WD 2008/ 031229PCT/ CA2007/ 091646 1 PROCESS AND APPARATUS FOR PURI FYI NG
LOW GRADE SI LI CON MATERI AL FI ELD OF THE | NVENTI ON The present
invention generally relates to the production of silicon. Mre

parti cul ar | wo %ostoae2¢ nventi on rel ates to a process andreppazdt/esssdor
purifying lowgrade silicon material to obtain higher-grade silicon
for use in photovoltaic or electronic agpl i cati ons. BACKGROUND OF THE
| NVENTI ON There are many and varied applications of silicon

(Si), each appli } i i i i £ i st
O the vor | d pr BT eSS ANS AEFARHTIS RER BURKYHIGIROW CRABE Sfcolf
steel and autonotive industries, wherMATERIAL 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 1700C in a
process knom}_@?sgw‘&g&ﬂml reduction. A small portion of the
nmet al | urgi ca [ i ed to the sem conductor industry 20
for use in the production of Si wafers, etc. However, the
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this electroni rade. However, the purification process is el aporate
resul ting | nMARIh gh BPEEL SYSPs-aiAdec SHiGH (oG aBens PRPOURIaIc \gp electionic
2008/ 031229PgapifoAliSHE(/ 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 renent s BAICKGROUND OBITHEMNVENTION nance in solar cell
applications are: boron (B) <3 ppm 5phosphorus (P) < 10 ppm total
metallic inpurities < 300 ppm and preferably < 150 ppm Al though the
degree of si Fhere@remany pndguéd appliogtiarisef piictroisl, eathcagpiidatiinwith iss own
| ess than,thaf .of m. conduct or i ndustry, an intermedi ate grade
of sili cg% ﬁ%rgeulglé%]p%ﬁ@?téod'g. 10 (SoG Si) silicon, with the necessary
| ow boron and | ow phosphorus content is not readily commercially

avai | abl e. B CH ent %I ternative is to use exgen_si ve ul tra-high
purity el ect VGRE € té?a‘t’éqi SPRARGHen ‘?fHPQtal"i"QPGEg@S Sflicer|gpss p the steel and
effici enci esagtbotvd ddustfles M€t Bded s bruidl alfdy RMPPMBhET MbMAurgical
price. Another alternati V@Fi S to use |l ess expensive "scrap" or

of f - speci f i cHRABAISHPR § SHEoRPLEOW BHit: iricaly.snetalusaical grade isdicon that is

sem condyst Ofhout 98% pure silicon is produced via the reaction between carbon (coal, charcoal,

pet coke) and silica (SiOy) at a temperature around 1700 °C in a process known as
carbothermal reduction,

A small portion of the metallurgical grade Siis 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 99.9999998% purity (SN). Metallurgical grade silicon must be
purified to produce this electronic grade. However, the purification process is
elaborate resulting in the higher cost of electronic grade silicon.
25



15 industry. However, inprovenents in silicon chip productivity have
resulted in a decrease in the "scrap" supply of electronic grade
silicon available to the PV industry. Moreover, parallel growh of

t he sem convwchewosepgl phot ovol tai c i ndustries has al sorcoosnnhbutas to
the general short supply of electronic grade silicon. 20Sever al

met hods of purifying |lowgrade silicon, ji.e. raw silicon or
nmetal | urgi cal grade silicon, are known “n the art. US Patent

Application . 2005/ 0Q7 8 describes a.nediumpurity silicon.to.b
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refined by injecting oxygen or chlorine using a graphite rod, placed
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to solidify in a contro I on and cause segregat
inmpurities in the residual liquid. The refining of the liquid silicon
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(magnesia) and Al 203 (alymna) to nolten silicon netal and US Pat ent
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proceedi ngs o
contributed to the general short supply of electronic grade silicon.

20  Several methods of purifying low-grade silicon, i.e. raw silicon or metallurgical grade
silicon, are known in the art.

US Patent Application No. 2005/0074388 describes a medium purity silicon to be
used as a raw material for making electronic quality or photovoltaic quatity silicon and
25  the process for making this material. The process involves the production of a silicon
with a low boron content by carbothermal reduction of silica in a submerged electric
arcfurnace. The liquid silicon thus produced is poured in ladles, refined by injecting
oxygen or chlorine using a graphite rod, placed under a bell housing and treated
under reduced pressure with neutral gas injection, and then poured into a mould
30 placed in a furnace to solidify in a controlled fashion and cause segregation of
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



10t h Eur opean photovoltaic sol ar energy conference in Lisbon,
Portugal , 8-12 April 15 1991, renoval of boron by flux or slag
treatnent is investigated. It was found that treatnent of silicon
with the sl wawapasens CaO Si 02, CaO My0- Si 02, CaO BaO- 8ci/@Rz0anhicss
CaO CaF2-Si 02 gave a maxi mum di stribution coefficient of boron (L9),
defined as the ratio between pprmw B in slag and ppnw B in silicon, of
about 2.0 when the slag system CaO BaO-8i 02 was used. As illustrated

in Figure 1, th
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were carried out QX pl acing 10 g of silicon and 10 g of slag in a
graphite cruépﬁ]g’ Weltlng the m xture and keeping the m xture nolten
for two hours. The low distribution coefficient of boron between slag
and nolten silicon neans that_a high 25 anount_ of SW@% has to_be used

and that Bhe U Batent b’aﬁn%ﬁ?"' R84 apg 34 EPedrsetiba thrutreimest o silren with a
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melting of s dlasazrfmﬁ ticatih@ siliberewitk mownlterhalag @mmelng Q- (eilicairC4Q diiney;

of Ar- 1 101l iaddeERT g Ao (el TedSteet REES S BARRER K.
Eur opean patent EP O 756 014 describes a nethod of snelting alum num
oxy-T uel bur TEne A GLPToE PRI dor RE Ry BIAt AR oo or R el foa ek
and the noxi %étn@iﬂbﬁﬁbltémﬁﬁo@ﬁ'f by 3@zdktarloSS§Ho?1ﬁJb‘ﬁ§l€éMIntﬁé progectiigstc? the
nelt steel |n a rotary drum furnace equi pped with an oxyfuel burner.
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melt sil n@onwgn aeﬁquom%okbﬂ Bignalor0g fra&hnelwrsnﬁ&esugéteed &%%98 d that
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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



5 The nelting of step (b) may include setting an oxygen gas to
natural gas fuel ratio in the range from1:1 to 4:1. The nel ting
of step (b) may include nelting the lowpurity silicon material at a
10 t enper at wc2odsmstzhe range from 1410C to 1700 C. The meTACANgT/@ieist ep
(b) may include adding a synthetic sl ag. The nelting of step (b)
may conprise collecting silica funes produced during the 15nelting of
the lowpurity silicon material. The prdcess may further include a

step of: (c) separating the nelt of higher-purity silicon materi al
froma slag. 200eThitindofsiliconnih has beernkipwn ths siliearamey berrerified sf boron by

out pouring t JERk ¥t & QM Il
i nsul ated si gge'\%gq Iglg%dﬁaﬁdégﬁwolgg)gn topl)ng,@glgp I ﬁéﬁ %@%EQ)AEWWEE%SP
the present ipalaniiRol$69%Re dpserthes suemy maihacher i ncl ude the steps of:
25(d) solidifying the nelt of higher-purity silicon material by
unidirectional solidification fromthe open top towards the insul ated
bott om walsl dfurdgeannmaibot ®Ri0 256 Det tiescrigaed nedhdd/ of simelting galamhmure kb
(e) controlling a.,rate of .the unidirectional splidification; (f
Stopping ¢ he HARARFBCERBinG S Eielah L firadne oo Ry s bumer
partially solin didet &slrdducs@he voldheeofarasid gateshrot e dEnEiHeaidxitussdaatdnt
conprising a solid polycrystalline silicon having a purity higher
than the hig g?furi ty silicon material and a center conprising an
impurity-enriched liquid silicon; and 6 (g) creating an opening in
the exterior shell of the ingot to outflow the inpurity-enriched

i qui d siLPi cdrs apeiknevyvia “Bféﬁ'f? framelheteehin arotafy dswaifimaerequigrashvit at ouy-
a solid pol yﬂé{ﬁf“{ﬁle"'i ne silicon having a purity higher than the

hi gher-purity silicon material. 5 According to another enbodi nent of
the present invention, the process may further Include the steps of:

ot ai rect 1 ondvghet 8t hef¥rpbORFaRcahY R REPHE S oAlsgens

melt and obt aifrnace asisphn@xy-iggdburnet.e) controlling a rate of the

uni direc 1g’onal solidification; and 10(f) separating a first portion
of the sofid ingot froma renmaining portion, the first portion having

sol i dified bafiesughtdforiseimicrbatn madé todedish RRAMAE for perifyIMBUEWIGrade or
than the remai pi ng.. ?rti(fﬁn o L hu§ obt. ai nli ng a s]pl id polycrystalllne
silicon havi g u&'ﬁ% GAq5 diliean. {helR ¢ sl B nasd Op & pragtical Bnd gest-efficient
material . 15m;ethoaCf@rqudwiﬁg¥elow drid@amidnedr nﬁb‘%mﬁgicéﬂgré&@siu&g%bmﬁmhigher-
there is provided a use of a rotary drum furnace equi pped wth an
oxy-f uel bur @f@de slFonarusad afﬂfaoyﬁj*éwfqrier!@tramcmhcqmns.ty silicon
material and thereby obtaining a higher-purity silicon material.

Wiile th inﬁﬁwﬂﬁﬁﬂﬁﬁed in conjunction wth exanple
enbodi nmefl s, od that it is not intended to
limt the scope of the invention to such
An object of the present invention is to provide a process for purifying sificon 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 inciudes the steps of:
(a) providing a melting apparatus equipped with an oxy-fuel burner: and
(b) melting the low-purity silicon material in the melfing apparatus and obtaining a
meit of higher-purity silicon material.
30



enbodi mrents. On the contrary, it is intended to cover all
alternatives, nodifications and equival ents as nmay be included as
defined by the present description. WO 2008/ 031229PCT/ CA2007/ 001646
7 objects, swvmmmges and ot her features of the presentcrauentoosis

wi || becone nore apparent and be better understood upon readi ng of
the follow ng non-restrictive descripti Qn of the invention, given
with reference to the acconpanyi ng draw“ngs. BRI EF DESCRI PTI ON OF THE

DRAW NGS 5Fi [ r.aph, of Lstribution coefficient of
boron with tﬂﬁé%é%l%ﬁ%%”%gﬁ%oa%’?r% d%@@%@sa r&g?’%g&t"% P®r uki
et al (1990) - Prior Art]. Figure 2is a cross sectional view of a
mel ting apparatus ui pped with, [0)4 ur ner accordl ng to one
enbodi ment  of iﬁﬁ% obHie lokcautity BIHCOF%"@%"@ 3 the el %ﬁﬂpfﬁfaf%érm%pwr
ver sus te”peruﬁﬁé'ﬂ‘éh $ﬂalzﬁb%ﬁﬂﬂéﬁ}{eréb§ww%8 bk'ﬂ’ié@f y-i¥el burnEf,gure 4 is a
graph of flane tenperature versus oxidizing-agent content of burner

fuel . Figlre 5 is a graph of oxy-fuel conbustion product distribution

as a functio f oAl '

schemati c drgvmgn shiow n%"%?ﬁ‘%ﬁﬁt (I)uurl nﬁng% h; Ox\r’r%?r{:égf% r%@r?gfu éartloa[l'?
20 froma roﬁlwrly?naﬁil‘mﬁijﬁﬁaéé into a rmul d according to one

enbodi nent of the present invention. Figure 7 is a schematic draw ng
of a nelt of silicon undergoing unidirectional solidification with

el ect romagnefThe rs¢lting ohglapn(karmay ol ieadekipgthd tgw-poiitly dsilich rREEAGILED,

celates (0 t RERSIVS Lt bids ToBUAK S U kEn material To obtain

hi gher - gr ade S|I|con for use in photovoltaic or electronic
appl i cations 20081%8%@&9PCT/ 007 001646 8 Myre specifically,
in accor danc&GMEINGRe s frayringlyge YRGS 2Bn, there is

provided a process for purifying Iow—puri ty silicon materi al and
obtaining a higher-purity silicon material. Basically, the process

i ncl udes t he TB¢ BIRKINGFOf(Si5P ENdVRMForEPsesliecting sispdiaies predyved shdngithen

an oxy-fiel PariRglof tRNewldurit 3@h6dnﬂﬁatbhﬁ low-purity 5silicon material
in the nelting apparatus and obtaining a nelt of higher-purity

silicon material. These steps will be discussed nore fully

herei nafter. Tt(éeﬁrogé&vrhgyW’tl‘%rmacllﬁde”agstg‘geﬁr atus equipped wth an

oxy-fuel burn
(c ) separatmg the melt of higher-purity silicon material from a stag.

20 The separating of the melt preferably includes 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 melt;

(e) controliing a rate of the unidirectional solidification;
(1) 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. As the expression 10 connotes, a "nelting appareywgibr/ogsis
any apparatus that may be used to melt material. Any égﬁWﬁﬁFﬁdﬁwT{wa
mel ti ng -appar at us equi pped Wi th an oxy-fuel burner may be provided.
One such exanple, shown in Figure 2, is a rotary drum furnace 10

equi pped Wi th an oxy-fuel burner 12 Advantageously a rotary drum

e LS YRR oot L GASKPL e Glln 8 iy darge

caused by e an of an
appr opri at @ﬂﬂnhﬂdtlithg S&W’ﬁtf%ﬁé’elbﬁ@mjﬂﬂe eafﬁr@r@djaftﬂwer@hv ¢hirinig & S@hd

el ectric aﬁ&ycﬁféfanﬁ&ﬁhc%ﬁlﬁbﬂﬁ@gpwﬁy Rgiad 1A dd ﬂ@%@-burﬁ%%d‘o&l%atéﬂé&‘ ner
provi di ng a desired oxidizing atnosphere. 20 According to the

enbodi ment shown in Figure 2, the rotary drum furnace 10 has a
rotating c&debnﬂ%gitmaiot%odyboﬁemnﬁhepndserft intdreion, despryceds oay fudhaace 10,
there is qha@%§§ (gpenlng 16 provided with a door 14 through which
the low purity ST11'Con material 22 may be | oaded into the rotary drum

f urnace 10(d) spfidifying ihei mejt o highereouribis leananaterisy bipmidiaetionalgolsiificali®i ng a

| oadi ng d%l[@%lectf'd?ﬁagﬁéﬁﬁw ﬁrrﬁagmayﬁfd c;B%u{lngSa’s?dh@mgoP”' ng 25
nmelting of the | owp Urltﬁ sillcon materia door 14 is seal ed

cl osed so @&kcopgoligeasaieof mr%?iwa?'rw'fdffaﬂﬁ%?n I trating the rotary
dr um f us ngeepdtatingra sy pdrtieel oflthe selid iAgdt fremdi sapesivardy portidrh ehedfrsr 14,

The oxy-f t}aﬁqlrt%og H&\ﬂ? soﬂttﬁf e%&%%%eit%g Ferfhi rfnl togigracg fga%inig‘?@ég thgs%an' ntot he

rotary dr urna gases

t hr ough a thhfemasyngippripnothbgleltaining arse djmércn@ta!llnaswmdwmm@ Mltyused to
col | ect 3Qmﬁ@ﬁhggm@q?hbﬁﬁb@eﬁk&1g@@ﬁﬁ t hrough an exhaust duct 18 to a
waste gas col |l ector 20 7008/ 031229PCT/ CA2007/ 001646 9 Wil e the
rotary drum furnace 10 rotates, the oxy-fuel burner 12, the chi mey
17, thes canapyrdeficanith tighardspets bf thedivedtibny therd is pfoviied a e umlur s‘ef
nunerous conf S e, for
xampl o, 1haYsfh ArhftBibaBibard Gl 8 Sl idel ¥ MGG 308 TR

and may rd@veﬁtreuréy @h@n\mﬁwatami th@@qutﬁmmanmlﬁQjmaf&émqw matgtiel. nel t | ng
apparatus may further include a tap hole along with a tapping spout

for tappi t he ten materi therefrom Referring 1o the |,
enbodi mant"’g@‘te thﬁ'@’ﬁf’@“é’“'"%deﬁﬁgeﬁf‘ﬁﬁ'ﬂf”’@ﬁﬂ‘ i exaraple ?ff”g?‘@/"‘?ﬂi%&“‘f"ur nace
10 oppzisi the unbers@odthal 4,is hbtentendeairty liehitine ttupeas ehelivantion tlescht wo t ap
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cl osed wi t'h "carbon pas OW- puri [con nateria
and obt ai rAnAgeauivaients asf mhy gﬁelﬁ'lcipdﬁdl ay dgﬂﬂadcf@th’fheap@ﬁﬁ%rﬁldeﬁgwilplmrl ty -

silicon nagr otary
drum furnace, using a Ioadlng deV|ce bel t
system 15 The lowpurity silicon materi al any one or any
conbi nation of the follow ng el enents: A, As, Ca, Cd, Co,

Cr, CQu, Fe, K La, My, Mr, M, Na, Ni, P, Ph Sn, Sr, Ti, V,
Zn, Zr, 0, C, and B. It may be a lowgrade silicon material such as
nmetal lurgi cal grade silicon, silicon-efusher dust, silicon

hand- pi cked 20 from sl ag, and repainder s contalnlng silicon. In the
case of silicon crusher dust t is preferable to pelletize the dust
before loading it into the-furnace so as to avoid the risk of

expl osi on and the conte&fm nati on by the silicon crusher dust of the

hi gher-purity siliea funmes produced during the nelting thereof, and
to increase the“thernmal transfer of the burner flane and the recovery
of silicon uch pell ets can be nade by 25 nixing the silicon crusher
dust with sodiumsilicate (liquid glass), lignin [iquor, nolasses or
sugars, linme or any other binding substance (resin), with or wthout
baki ng. WD 2008/ 031229PCT/ CA2007/ 001646 '
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10 material is preferably carried out at a tenperature in the range
from about 1410C to 1700C. Theoretically, the energy demand to nelt
silicon and bring its tenperature to 1500Cis 88.6 kJ/nol (88.6

ki | oJoul e p®i0 :es108)22%r 0. 876 MMr/ m (MegaWatt - Hour pePCHEARNT001646
tonne), as illustrated in Figure 3. To facilitate the 5 nelting, the
furnace may be preheated to the desiredtenperature and then | oaded
with the lowpurity silicon material. Mrreover, the lowpurity

silicon naterdhpetd, ?adﬁémﬁgéﬁﬁhd/om%l‘ tRfurad oﬁthwr@ﬁn@wéﬁnaﬁvm%@oﬁaéw&e

and 1500C to precipitate carbon into a slag and reduce the oxygen
content of tIRPPAENE apf e Bﬁéﬂ* nglerstgods I-'P‘P'I:Eﬁ@di’f’@t efr tha| folinyriag men- Te%'.fOCiWe
Al t hough an t Al

fl e femper acay R P Rierkon, JR0H Rith STbicod R i BRy Hlehfhd.

| arge quantity of nitrogen in the air-fuel renoves a | ot of energy
fromthe flamrigFOedERIFPIONOF HEBRARINGGAt ure reached is nore
realistically around 1200C An oxy-Tuel Dbuiner supplants the
inefficient 15 nitrogen in air by injecting pure oxygen directly into
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oxi di zi ng at nosphere As exp a| ne Inth round of the pr esent
inventiod® it is known in the art that silicon nmay be purified of

mxture of Ar R pe SiaphedRolbidh ok 8haBialfE Kool i Eier a5

silicon material, the nelting of the lowpurity silicon material in
the nmelting g@pﬁ%gtus é 9 fota d m furnace) ,.i.s carried out under
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from1l.5:1 and 2.85:1 so as to al so optlmze the flame tenperature,
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of the slag (ppmw) mass of silicon (kg)8 WO
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{(a) Providing a melting apparatus equipped with an oxy-fuel burner

To start, the expression “meiting 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 melfing apparatus equipped with an oxy-fuel bumer 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 canretain heat. Other examples of an appropriate melting apparatus include an
induction furnace or elecfric 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 furace 10 has a
rotating cylindrical body. Atone end of the rotary drum furnace 10, there is disposed
an opening 16 provided with a door 14 through which the Jow-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 melting 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 meiting
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.



Usi ng 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 where the 20slag and silicon material under

puri ficati owoeoes/dizdwed to reach equilibrium the bor8aT/CammpeEmedsn
the silicon material decreases from 10 ppmwto 4.1 ppmw. LB= 1.7
[B]srme = 10 ppm/v25[Brsiag 1ppmNm§|rre 5m nmsiag = 5 m 5nl
.1 0 ppnw + 5Int ppnw =_ 41p|nWPk - 5int + 5m 1.7 WO
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conventi onal slagutreatrrent alone to purify the silicon materi al |s
not ef fi cibendruntdurBacss i@+ abl e for use as sol ar grade silicon, the
boron cont ent of the treated silicon should be | ess than 3 ppmw. In

order to red e e boron conte in,the, | ow ity 10silicon
material to tg}ﬂ%‘lﬂaéa pgwqygq,ryper n ucﬁesatﬁg%gksaﬁ@w@ A4PPINGsIngyt for

that has | owthpimythe PRSIRAMAIEFiA theételfShO RefIARER tht BRbokiasht bf PRIN 2, 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

Low-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 cne or any combination of the
following elements: Al, As, Ba, B, Ca, Cd, Co, Cr, Cu, Fe, K, La, Mg, Mn, Mo, Na, Ni,
P, Pb, 8b, Sc, Sn, Sr, Ti, V, Zn, Zr, O, C, and B. It may be a low-grade sificon
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 loading 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 recovery 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



There are also strict requirenments as to phosphorous content of solar
grade silicon material. If the slag (for exanple, a
calciumsilicate-based slag) used to renove 15 boron fromthe
lowpurity sNajesinaterial contains too much phosphor ®0%/CAtdn®001646
phosphorous content of silicon can be increased during slag
treatment. It is thus inportant to use ggzslag that also has a |ow
phosphorous content (e.g. a phosphorous content |ess than 4 ppnw P).
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Ash (Na2COB) with the low-purity silicon material, Moreover, the low-purity silicon material is
preferably melted at a temperature between 1410°C and 1500°C to precipitate
carbon into a slag and reduce the oxygen content of the melt of higher-purity silicon
material obtained.

10
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 hitrogen 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, 8r, Ba, Zn, C, O and B by changing the oxygen to fuel ratio accordingly to
provide an oxidizing atmosphere.

25  As explained 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-Ha-Hz0. 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 ratic 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 {o also optimize
the fiame 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 thatincludes Si0,, ALO;,
CaO, CaCO3, Nay0, NaCOj3, CaF, NaF, MgO, MgCO;, SrO, BaQ, MgF,, or K»0, or
any combination thereof may be added to the molten silicon to remove Al, Ba, Ca, K,
Mg, Na, 8r, 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).ie
L, =% (equation 1
’ [B ].\‘a'.’-fc q )
i 'SrMc ' [B ]0 Nikfe + ”z.\‘fug : [B ]Q.-n'ag = }"SJ'Mc * [B ]SiMu.' +n I.\'Iag ‘ [B ].\'iag (equaﬁon 2)

where
[Bl’sime = initial boron content of the silicon material (ppmw)
[Bl°sieg = initial boron content of the slag (ppmw)
(Blsive = final boron content of the silicon material (ppmw)
[Blsng = 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 million 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:

(equation 3}

[ 1 = Paase [B]Qsmc + 1y, [B]D stagg
e Mguge + Mg - Ly

slag
Using a conventional 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 pPPMW:

Le = 17
[B]’sive = 10 ppmw
[Bl’stg = 1 ppmw
Mgie = 5mt
Msag = S mt

[B] _ 5mt - 10 ppmw + Smt -1 ppmw

.= 4.1
i St +Smt+1.7 oy
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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 treated silicon
should be less than 3 ppmw. [n 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 low-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 melt/ impurity extraction):

Grounded quartz (SiOy): 700 kg/mt Si
Quick lime (CaQ}): . 150 kg/mt Si
Soda ash (NazCO3 — Na,0 + CO;,): 256 kg/mt Si

Treatment 2 (second melt / impurity extraction):
Grounded quartz (SiO,): 800 kg/mt Si
Soda ash (Na;C0O3; — Nap0 + 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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exhibits low boron and phosphorous content as required.

TABLE 1: Chemical composition of synthetic slag components

Quartz Guick lime Soda Ash
Element (Si0y) (Ca0} {(Na;CO;}
{ppmw) (ppmw) (ppmw)
Al 1046 2098 20
As <1 8 <1
Ba 2 22 2
Bi T2 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
Ni <1 4 <1
P <1 37 3
Pb <1 6 <1
Sb 7 25 <1
Se <1 2 <1
Sn 2 2 <1
Sr <1 286 <1
Ti 8 125 <1
Vv <1 22 <1
Zn 2 15 <9
Zr < 20 <1
B <1 14 2
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t he process of the present invention, a significant volunme of silica
funmes can be generated during nelting of the lowpurity silicon

mat eri al aswdasoassI®y i al undergoes 5 treatnent. These POMEA2007/eé4de a
source of high-purity silica and may be recovered and col |l ected
during the nelting of the lowpurity siJicon 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 10 to the acconpanying figures.
Exanple | An experinment according to the process of the present

oo BB Al o B ep e &8
453. 6 grans) @ﬁerbtéallﬂuﬁngmélﬂr@ldﬂm@\ﬂ%my@ﬁénmalté‘naﬂiﬁsfhéyﬂéwﬁél uRbErABES
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provi des 8 p&aBimest. ﬁm@dum@p@v@ﬁrﬁsoywmghaptm%rkl%ﬁnﬂm@m regpyered
h
D eheat | hg't RAd polecicelfing 88 iy e BARSAPSIGHIREAAE ) 5 m of

| ow grade silicon (hand picked to increase the silicon content) in
3.5 hours at ghhghyidd re under an oxidizing atnobsphere with an oxygen
gas to natural gas fuel ration of approximately 2:1; 253) tapping of
the rotary drumfurnace at low fire to outpour the liquid silicon; 4)
cl eani ng t heThef@Iowirdy ton-firiting eRaiplesaimtratet dteps{adhioebh (bedfithd 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
liguid 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 fiquid silicon;
4) cleaning the rotary drum furnace to remove the slag left behind.
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and 50 scfmof natural gas High fire : 260 scfm oxygen and 130 scfm
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I nvention. It 10can be clearly seen t hat®t hi s process is particularly
effective at N ving alum num cal cium carbon and oxygen inpurities
fromsilicon. E 2. Chem cal analysis of the silicon materi al

before and after ur|f|c lon_treatnent Fle Befgre treatnent (70)
After treatnment ( ?W,&Feoa'b &CWQWWM%SC?E o nataral gas

High fire : 260 scfm oxygen and 130 scfm of natural gas
1 Nm®  =38.04 scf
5 scfm = cubic feet per minute of gas flow at standard temperature and

pressure

Table 2 below tabulates the chemical analysis of the low-purity silicon material before
and after purification treatment according to the process of the present invention. it
10 can be clearly seen that this process is particularly effective at removing aluminum,

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
(%) (%)

Af 0.964 0.065
Ca 0.825 0.005
Cr 0.003 0.003
Cu 0.0086 0.006
Fe 0.603 0.610
Mn 0.012 0.012
Ni 0.001 0.001
Ti 0.053 0.052
v 0.002 0.002
Cc 0.268 0.008

0 3.435 < 0.005

15
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The cost associated with the melting (i.e. with the fuef 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 rofary 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

Final Boron

Boron content
(ppmw)
46
42
45

Trial Initial

Boron content purification (%)
(ppmw)
1 60
55

61

23%
24%
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 fumace under an
oxidizing atmosphere with an oxygen gas to natural gas fuel ratio of approximately
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purificatPon tf&;éfefpapﬁ@tenboﬁthg “ﬁv‘#'@é@%ﬂ petal H@Cfﬁﬁé%seﬁﬁ therigeidtsilisan medal is
Tabl e 3). sated (see TJ@@H& Phe tf?J'PxFﬁlp ?Byétﬁe%llo%lhé %ﬁltlat terial

before and after pur| lon Tria oron cont é 3Pmw)
Fi nal Boron content (pl3lnw) Boron purlflcation (%9 1 60 46 23%

B(t) = BD e —-0.0041 .t

where :
t is the time in minutes;

10 By is the boron concentration in ppmw at time tg;
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 5.0 0%
ty 43 4.1 18%
tz 80 36 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 materiai (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.



2 55 42 24% 3 61 45 26% Exanple 3 A rotary furnace equipped wth an
oxy-fuel burner is charged with 3500 kg of silicon netal. The silicon
netal is sanpled prior to charging and has a boron content of 20 8.9
pprw. The swidxnamsmas erial is then nelted in the rotar pcocarmiamsesace

under an oxi di zi ng at nosphere with an oxygen gas to natural gas fuel
rati o of approximtely WO 2008/ 031229PCT/ CA2007/ 001646 18 2:1. \Wen

the silicon netal has conpletely nelted, 193 liquid sanple is taken at
e |i UId silicon netal are taken

tine to. Add| nal .arrp es o 0 : _
fromthe rota ;gﬁpﬁﬁﬂ ingyt h%&%""lg?;“@f‘@!" FT'W@"‘E%’,‘ magerigdifrom A#lagsi s of
the boron content of the sanples indicates that the boron content of

ent

i qui the b t
of the 11 qui d" S8R eRelE TRRF L AL beha G o narogR o T Ae et

heat ed (see b} eedbutpbbred @ltat 4 aBsdving | vessélv aiePst Bembal oM Snay be
Qo041 t where : is the tine In mnutes

equation: B(t .
1880 is the &?FFWPE%WQ&t@Qﬁ'”Q)WGmﬁﬁﬂ’@rﬁﬂpafaﬂﬁ A6 shewn B(Rigure §. Freexsomim
concent r atsi Onani dkyBRNAE ridy™BR dsed 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 silicon 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

eleciromagnetically 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, Sc, Sn, Sr, Ti,
15 V,Zn, Zr, Q, C and B.

Referring to Figure 7, the melt of highér-purity silicon material is outpoured into 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 controlfing the
temperature gradient from the open top towards the insulated bottom 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



TABLE 4: Boron content over tine of a heated nelt of silicon materi al

Time (mni

Boron content i PPalw] Boron purification 1% 7 to 0 5.0

0%tl 43 4.1 18%tz 80 3.6 28% 15 Exanples 1 to 3 denonstrate the
particul ar eidiceymmey of the process according to the preganhioosis

i nvention when it cones to purifying lowpurity silicon materi al

(e.g. lowgrade silicon such as netallurgical grade silicon) of

al um num (Al'), calcium (Ca), carbon (C2bxygen (0) and boron (B)
inpurities to provide a higher-purity silicon material (e.g. purified
met al | ur gi cahaghaa@usiviighaiihanine higbampurily siiean rasteriah@ndd aanfegicomprising

10

15

20

25

30

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
liguid silicon and leave behind the exterior shell thereby obtaining solid polycrystalline
siticon having a purity higher than the higher-purity silicon material.

In accordance with another embodiment, the meilt 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 highér 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 metailurgicat 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
material in & melting apparatus equipped with an oxy-fuel burner according to the
process of the present invention. In addition, the present invention is directed to the
solid polycrystalline 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.



20f or sol ar grade silicon and/or electronics grade silicon. WO
2008/ 031229PCT/ CA2007/ 001646 19 (c) Separating the nelt of

hi gher-purity silicon material froma slag In order to separate the
melt of hi gherzopmsizzy silicon material froma slag, thecwmehtooneysibe
outpoured into a receiving vessel such as a nould. This nmay be
acconplished by tapping the nelting apparatus, as shown in Figure 6.
For exanple, 5 an oxygen | ance nmay be u%%d to open a tap 24 (seal ed
wi th carbon-based nud ar 2? ast e, Ebthls i nstanc

in . th .
rotary drum AlPRdgReodinenisPr i RaseRtTYE n{gavaibeﬁﬂgeﬁ@%%admdeiaﬁ%m
hi gher - puri tBénﬁ'lllubﬁ%dWﬁ%@cé&)mﬁ%}hrﬁﬁd}aﬂu P’Q%Qto%@ uniBtdddamatae ﬁﬂ?éhtlon
out pouring nelt can be controlled by rota furnace. (d)
Further puri fi$ gt ilioritegr ta ﬁ'@&@epfecﬁﬁ‘ RrgRdiments iapg Wit ivegausrehanrges aby
10unidirecti t
the el ¢ The TcSph ek BElareicHIng ey BRI BERGNA] HaM ¥ sSopd Pt el
process ob t Hike pressririnvantioent i on thus far can be further purified by
unidirectional solidification while electromagnetically stirring the
melt 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, Cand B. Referring to Figure 7, the nelt of
hi gher-purity silicon material is outpoured into a nould 26 having an
insul ated bottomwall 30, insulated side walls 32, and an open top
34. The nelt is then solidified by unidirectional solidification from
the open top 20 towards the insulated bottomwall of the nmould while
el ectromagnetically stirring the nmelt 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 nay al so be
controlled by controlling the tenperature gradient fromthe open top
towards the insulated bottomwall of the 25 nmould - the free surface
of the nmelt at the open top of the nould may be placed in contact
with a cooling nedium for exanple water or air. I n accordance
wi th one enbodi nent, the unidirectional solidification is stopped
when the nelt has partially solidified (say when 40 to 80% of the
melt has solidified) to 30produce an ingot having an exterior shell
conprising a solid polycrystalline sili.-con 36 WO
2008/ 031229PCT/ CA2007/ 001646 20 having a purity higher than the
hi gher-purity silicon material and a center conprising an
inmpurity-enriched liquid silicon 38. An opening in the exterior shel
of the ingot is created, by nechanical piercing, thermal |ance, etc.,
to outflow the inmpurity-enriched liquid silicon and | eave behind the
exterior shell thereby obtaining solid polycrystalline 5silicon
having a purity higher than the higher-purity silicon material. In
accordance with anot her enbodi nent, 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
remai ni ng 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-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 obtai ned
fromnetal lurgical grade silicon. 20In view of the above descri ption,
the present invention is also directed to the higher- purity silicon
material and the silica funes obtained by nelting | owpurity silicon
material in a nelting apparatus equi pped with an oxy-fuel burner
according to the process of the present invention. In addition, the
present invention is directed to the solid polycrystalline silicon
obt ai ned fol | owi ng unidirectional 8dlidification with

25el ectromagnetic stirring of the nelt of the higher purity silicon
mat eri al of ?Em%resent process. In accordance w th another aspect of
the present 1 tion, there is also provided a use of a rotary drum
furnace equi pped with an oxy-fuel burner for nelting and 30purifying
a | ower purif W prdobdsGObuRRihg lolvdlritp&ikkoh hateaRlysaRlprat s daghprsirgi tidher - purity
silicon mater| aIF WO 20081031229PCT/ CA2007/ 001646 21 Al t hough

enbodi ment's SF° Phe present invention have been described in detail
herein and i) psidhgh adithdlagph@iu SauppEBnian gxeiua birAgsandi t 1S to be
understood that the invention is not limted to these precise

enbodi nent s (Airkelting B lovaryity slicopinsingaldn Binmelfarrrrabis pPehebtanle e

ef f ect ed t hasetiona MiHeRSIity sllefaidtdriBly from t he scope or spirit of 5the
present invention. 22 CLAINM 1. A process for purifying

| ow-purity silicon material, said process conprising the 5 steps of:
(a) providi g e rEress ageoaliigde seins' eferep fedmsine PRI Bk SRR bur ner
and (b) nelifcute atriteryldavefpmadst y silicon material in the nelting
apparatus and obtaining a nelt of a higher-purity silicon nmaterial.
10 2. The progcess according to.claiml, wherein the nelting apparatus
of step (a) 5 FEIRIYFES aa"c?rg'f’iﬁl‘?ﬂ?Jn’f’?ﬁﬂ‘?’%ﬁ%\gmeﬁ“g ths lowgyl 6p[8°%ess

accor di ng t onateriginthelmeliigeppsraiusdstep frpdccirnundetan dxdiging alriogrpesi | i con

mat eri al lgnpmgeaf@kﬁeigggf@mg%@t us of step (b) occurs under an

oxi di zi ng atnosphere 15 provided by the oxy-fuel burner. 4. The
process according to claim3, wherein the oxidizing atnosphere

conpri ses 1417 praqess aggordingco slpi er@ﬂ)e%d'w%?sﬁgﬂg?"ﬁ’é%r ding to
claim 3, whereiHg saiclametdl ng of step (b) conprises

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, wherein said melfing 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 least 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 sfep before step (b) of preheating the melting apparatus without the low-purity silicon
material therein.



setting an oxygen gas to natural gas fuel ratio in the range from1:1
to 4:1. 6. The process according to claim3, wherein said nelting of
step (b) conprises setting an oxygen gas to natural gas fuel ratio in
the range from1.5:1 to 2.85:1. 25 7. The process according to claim
3, wherein at |east one of Na, K, Mgy, C, Sr, Ba, Al, Zn, B, and Cis
removed fromthe lowpurity silicon material. 8. The process
according to claiml1l, wherein said nelting of step (b) conprises a 30
step before step (b) of preheating the nelting apparatus w thoutthe

| ow-purity silicon material therein. 23 9. The process according to
claim1l1, wherein said nelting of step (b) conprises nelting the

| ow-purity silicon material at a terrpergﬁure at or above a nelting
tenperature of silicon. 510. The proces§ according to claim1,
wherein said ) i '
silicon mater I? t]-g‘tggm%s%c%grd{re to%ﬂm?*l ®ﬁé{gﬁ§§@rﬁ%ﬁdl]§l%%\§b éri}%rée&
11. The processneHBgdhailprgredy @|hgqqﬂn§§en%@tr@|t¢mgeé@taren@q i 3Ryvefa Belipg
(b) conprises IinpeRdtliengsiidond tenperature between 1410C and 1500C to
precipitate carbon into a slag and reduce oxygen content of the nelt
of higher-purity silicon material. 12. The process according to
claim1, whereilo. Faiglosmt btagding tostatp 1( bheredrsaid meltingpsfdtepgbpcomprises

' h I d h
Tl ting of st opethy vEdnspl o SheE B EhPrel A BB ebuait BB ng
said nelting th&Q @ purity silicon material . 14. The process

according to claiml1, further conprising a step of: 20(c) separating
the nelt of hi gher-purl ty silicon material froma slag. 15. The
process accordilhghedreqess aroerinapelasn A, whgrein Saidaneiinamy stendb)msmprises

conprises gyt pﬁwmh@a 4 fempBRidre b&tvBerp1 4M0RE Bnd $8ti0dC wbgp.&@éfédasorﬁnm a

i nsul at ed bottgm erf i nsul ated, s an aqpen top 16,
The process ac¥e} HHENG %V%q”rﬁoﬂgm%ﬂ@r'@?'h"@%ﬂh&”&fﬂ%%liﬂoﬂ mj’tecrﬁb rrelt
conprises tapping the nelting apparatus. 17. The process

according to furt npLi si t he .30
steps of: a{}{&-ﬁ ?{ﬂ%e%s %‘C;%Pﬁg‘gjf?ﬁc'g'm i‘twrbefe"ﬂnsaﬁg}e(ﬁwgrof F@p@glci"%ﬂses
mat eri al by umddmg@(mmﬂiﬁmSlmal idification fromsaid open top towards
sai d insul af ed bottom wal | of said nmould while electromagnetically
stirring the melt; (e) controlling a rate of said unidirectional
solidificationt3 gl(hP)P"%Qeéi)BFQ?Qj'@a‘P(P'ﬁmﬂdWP%fémlfb?lme"ﬂ!mpf sted () apinpriseshen

the nelt has pandctigy $icaFohbslprol R@d Uaridy &M&tu@d‘thb Wﬁunﬂaéﬁlcﬂﬂ natbrial,

exterior shell conprising a solid polycrystalline silicon having a
purity higher than said higher-purity silicon material and a center

conpri si ng an 1¥nTher prbgese atdoediedgitolclaipn it fughdrico@prisigy Wstep 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 1o any ane of claims 15 or 18, further comprising the
30 stepsof;



(g) creating an opening in said exterior shell of said ingot to
outflow said inpurity- 10enriched liquid silicon and | eave behind the
exterior shell thereby obtaining a solid polycrystalline silicon
having a purity higher than said higher-purity silicon naterial. 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 unidirectional solidification while

el ectromagnetically stirring the nmelt and obtaining a solid ingot;
(e) controlling a rate of said unidirectional solidification; and (f)
separating a first portion of the solid ingot froma renaining
portion, said first portion having solidified before said renaining
portion and conpri sing Iess |npur|t|es 26t han t he remai ni ng portion,

t hus obt ai ni ng I|n 1licon I n
than sai o hi gndn SRy RB YRR afioon Reed B} B buBial nincaih
according to clfmmrﬁadlonmaoeltﬂwaxm sAis! inBdatediboti@a, wallpf €aid ruld Ferjle K,

La, My, M, %&aqeh%"ygﬁrmggg g Sn, Sr, Ti, V, Zn, Zr, 0, C

or B, or any 2 co I on ereor IS’ removed from the Iowpurlty

silicon materi gk cont?c@hnglésfﬁteQ;fsﬁd LRhPdcYorfhi éﬁm#lﬁtﬂﬁce equi pped with an
oxy-fuel burner for nelting and purifying a lower purity silicon
material and t iifpsteiyingricirmdirgticnahéofdifdatiouwhénths hlelt eaparBale sdiRlfied to

produce an ingot having an exterior shell comprising a solid polycrystalline silicon
having a purity higher than said higher-purity silicon material and a center comprising
an impurity-enriched figuid silicon; and '
(9) 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
polycrystailine silicon having a purity higher than said higher-purity silicon material.

18. The process according to any one of claims 15 or 186, further comprising the
steps of: ) '
15  (d} solidifying the melt of higher-purity silicon material by unidirectional solidification

while electromagnetically 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
pertion having solidified before said remaining portion and comprising less impurities

20 than the remaining portion, thus obtaining a solid polycrystaliine 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, Fg, 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



