghg%ncgg@f%wggﬁgﬁ'grhgi @%?gg%ﬁéﬁﬂ%p@%sent

i nventi oh, %dperd |s also provi ded a use of a rotary drum furnace

equi pped mnth an. o fuel burner for ltin d 30pn rlfylng a | owner
purity sil i @Y WEP@J{T%W"Q&R%&’?"H ?c’@lﬁ) aa}nnclx fue 'feéhaér- purity silicon
material . (W%@%&%%@r&?%a%%@%lumé%ﬁ.ngép ratnhhomfbb%m@ca ments of
the present 1nvention have been described in detail herein and
|IIustratedm@H”?H@m§88WHﬁHW9FW§ rawings, it is to be understood that
the invention is not limted to these precise enbodi nents and that
vari ous, ¢hanggs p%lgsMbrﬁfnﬁ% !:[99151 Wﬁ¥remElh@f'nfeﬁﬁ§ Sibat A& &iskepVih) hOUt
departlng fromthe scope of spirit of 5the present invention.

CLAI MB includgs %P@é%%’gmfﬂwa‘:ﬁurl fying lowpurity silicon nateri aI
sai d process conprising the 5steps of: (a) providing a melting

ApParatus cAPREby i @0 UhnOUR RS mAR] ind B oTFY Liing, ¢ e

| ow-purity “8ilicon nater ratus and obtaining a
nmelt of a Hnaigiiakio fhameltipg apRayadesf Har &) pegirs ”ﬂ@)e"ﬁ‘“ oxgiEngtEeEdE™accor di ng

to cl ai 8 1,proMaed B the blysudreliineg apparatus of step (a) includes a
rotary drum furnace. 3. The process according to claim1, wherein

said nelting the lowpurity silicon material in the nelting apparatus
of step (b)4 dbepeerse aersidingrio gximd wheigin HerpidiBine pEosBhas AMPHERS by t he
oxy-fuel bu,o8a4,; 0, 40 ah@ecrocess according to claim3, wherein the
oxi di zi ng atnnsphere conprises H20, H2, 02, CO and CQ2.

20 5. The process according to claim 3, wherein said melting of step (b) comprises

setting an oxygen gas to natural gas fuel ratio in the range from 1:1 to 4:1.

8. The process according to claim 3, whereln said melting of step (b) comprises
setting an oxygen gas to natural gas fuel ratio in the range from 1.5:1 to 2.85:1.

25
7. The process according to claim 3, wherein at east one of Na, K, Mg, C, Sr, Ba,

Al, Zn, B, and C is removed from the low-purity silicon material.

8. The process according to claim 1, wherein said melting of step (b} comprises a
30 step before step (b) of preheating the melfing apparatus without the low-purity silicon

material therein.



20 5. The process according to claim3, wherein said nelting of step
(b) conprises setting an oxygen gas to natural gas fuel ratio in the
range from1:1 to 4:1. 6. The process according to claim 3, wherein
said nelting of step (b) conprises setting an oxygen gas to natura
gas fuel ratio in the range from1.5:1 to 2.85:1. 25 7. The process
according to claim3, wherein at |least one of Na, K M, C Sr, Ba,
A, Zn, B, and Cis renoved fromthe lowpurity silicon nateri al

8. The process according to claiml1l, wherein said nelting of step (b)
conprises a 30step before step (b) of preheating the nelting
apparatus without the lowpurity silicon material therein. 23 9. The
process according to claim1l, mhereln séfd neltlng of step (b)
conprises neltj] the | ow purity sj Gon mat eri, t tenperature at
or hbove: a mel% g HesRsSAEREG Ip Shir HeBREEBHE Tiingr LB uEP ety
to claiml1, mﬁé!ﬁrigwtmaiow-psmit;t sm@amfna&tnepa{ b)teppapiturseft dgreddovec hafting
| ow-purity silicon at a tenperature in the range from 1410C
to 1700 C. tqnppery 538{%%E53 according to claim1, wherein said
nelting of step (b) conprises 10 nelting at a tenperature bet ween

content of thaVmiie PEESH grei T 9 Bt Saif oo &S By ReRs

process accor Ghdifhgtite Reputitisiliooh evatérial siad @mpetdtirgh Hk radgeroabl410 °C to
conpri ses addi 9&03(%53”“ hetic slag. 15 13. The process according to
claim1l, wher i e nelting of step (b) conprises collecting silica
fumes produced during said nelting the low purity silicon naterial.

14. Th di t h
TR L s R A
sl ag. 1510Thengltingataseraperatute befween ¢4 Hi°6habd,1500%r @i medpiiate sepat atd 010

havi ng. an i netPaead HEE SR PHEREhe Bl Rali Raf B

top. 25 16. The process according to claim 15, wherel n said

OUL POUT T NG 1 Tl SOIILcB3 IDRE00 1t e TR L cRRBE A48 T papries

17. The processS ac Ghe  of VT &l e

conpri sing theddm}saem;h&ifc slagd (d) solidifying the nelt of

hi gher-pui%ty silicon material by unidirectional solidification from
said open"top towards said insulated bottomwall of said nmould while

el ect r onmagnet T alhs process agogrditgetoradim; 1, (neragio tter ok king gf step d)esoafprised d

uni directi Onaéolléalnb%iilifcg ?tﬁﬁésoﬁbduced during said melting the low-purity silicon material,

14. The process according to claim 1, further comprising a step of:

20  (c) separating the melt of higher-purity silicon material from a slag.

15. The process according to claim 14, wherein said separating the melt comprises
outpouring the melt into a mould, said mould having an insulated bottom wall,
insulated side walls, and an open top.

25
16. The process according to claim 15, wherein said outpouring the melt comprises
tapping the melting apparatus.

17. The process according to any one of claims 15 or 16, further comprising the
30 steps of:



5(0 stopping said unidirectional solidification when the nelt has
partially solidified to produce an ingot having an exterior shell
conprising a solid polycrystalline silicon having a purity higher
than said higher-purity silicon naterial and a center conprising an
impurity-enriched liquid silicon; and (g) creating an opening in
said exterior shell of said ingot to outflow said inmpurity-
10enriched liquid silicon and | eave behind the exterior shell thereby
obtaining a solid polycrystalline silicon having a purity higher than
said higher-purity silicon material. 18. The process according to any
one of clainms 15 or 16, further conprising the steps of: 15(d)
solidifying the nelt of higher-purity silicon material by
uni di rectional solidification while electromagnetically stirring the
mel t and obt ai @ $RYIEIRGINE Meltph Bigherrayitysiicep mafgriahruriditestioal %qitiﬂacation
uni di rect i onal fi@ldafli bpentibPRowRBE shid) insERRYAbRGN Avdill 55 Lai@ AWk
the solid ingot froma remaining portion, said first portion having
solidified befdedongagpeticahestimingthpsialti on and conprising | ess
impurities 20t han the remai nin Bo_r_ti on, thus ohtaining a solid
pol ycrystal | i g %qnfrp%%aﬁaﬁioﬁﬁaq% pidFetiona]sgciiicatienin sai d
17 aheroi 1 A0 saePRB R ldRgtonasolilical B el e i RpelisoleifroTo ™
Na, N, P, Pbprésluce 8a,inddhaBing aliexteNor shell cdinpriding &sofd pdd/cr@taliddysilicon
25conbi nati on ht her eof ‘ti ﬁ éethBved .fﬁgg t he, | Cf‘WL ur j t'é/ silicon .
mmterial. 2020583 Bty HEBES g e RS GG IsaH ARR ERORRT coRPrIFD
burner for nelahiimpurityrdniehed fiyiidgiieon; amer purity silicon material and
t hereby obtaining a higher-purity silicon material.

(g) creating an opening in said exterior shell of said ingot to outflow said impurity-

10  enriched liquid silicon and leave behind the exterior shell thereby obtaining a solid

polycrystalline silicon having a purity higher than said higher-purity silicon material,

18. The process according to any one of claims 15 or 16, further comprising the
steps of: ' '
15  (d) solidifying the melt of higher-purity silicon material by unidirectional solidification

while electromagneticalily stirring the melt and obtaining a solid ingot;
(e) controiling a rate of said unidirectional solidification; and

(f) separating a first portion of the solid ingot from a remaining portion, said first
portion having solidified before said remaining portion and comprising less impurities

20 than the remaining portion, thus obtaining a solid polycrystalline silicon having a
purity higher than said higher-purity silicon material.

19. The process according to claim 17, wherein Al, As, Ba, Bi, Ca, Cd, Co, Cr, Fe K,
La, Mg, Mn, Mo, Na, Ni, P, Pb, Sb, Sc, Sn, Sr, Ti, V, Zn, Zr, O, C, or B, or any

25 combination thereof is removed from the low-purity silicon material.

20. Use of a rotary drum furnace equipped with an oxy-fuel burner for melting and
purifying a lower purity silicon material and thereby obtaining a higher-purity silicon
material.

30



