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PROCESS AND APPARATUS FOR PURI FYI NG LOW GRADE SI LI CON
MATERI AL FI ELD OF THE | NVENTI ON The present invention

w@eeensd2y rel ates to the production of silicoPCT/VARE®7/001646

particularly, the invention relates to a process and
apparatus for purifying |lowgrade silicon material to
obtai n higher-grade silicon for use in photovoltaic or

PR TR e o U Y co

(Si), each application wthka parti cul ar
specifications. Most of thglé/\-fal?llag’wproducti on of

nmetal | urgi cal grade silicon goes to the steel and
autonotive industries, where it is used as a cruci al
al l oy conponent. Metallurgical grade silicon is a
silicon of low purity. Typically, netallurgical grade

i ' 98% pure silicon is produced via
équﬂ:‘i'hﬁtl 'ql?fblﬁcar bon (coal, charcoal, pet coke)
and silica (SiQ2) at a tenperature around 1700 OC in a
SS . [ rpal, r tion. A .
B BraRnsRENLET aB PRI SRR 1gifiEBRad Rllon s STRYL Morg particularly.
theeinveRlis nelded DKo ianGrsdesy drid appardtis e pfiffHF idvarade silicon
of Si wafers, etc. However, the sem conductor industry .
metgnialeto gibitaivohigiferigrada- silieon dfar iuse ie. photevellaiconr celectronic
ra\de silicon (EG Si) having approxi nately a
%@9 59@39@%9% purity (9N). Metallurgical grade silicon
nmust be purified to produce this electronic grade.

HRIREROUNS G BRSBTS '

There are many and varied applications of silicon (Si), each application with its own

particular specifications.

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
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 Siis diverted to the semiconductor industry
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). 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.
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el aborate resulting in the higher cost of electronic
grade silicon. The photovoltaic (PV) industry requires

wadososn2of a rel atively high degree of purityPE€DCARI001646

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

The purity requirenments of si I icon for best

performance in solar cell appfications are: boron (B)

< 3 ppm phosphorus (P) <10pm total netallic _
Tln@gﬁmqvggale §w| e rest sliean of acelmiyeppigh degree of purity for

BRSNS ARG AR edls LE SRS ThEBHBab¥erBts of sicon

pudlacelPdbpliRbfb e diaat € grade of
?ﬂﬁ}eggg&hﬁ?@ndﬁol ar gr%e gébp SoG Si) silicon, with the

neceskeron (Bow boepoh and Iow phosphorus content is not

readi | aI I avail abl e. One current
al ter?]%?SlR%é)rV% J?epp&’pensi ve ultra-high purity

el ecttrowrﬁe@nmﬁwpﬂrinegwgoo Ebﬁn anEprFesdlpk 168 psmw th
efficiencies close to the theoretical limt but at a

prohi bitive price. Another alternat|ve is to use | ess

BHRERIR Sereal oo Rai e LR ARb hausty i ess than

ﬂh%ﬂéﬁ%@sen%@ﬁ&@étorIn‘a@‘sﬁyeé"f?ﬁitérrﬁéﬂléﬂé dragB d?Fl%Ihléon i.e. solar grade
product|V|ty have resulted in a decredse in

(Soks-&p) sikepplwithotheehecassany ovgbats and |I<M)rphasahd>lalsl eontent is not
to the PV industry. ver wth of the :
(el ot Bt e iar B O et iRl s Wi Be Brognisive uitrarhigh
ﬁl?f‘%‘yréle?é{kﬁﬂc ‘g?a&é‘%llﬂgﬁefrﬁé yﬁsﬂ@i EOI%HIQ:BNQ’ vith 8#1%@{0% €lose to the
grade silicon. Several nethods of purifying | ow grade
@ebreimal Ilmlt@ut atapeihibitiempoce. w%ln@thbuakgematlvglsad ase less expensive
| ican, t. US Patent cation .
RT3 0B 6 orpeIsa Haslppbiy Slecheti AR e Erar R Setgiconductor
|h@u§t$;¢dH6ﬁ/e@ef QHﬁﬂTBP@rhleﬁ{s frpélllﬁ@flf'dh% ?r@@tﬁétﬂlﬂy%ave resulted in a
qual ity or photovo taic quality sil
decrease in the “scrap” supply of electronic grade silicon available to the PV industry.
Moreover, parallel growth of the semiconductor and photovoltaic industries has also

contributed to the general short supply of electronic grade silicon.

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 quality silicon and
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
arc furnace. 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
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
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the process for making this material. The process

i nvol ves the production of a silicon with a | ow boron
w@emwses22dy car bot hermal reduction of silica i PCHCA2007/001646

subnerged electric arc furnace. The liquid silicon

thus produced is poured in |ladles, refined by

i njecting oxygen or chlorine using a graphite rod

pl aced under a bell housing and treated under ﬂ
pfrtégélgu@ sligan bﬁegxmn Ig%tlpmr%mre&qt edransferaf tlia% aud Siicon form

f
U RS 8BRS Sl BLHERBERARCACLEASTY, 8 opess and tus
tomphsityesi dual liquid. The refining of the liquid

sil1con by oxygen injection cannot take place safely
in an electrlc arc furnace. As such, the refining

?%olggt%lrﬁ h§7+ B?‘?“a%d 4 %Eﬁ ] bé'esg:)ﬁ%getﬂe tFEafqﬁ\tein?%f silicon with a

equires |1 Con

§|ug naeemMboe @aloaﬂhe{Ca;addd rwjramm {Anmhpyitiest Ilﬂ@iarﬁcﬁt&@ﬁ US Patent
to the process and thus conplexity, US Patent Nos.
Nog3 871572 dascripessadding 21888 rGOmRBNISG Sidalsiion), §RO (ime), MgO

g{n%gﬁ@%%ﬁgﬁo%égn{ fa)ftB I gsfﬂltlc%@%g{a%hgiﬁg%tretnt Ng 4,534,791
6e§>?ibes&7§atd‘%5§|n¢chew|tﬁd§ﬂnﬁ@te&n slbg EoPavIi rh@@@z &ifi€a), CaO (lime),

silica) neS| a) and_Al
Quimagnesd aﬂﬂ Aleﬂséalumram) N@t@l aha N&F, @&ﬁaQ\k&\AQFz, and K,0.

4,534,791 describes treating silicon with a nolten
sI ag conprising SiQ2 (silica), CaO (line), MO

(e Resda) TReh Y icafarremoVal OXBIFBARER mBRHurcE &) smcon by flux
BaO MF2, and O In the article "Thernodynamcs fo

reaivent Ocﬁmqi@ncﬁﬂlcronahvﬁetzaku andﬁ@m pgblishegrin thye pwcmedmgs of the

0Bt ERBhaf bR Ricida Sl odEortiEets R HapSh dortugal, 8-12 Apri

PHOL, %ﬁid\@n @f sekaf b@ ek By S‘Fég‘fr@é@rﬁ@rﬂ ns "h\les%@Qfed It was found that
Portu al , Aﬁth |1991 renoval of boron flu
&S

tﬁeatgmergj Otfslél@@ agw%tﬁn@:ﬁ%a -Sie, Q@@ M@Q th@aO BaO-SiO;
&%%&gi é- ' g 88%31@"‘%% dls?trlggtlosry Sosthie C|ec?of §oron (Lg), defined
as the ratio between ppmw B in slag and ppmw B in silicon, of about 2.0 when the
slag system Ca0O-BaO-SiO, was used. As illustrated in Figure 1, it was further found
that the 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
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.

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
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and CaO- CaF 2-Si O 2 gave a maxi mum di stribution
coefficient of boron (L ) , defined as the ratio

whedsozn2ppnmw B in slag and ppmw B in silicon, POF/CAb®@N01646

2.0 when the slag system CaO- BaO Si O 2 was used. As
illustrated in Figure 1, it was further found that the

boron distribution coefficient increases with

increasing alkalinity of the slag, reaches a maxi num

a0k hiedtinglet sitesest had eeek ebWIEthLS sIfBEIE nay B Puiified™d boron by
Sano were carried out by placing 10 g of silicon and
metingosilicomi arflay gf apnealdy exisizing @asmaituriegof AeH2-H20 — French

] i DQ: ' I f h .
RENER B RRE PRt Bor on bet veon S ag

and nolten silicon nmeans that a high anmount of slag
has to be used and that the slag treatnent has to be

E@W@Qd?atenarﬁfép 616 0 f’re‘%,l\;ﬁqfiibﬁﬁ o%ﬁ?]@tboerfnlglﬂEH@gbaWGHnum and
) .20-100 Whi i
OBl PRI ek S B ARG By B e buer

whoreler itS rédece BRUVGIBFhBf RASROGASIY Efdé{ucé,@'aiﬁd fHeall8xious content
silicon. The process described in the article of Sano

&uzuki is thus both very costly and tine
consum ng. Methods relying on the vaporization of
suboxi des have al so been proposed for renoving boron
ft is0a 6 khbWAT tHeWleffmettishaed inld Rftan) e f[ﬁﬁé‘é@é?uiﬁped with an oxy-
reported his work onzone nelting of silicon, I as
biethutaeown t hat silicon may be purified of boron by
melting silicon in a flow of a weakly oxidizing gas
m xture of Ar-H2-H20O - French patent FR 1469486
HeweléPfha3 HVef bBBR '%@Hou%’ EBH&@Fre@ﬁ@r@xg%@n%n@@t&ﬂw‘élt silicon in
describes a nethod of snelting alum num and remal nders
a furnaceiusongadu okyHfueliburaem ot ary drum f ur nace havi ng an
oxy-fuel burner in order to reduce the volune of waste
gases produced and the noxi ous content thereof.

Although efforts have been made to develop methods for purifying low grade or
metallurgical grade silicon, there is still a need for a practical and cost-efficient
method for purifying low grade silicon or metallurgical grade silicon to obtain higher-

grade silicon for use in photovoltaic or electronic applications.

SUMMARY OF THE INVENTION

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
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.
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It is also known in the art to nelt steel in a rotary
drum furnace equi pped with an oxyfuel burner. However,

w0 pook@asi2eever been seriously considered nor PCT/CA2007/001646

experinmented to nelt silicon in a furnace using an
oxy-fuel burner. Al though efforts have been nade to
devel op met hods for purifying®l ow grade or

metal | urgi cal grade silicon, there is still a need for
Brejeradly, gfa@ meling appakstys of siep (apinebuiasor retary drnmdurnace.
| ow grade silicon or netallurgical grade silicon to
obtai n highergrade silicon for use in photovoltaic or

'Eh@@ﬁémrﬁkj? ©f RS I OWW-PUrBN §ilicSYMABNaICN thEEmEMWENIPSA¥afis may occur
object of the present invention is to provide a
prdsresoXidizinguatnigaphgre provided byshe sayfudlibesnehe
above-nenti oned needs. In accordance with one aspect

of the present invention, there is provided a process

nietid of di8p | iddYdSEttiRgAn &h @hs 3 Hatural gas fuel ratio in
E@% ai nidn%dﬂaﬁﬁ?é@\éﬁj?gmi tyégft:t [ gonrgzﬁgger ?alst%]Tﬁe g

thegesge fioneildes41lhe steps of: (a) providing a nelting

appar atus equi pped with an oxy-fuel burner; and (b)

nmelting the lowpurity silicon material in the nelting

PRPIALING Fsteplb 'rﬁé@gnélucﬂ'@hﬁelﬂﬁ%ghghSﬁv:pFUthtsYIicon material at a
silicon material.Preferably, the |'ting ‘apparat us of
tetrperataye imtheudagedrorot iy @ tori 7a0 face. The nel ting

of the lowpurity silicon material in the nelting

apparatus may occur under an oxidizi ng at nosphere

Miceith BYstbB]b YAy iHELdR YR Egﬁt kidqp of step

'(p,lgs) may |§ﬁé? uggbget tyilng an oxy e?} ash%{ﬁo natural gas

fuel ratio in the range from1l: 1 to 4:1.

The melting of step (b) may comprise collecting silica fumes produced during the

melting of the low-purity silicon material.

The process may further include a step of:

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

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:

(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:;

(f) stopping the unidirectional solidification when the melt has partially solidified to
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
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The nmelting of step (b) may include nelting the
lowpurity silicon material at a tenperature in the

wo a0vge3f2eom 141 0 OC to 1700 OC. The nelting oPCEHCAPI07/001646

(b) may include adding a synthetic slag. The nelting
of step (b) may conprise collecting silica fumes
produced during the nelting of the | oW purity silicon
material. The process may further include a step

f:
(D) creafing &N AReRiRg Rdhe Siterprgsngll plithe ngntpamﬂgw the impurity-

.arial f T t] . . .
Il R 1 g s

' i §) ' @ Her thas thahRhe? plfity\silitSn material.
gﬁgbgﬁtﬁlgjeéngf %%ﬁh%glggﬁ%?ngw@é oenre enbodi %ﬂt pg"]?‘ ))tl\ﬁ'el matera
present invention, the process may further include the

BEEORUR) tpat inEPenotth e s Biasert i Phfion bR hncdssanay further
infefudeP@e dtéps bpwards the insulated bottomwall of the

moul d while el ectromagnetical ly sti rri'n% the nelt; (e)
thrsofigifying thexmedttas highartpurinsiticeroratenialiby unidirectional solidification

B¢ BlactERta b chl sTHBBTR o Ene Bb G SO oo

1) JONRBHIRY Prate ¥ Ye hﬁwir@ati@ﬁm%h@nfibat:iorﬁ held

conprising a solid polycrystalline silicon having a

fflsepgratinghe firsthenrtioneofiihg estidpingiot frosh ki rmaintnigeporion, the first
Ty
ﬁi@eﬂénaeﬂﬁin}ghﬁoﬁtiﬁﬁ?fhdsoo&bﬂrﬁr‘l%ﬁ’n IgiPedWétta}{ﬁgréiWhaving a purity

liquid sillicon and | eave be erior s

bigbeetharothediighergparity silicdnpoéteciayst al 1 i ne silicon

having a purity higher than the higher-purity silicon

mat eri al .

In accordance with another aspect of the invention, there is 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.

In accordance with another aspect of the invention, there is provided a melt of

higher-purity silicon material obtained according to the process described above.

In accordance with another aspect of the invention, there is provided silica fumes

obtained according to the process described above.

In accordance with yet another aspect of the invention, there is provided a solid

polycrystalline silicon obtained according to embodiments of the process described

above.

While the invention will be described in conjunction with example embodiments, it will
be understood that it is not intended to limit the scope of the invention to such
embodiments. On the contrary, it is intended to cover all alternatives, modifications

and equivalents as may be included as defined by the present description. The
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Accordi ng to another enbodi nent of the present
i nvention, the process may further include the steps
w@Reosslir2%sol i di fying the nelt of higher-purityPGI/CARDN001646
mat erial by unidirectional solidification while
el ectromagnetically stirring the nelt and obtaining a
solid ingot; (e) controlling a rate of the
rectional soljdifi atlon e tin
BPieEls. 3aarBies arid et el eRe riber Bt i become more
Eﬁéﬂeﬂﬂ andhse fettel L}?ﬂ%?ét%d rlﬂ)‘dnnﬂza%img df the dolRRYIA ehon restrictive
e remaining portion and having less inpurities
t:iascrrmlm aofithg ip@nticongivenwethoteferience do the el:q:cm\panynng drawmgs
pol ycrystalline silicon having a purity higher than
the higher-purity silicon material. In accordance with
BRIERDESCRIPTION ORTHEDRAWINGSt here is provided a
use of a rotary drum furnace equi pped with an oxy-fue
burner for nelting and purifying a |ower purity

Fidurs o 88tA3H & tharistiibefiooethtiahtvMbrén Wltﬁﬂﬁ‘é O@@/BWZ ratio of a
silicon material. In accordance w th anot her aspect

£a0-CavetiOoslagt W@nu[&pul@\ﬂt@ém B 0yeRriasfArt].
hi gher-purity silicon material obtained according to
the process descri bed above. I n accordance with

ARk erlis asipesd-sebtidri view 8N4 'n%ltmé E?E&ét@s BH@pbEGWith an oxy-fuel
silica fumes obtained accordin e process

Beser iaseardinphiceone emimshineahefkt nrasqrettinmmtdmr aspect

of the invention, there is provided a solid

pol ycrystalline silicon obtained according to

FRies BN At aph of RAtIRIIOF 9% ud8MbPRrERR 4l Sil

[ 'r?\tgjentl on g\% F be des@?l beélJ in go%u%ct [ ‘éeﬁer\w/wmmh SillcBA [Prior Art]
exanple enbodi nents, it will be understood that it is

Qtended 0 Idmt t he s%o e of thedlnventlon to
E IQUFe 4 1S agrap of flame temperature versus oxidizing-agent content of burner

fuel.

Figure 5 is a graph of oxy-fuel combustion product distribution as a function of

oxygen content of oxy-fuel.

Figure 6 is a schematic drawing showing an outpouring of a melt of silicon material
from a rotary drum furnace into a mould according to one embodiment of the present

invention.

Figure 7 is a schematic drawing of a melt of silicon undergoing unidirectional

solidification with electromagnetic stirring in an insulated open top mould.

DETAILED DESCRIPTION OF THE INVENTION

As mentioned the present invention relates to the purification of low-grade silicon

material to obtain higher-grade silicon for use in photovoltaic or electronic
applications.
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enbodi nents. On the contrary, it is intended to cover
all alternatives, nodifications and equival ents as may

wheoosisi2edded as defined by the present descri ppCDaA2007/001646

Theobj ects, advantages and ot her features of the

present invention will becone nore apparent and be

better understood upon readin§ of the follow ng
non-restrictive description of the invention, given _
Miore specifiealic én eecensange oyipang aspeetreiihagses@r igrention, there is

el ' . f. 1. ,
o et PeETN Mo bl fedh vl g 56 = higner-
parity BilRonamePFa Basiafi, theatrosysd pidlddaszhkisteps af (4) providing a
1998) - Prior Art]. Figure is a cross-sectional view _
wleltingnepparatysseqipped svithcan pye-tlalibuimenn aod (b} meliting the low-purity
BB 0 PSR Gl purty ion
k@R atThege st pLhANBNBRUSIdd Ffe FlTRy RdrefNaffter. Fi gure
4 is a graph of flane tenperature versus

oxi di zi ng- agent content of burner fuel. Figure 5is a
- - . I L
I R S R s e
schematic draw ng showi ng an outpouring of a nelt of
Rt AnER o R ARsBintufy el HLAGT bl that gives off

héateahd tluddsaaévice tiatprodliRisaidat sdemus B9uffacd. ABkhe expression
of silicon undergoing unidirectional solidification

opnnotes, ectimeltiag appreatds’iis enp@pparadus thad may keluspdto meft material.
nmoul d. DETAI LED DESCRI PTI ON OF THE | NVENTI ON As
menti oned the present invention relates to the

Py i dpprephige afeltiryvppasiusi édiiged 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
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.

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
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 melting
exit through a chimney 17 provided in the door 14. A canopy 19 is used to collect

and direct the waste gases through an exhaust duct 18 to a waste gas collector 20.
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material to obtain higher-grade silicon for use in
phot ovol taic or el ectronic applications. Mre

w@p®siosizeal | y, in accordance with one aspect 0PCT/182007/001646

present invention, there is provided a process for
purifying Iom#purlty silicon naterlal and obtaining a
hi gherpurity silicon material ? Basically, the process
i ncl udes the steps of aa) providing a nelting

Yplerthe netaggaiusp aanace Oa@tama/ihmexymﬁ%hgmeraadtr(eb;humneyw the

EEIAR il B P LB TBREI ek LB BRL Rumerous
shhfigkPaticTRe 6f td rotaheamrﬁtfema are ;kt%s%lé%?%nﬁ@éethe oxy-fuel

ful I'y hereinafter. (a) Providing a nelting apparatus

egiiep g @dnay nbt be disposkdeh tmmdoenr 14 andtraay rotatesalong with the rotary
X SSI on "nelting apparatus” refers to any encl osure

SHE’E Yngee '8 heat, and includes a device that

produces heat such as a furnace. As the expression

onnotes, a rreltln apparatus" i s any apparatus that
¢ Medting apPai@tweMma rfﬁftgﬁr I&Pludﬁrwta@ﬁmleef qnét withra|tappigg spout for

I%?y@ gsm‘gaﬁéﬂ Qtég né‘eY"th%{)eﬁ'l%n‘?XEg&%Jrﬁm?@fﬁ&é@@&lrﬁﬁg of Figure 2, at

th@t@ther dndrof e netaey dfureduinpeed Onbposite eydddtel4, the rotary drum
burner 12. Advantageously, a rotary drum furnace

m%ﬂ@wq%e%twcetﬁpd@m yith twig tajnm\wg gpowarR4r ébpdap holes may be
%@9%@%@3 ﬂ1 Bé'n%b%' ?fya erature and can retain heat.
appropri [

er exan'p es 0 priate nelting apparatus
i ncl ude an i nduction furnace or electric arc furnace

G MAARRE 45k Purily Aificonaentesial and Botaiieg Rl of Higher-purity

gm’@gﬁqug{g”aqhom in Figure 2 , the rotary drum furnace
has a rotating cylindrical body. At one end of the
rot ary drum furnace 10, there is di sposed an openi ng

J?Jru?l)} ﬁﬁ%ﬁ“rﬁgte?lag%ofoaﬁé tihtg Hw%hm‘@h(h‘ajaﬁggratus e.g. rotary drum
OW P con SF

furnace usmg a Ioadlng devnce, for example a conveyor belt system.

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
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
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

needed to melt the low-purity silicon material. Melting of the low-purity silicon
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22 may be | oaded into the rotary drumfurnace 10 . The
| oading of the material nmay be carried out using a

wo omdiosig2devi ce, for exanple a conveyor belt SBGI/€A2007/001646

During nelting of the lowpurity silicon material, the
door 14 is sealed closed so as_.to prevent unwanted air
frominfiltrating the rotary Hum furnace 10. An

-fuel byrner 12 is disposed in the door 14. The .
%erﬁ d3 ptﬁf@ﬁ?@ﬂy qarrigd palt af aterapematire inthe ieagedsareplout 1410°C to

it i ¢ . t .
P00 IRt SRR KRBT e B A e s temperatur
o oV5QEC i I8 t886 dROMMAI4.(BB\GCANBIYUIED P HERE) t& 0.876 MWhr/mt
collect and direct the waste gases through an exhaust

tMegaattidowr wastreeljigstonok).eas diust@tathiin Figire Bot Apyfacilitate the
ce 10 rotates, the oxy-fuel rner 12, th
Pt $h e RRagR g L Bk nesten B Yrelind deihssdiiia and then loaded
WitAeihe IfoWSQFityqni@&ﬂJrﬁ&eriﬁ#”ﬂ&@%véﬁr‘?%?%%lhrﬂ Ssif?cforhmaterial is
the rotary drum furnace are possible, Tor exanple, the
prefefabdy neltadeat H2temayenbire bieetdiesposetDiOnahtie1 B3TOSC 1at precipitate
and may, rotate al o with the rotary drum furnace 10. =
SDofNcl 4y 2 s SosS Mg vy ATt it e afgbgicpurity sicon
| tappi ng spout for tapping the nolten
%a?gﬁl\gb&%mg‘riefrom Referring to the enbodi nent of

Figure 2 , at the other end of the rotary drum furnace

ite the d .14, the rotary drum furnace 10
%RE‘S ; oé'l’ ?&ﬂ U?g%uroﬁgf l@sthﬁp'ieﬁw@mbcawé& abPeyisling aslamerigaperature
2R ot Entfn REmeRRREn HIBEE oft ety BEfBeRRIn the airfue
reshovesf a kot ghemengyfiany tisd fldme andtieemarim b apid tekperature reached
silicon material is |oaded into the nelting apparatus,

8. §ore sealisficalbtiaiguncn 43@0° Gus Angoxy-fush diunredeuppiantsf the inefficient
RXBERh Eindait WY FY8EtMS burs Yo §Bh 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.

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.

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-H,-H,0O. 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
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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The low purity silicon material may contain any one or
any conbination of the followng elenents: A, As, Ba,

w®pqos@au22Cd, Co, Cr, Cu, Fe, K, La, My, M, MPCINaA2067/001646

P, Pb, Sb, Sc, Sn, Sr, Ti, V, Zn, Zr, O C, and B. It

may be a | owgrade silicon terial such as

nmetal | urgi cal grade silicon, silicon crusher dust,

si |l icon_hand-pi cked _from_slag, and remai nders, .

to a@@@%@&ziﬁﬁ FIGHTE Fb @a@@t,& PERYIFie @R Qfidigingratmosphere for
il the lkeS; [ e i

PTing he sficBh S RER% & oo AL TP 2GRS p the range

frapl bditod: hrdefdrablyontimamaraiel foom by5 thrends2 IB5chso as s heso optimize

B e oL b T, P o o s
& ver: £ t :
NS e AR B 5O B e e

with iagooxyefues barneatus tyetvah btheo diduaniaigei afahe présentiidvention over the
glass), lignin liquor, nolasses or sugars, linme or any
BHPfe?tbi ndi ng substance (resin), with or without

baki ng. Elenental silicon nelts at around 141 O0OC. As

such, a very high tenperature is needed to nelt the
Toverphaniceythei purifoationt e thal lowMedirity rejlicoh taterdialyvheumditymay also
siliconmaterial is ,&refera,bl carried out at

HRHEP12e Fepinenle AMNPHSESABBRAY P added o f% mefiggchange the

RIS, SRl melOEnG BRI (SRR of SEERE, Somehf Minerous siag
redipsboare&npan inthe artoF oPelaifip M arsinthetitvlestitiat indudles SiO,, Al,Os,
Eer netric tonne as illustrated in Figure 3

3

361 (A0 Ne2D. a1 g Cafn N uMas AP 105 ribaablz, or Kz, or
8y S PR A b ST Bk o2,

Bigl Neo$rnaneCj o Bj 6r gnetemdiationehéedf fonftHeemegr at ure
bet ween 14100C and 15000C to precipitate carbon into a
sl ag and reduce the oxygen content of the nelt of

PhENGTiGIBHEY tof sihy ! &R ction 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:

Bl,.
L, = [[ b (equation 1)

B ]S:Arlc

mSlMu ) [B}’SIML' + m.\'/ag ) [B]oslag = mSIMe ) [B]SlMc + m.v/ag ) [B].\‘Iag (equat,on 2)

where
[B]°sime = initial boron content of the silicon material (ppmw)
[B]’siag = initial boron content of the slag (ppmw)
[Blsive = final boron content of the silicon material (ppmw)
[Blsiag = final boron content of the slag (ppmw)

Msive = mass of silicon (kg)
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mat eri al obtained. Although an air-fuel burner is
theoretically capable of providing a flanme tenperature

wa b@s/osr2hi gh enough to nmelt silicon, in fact,PCTI€A2007/001646

| arge quantity of nitrogen in the air-fuel renpves a
| ot of energy fromthe flanme and the maxi num fl anme
tenperature reached is nore real i stical y around
12000C. An oxy-fuel burner supplants the inefficient
ni troenrs i n AMassofisdp@ftding pure oxygen directly into
flame (oxy-fuel). The maxi num fl ane tenperature
provi ded by an oxy-fuel burner is nuch higher than
t hat pyraw desl pbyts per anilliohusl whidhner, as can be seen in
Figure 4 . The maxi num flane tenperature of the
oxy- fk@l burfkHiogrant.eached with approxi mately a 2:1
oxygen to natural gas flow. The present nethod may be
used to purify liquid silicon of at |east one of Ca,
The ebtablidamelit oPequitBriurbetivee @ sttfafi BYic6R 3 HPI at B interface.
oxygen to fuel ratio accordi nglty to provide an
pslvantagagusly nthepheiag, muvesmgntasinadotaty tdienbfiokgee gaherates new

f sent invention, it j.§ known i,n the art. that .
$irraS BRI Be v PRIl e Bl et Sis gt faliibrdh. uniike a
statibgary fuindcd, | P @tay MRAKMEMUfGha! Rfagagrumh FurHReCtontinually
Ar-H2-H20. Therefore, to renove boron fromthe
eXResesr ney surfaesm afather inagltert neatesak togthef skageand the oxidizing
%tﬁvo;s%%ri y silicon material in the nelting apparatus

"PIFS ‘ary drum furnace) is carried out under an
oxi di zi ng atnosphere. In the present invention, the
oxy-fuel burner allows to change relatively easily the
Brsubstitulipgequwatmo fimto equation 2 apd cedrdanging akedinal boron content of

t nosphere, be it. an ere fromweakly to strongly
Bi e 5teriy BayRO ntetots G YR0 Jealrsept Balsetmined:
whi ch may include H2O H2, 2, CO and CO2 (see Figure
5). In fact, to provide an oxidi zi ng at nosphere for

_ mSIMe '[B})SiMe +m,s‘lag '[Br.s‘[ag
[B]Smlc -
'LB

(equation 3)

Mgirse T Myge
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 ppmw:

Ls = 17
[B]°sime = 10 ppmw
[Bl’siag = 1 ppmw
Msime = 5 mt

Mslag = 5 mt

[B] _Smt -10 ppmw + Smt -1 ppmw
SiMe T

=4.1
Smt+S5mt-1.7 ppmw
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purifying the silicon material of boron, a m xture of
oxygen to natural gas in the range froml: 1 to 4:1 ,

wee@Besrakdy in the range from1.5:1 and 2. 85: IPGDCAZ007/001646

al so optimze the flane tenperature, may be sel ect ed.
The safe, controlled and relatively sinple manner of
provi di ng the oxidizing atnosbhere using a rotary drum

furnace equi pped with an oxy-fuel burner is yet
Hlowever, w@%ﬂu\géhefmaMOmimhmaitmm berpwified, aharge amount of

Ptistotte ded BuRoRE i PPt 2o Shtet Coenkirtibe siisangpaterial. A
%?? ahf Rt BEBherd) iSNBEAEY t&niEitdde %Pa\g qﬁ a@@ﬁgfi‘\bi& ﬁyb‘i’ten slag may

to change tthe chem stry of the nelt a uri

nheberedsilyohasipeddted @andlireaynokbe dlasiyrsaparateddrore theparified molten
ar.e kno in the art. For example, a synthetic s]a .
SliGer PRatRraD s P& a0 gt on R oTiel S T eREDEt RlepBds, purify the
SiiEon Nefterid&noMBfffdicht, STO BaO. MyF 2, or K20 or

any conbi nation thereof nmay be added to the nolten
silicon to renove A, Ba, CalK, My, Na, Srl Zn, C, or

, 0 r . a onbi nation thereof fromthe nelt. The -
Totesuble GF 323 soanaate siicany PBoen Prieat o heigeated siicon
j A Wer-1 LRi -
R b P LS B SR et v e el b FSSRRT the fow-puriy
pificore amatefiate aaquideplatiie fow kevehitds nedeﬁﬁr}ﬂ@@ 0s& baga@ftht has low

silicon is given by the distribution coefficient of
BORSEqtet (B2 bRtonaoriegt Ipas RMbbPREEN. { he

concentration of Bin slag and the concentration of B

inthe final silicon material: &H (equation 1) "S M

Were areaalss strict régliMdnSerts sisae phBkphbriis(caterit SPRofar grade silicon

m?ér?al. 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 (SiO,): 700 kg/mt Si
Quick lime (CaO): 150 kg/mt Si
Soda ash (Na,CO3 — NayO + CO,): 256 kg/mt Si

Treatment 2 (second melt / impurity extraction):
Grounded quartz (SiO,): 800 kg/mt Si
Soda ash (Na,CO3; — Na,O + CO,): 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



[B] OSi Me
mat eri al

wo bessbrae (ppmw) [ B] si Me
silicon materi al
of the slag (ppmw) nsi Me

cont ent of

= initial boron content of the silicon
(ppmw) [B]°siag = initial boron
= final

(ppmw) [B]siag =

final

bor on cont ent POf/CAR®7/001646

boron cont ent

mass of slag (kg) and ppnw °lfarts per nillion by
wei ght kg © kilogram The establishnent of equilibrium
xdibvisdawshergnaang ghosphonouscenrtphtaairequied. nt er f ace.

Advant age

ously,

furnace generates new surfaces favourable for the
rapi d esABLE $hGhemicdl cohpusitn afgpynthdiic siay copokents

mass of silicon (kg)nsiag =

the rotary novenent of a rotary drum

stationary furnace, the rotary novenent of the rotary
drum furnace continually exposes new surfaces of the
nol ten ngtertal to fheqehag andqlek 1f%é d' Z868a Ash
at nospherje. By substituting equation 1 ijnto equatl op 2
and rear rlan§femgntt he f (%82 bor on (€8 ent of( Ne#z0,)
silicon material hayi er gon n
is determ ned: [4w qgﬁm ﬁ’guon 3 i [ nq)rrE 1
conventignal purifigation pro¢ ess (one whi ch does not
i ncl ude tlhe usg of a rot{q% dr um f cqg equi pp% Wi th
an oxy-fyel burner)|and slag freatnent vhere thé sl ag
and silidon néserial under1purificati®n are al loned|to
reach equili eriaum l he borgn ¢ont ent,d nithe sili son
material |decreases from 10“ppmw to 181 Ap M.

Bi 2 <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 <

Na 20 170 433800

Ni <1 4 <1

P <1 37 3

Pb <1 6 <1

Sh 7 25 <1

Sc <1 2 <1

Sn 2 2 <1

Sr <1 286 <1

Ti 6 125 <1

4 <1 22 <1

Zn 2 15 <1

Zr <1 20 <1

B <1 14 2
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LB=1.7[B]° slag =1 ppnwnsiMe =5 nt nsiag = 5 nt
b mtt -\ lppppmmwiHowever, considering the nmass of

wadososmn29rat erial to be purified, a | arge anouPCT/OA2007/001646

slag has to be used in order to obtain a | ow boron
content in the silicon material. A |large anount of
energy i s needed to nelt thelélag In addition, the
nolten slag may not be easily mani pul ated and nmay not
be easily separated fromthe purified nolten silicon
material. As such, using conventional slag treatnent
alone to purify the silicon material is not efficient.

WathliEe BHideaBlotHeopredent insestrha sificartivolied of &ihiga fumes can be
boron content of the treated silicon should be |ess

geremat@dmiuring meltiog@éthe low-puity eiliche rrmieual asoheenaterial undergoes
t abl

et P B ST S P AT e v
%ﬁi{;@&le‘&?’éﬁ 80find ﬁw@me%ﬂb%ﬂﬂquwnpﬁls?k y 5B&Sn hh@Bridl. PPMA) .

re are a so strict requirene as to phosphor ous
content of solar grade silicon material. |If the slag
I? % % anple, a calciumsilicate-based slag) used to

Pe oron fromthe lowpurity silicon materi al
contai ns too much phosphorous, the phosphorous content

Pl B8 RN nb GRS A8 2Reh FALER T g e presen

|HU@§tRJ?P 'T‘hé§e ‘é&ﬁﬁ?ﬂés 41%d the iRvERRPLAN be bette Pih @TstdoRiSAith reference
than 4 ppnw P follow ng are two exanpl es of

toythe ra@compglna@grf@urp@s
Example 1

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

purity silicon material was conducted.

A rotary 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.

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 fuei ration of approximately 2:1;

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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Treatnment 1 (first nmelt/ inpurity extraction):
Grounded quartz (SiQ2) : 700 kg/nmt Si Quick line

W@ 28312250 kg/ mt Si Soda ash (Na2CO3 Na20 + QE2)/CA2@53601646

kg/m Si Treatnent2 (second nelt / inpurity
extraction): Gounded quartz (SiQ2) : 800 kg/nt Si
Soda ash (Na2CO8 Na20 + CO2) 16342 kg/nt Si Wth
reference to Table 1, which shows the cheni cal

isition of a plurality of synthetic slag
conmponents, a synthetic slag nade of pulverized quartz

and spea fig hexdn Befns ok@yerban® BoarfmiTeshal gas cont ent
as regw red. TABLE 1: em cal conposition of

synt hitahcfirel ‘4P & sefpbasyaennd 18R scpn of eadurat Jase
prese fnven significant volume of silica
T ber Bk sfted Juri -

funmes d during nelting of the

| ow pgind Y s:t cuBRTeBBPEF M utd@Df HAS flewt @trstahdalrrd%hwéture and

treatment. These funes provide a source of high-purity

silica and maprégsurecover ed and col |l ected during the

nelting of the lowpurity silicon material. Exanples

The following non-limting exanples illustrate steps

Taﬁjlet%&é\@/hal()@l)atég thERBeRiies %ﬂbly‘si@‘(ﬁ fHd BW-pUrit¢ 8ficon material before

exanpl es and the invention will be better understood

and lafteepemfmd@nttteatHQnaecmrpmgyhortgefprgmsseof tEe anggant Invention. It

AnE Imsnt ﬁF | to the rolc go t he resen

i B R Een A b3 b ckSagratslary cERRtimaLRr e U gluminum,
t b g a capacity of

e&aew c%(#borf\ ‘ﬁ%ﬁfﬁ@hﬁ' HLAGH IR

about '14 000 granms) of

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 0.006
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

0 3.435 < 0.005
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l'iquid alum num and equi pped with an oxy-fuel burner
whi ch burns a fuel conprising natural gas and pure

w@xoegesizand whi ch provi des a power of 8 000 OOBCBTAGMN/001646

(BTW hr © British Thermal Unit per hour) was used. The
process included the steps of: 1) preheating the

furnace for 3 hours at high fite: 2) nelting 2.5 nt of

| ow grade silicon (hand picked to increase the silicon
¢bACeRt 3ssasiaed witwihe raelting gie. ﬁmtretherfuekcmumtmna.omgus process

%;@?%ﬁn%éls aﬁfg @%ﬁgﬁ@’t&% tr%al%wﬁ cpgtp%r %Sqa{%asr qugp9red to the

ddjsstfﬁffrialttmécga@boh@wdlh%on L0 @é'ét%?ﬂéleh&e oi‘ ttubdcess.
silicon; 4) cleaning the rotary drum furnace to renove

the slag left behind. NOTE: Low fire : 100 scfm oxygen

g"%q gcfmof natural gas Hgh fire : 260 scfm oxygen

30 scfmof natural gas 11 MNmm 3 == 38 . 0A4 srcff
scfm° cubic feet per mnute of gas flow at standard

AR Rirta e POUPBEGRM fn SRI T PGP ¥ ch AP C@E AR0F o of siicon

peitéeri. Ind sﬂfdoﬁrmétéﬂ i ééiﬁ%l'e@rbrlorr CRERBIY 'ingaéﬁ@raﬂ iMfalBbron content

the process of the present invention.
el Cé%tewm@denThmadlcmhmatprlablestben sngltad inctieanckary drum furnace and

gﬁ@egrg%ﬁvﬁ%cﬂ% inrg %@’éﬁpgﬁ?érn} H ofy%le%l grﬂ t§ ar{atfural 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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TABLE 2 : Chemical analysis of the silicon materi al
before and after purification treatnentThe cost

wasmsosreed with the nelting (i.e. with the furCT/CA2007/001646

consunption) of this process is reasonable and not
prohi bitive, the | ower cost of oxygen gas as conpared
to the cost of natural gas cdHﬁributing to the

cost-efficiency of the process. Exanple 2 Arotary _
2Ur dben thausifiermataihascampletely madigdnadiquid samplgaa taken at time

.l g L SO A A AR B e o

fusnaed et nateedimddie,, b, éteonAnalysisi @ thes bbRsn cBRlehebfitRe samples
the rotary drum furnace and under an oxidi zin

iRt the PRrahcoiehbafl hediaus siticen metgb@ec?rgaqses with time, i.e.

b f [ el vy 21 ilj.c teri.al :
R o BiooP A LY Sicop it BebBsts 4RR NGO 0N metaris
héatal (bee Tabfon). eThe rSlatishsHipidgiden /b??’thé%%vﬂﬁg Iliation:
sanpl es before and after nmelting confirnms a | ower
boron concentration in the liquid silicon materi al
foll OB(tPQ geld t9%&in the rotary drum furnace and
purification according to the process of the present
i nvention (see Table 3). TABLE 3 : Boron content of
%Egresj licon material before and after purification

anple 3 A rotary furnace equi pped with an oxy-fuel
bisrthetimesinaharuges) wi th 3500 kg of silicon netal. The

ilicon netal is sappled prior to charging and has a
@tsotﬁe&ﬂﬁ%ﬁpné?ntga@rblﬁrﬁfnmwr?é tigng tocon material is

T, e b b B o 70 et ur el gas

fuel ratio of approximately2:1 . When the silicon
nmet al 0 et el lted, a.liquid sanple is taken
at ti n’Eff@LE t{rzpboron%oﬁent over tlmeqol# a heatré% melt of silicon material

Time Boron content Boron
[min] [ppmw] purification
[%]
to 0 5.0 0%
t 43 4.1 18%
t 80 3.6 28%

Examples 1 to 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

for solar grade silicon and/or electronics grade silicon.



10

15

20

25

30

t0. Additional sanples of the liquid silicon netal are
taken fromthe rotary drumfurnace at later tinmes t-i,

W 2008081229 Anal ysi s of the boron content of thePGEHONR®I/001646

i ndicates that the boron content of the liquid silicon
metal decreases with tinme, i.e. the boron content of
the liquid silicon nmetal decrkdses as the |iquid
silicon netal is heated (see Table 4). The

(@) Sepanadimgotiesmgitiehhigheripuritylsiboom gnatguial fom a slag
0041 t b(t) =0 . e where : t is the tinme in mnutes;
So is the boron concentration in ppnw at tine t0; b(t)

irs otder tbweparaterthemeltiof highen-pptwsiitort nidetial-frdB-Ead, the melt
. Boron content over tine of a heated nelt of silicon
RRYe BEa OUEBQIHBr eta @ egeiydiorvesselt sueheapaa tmeuldar This may be

SRR AL e PRI ng BRI ARG, Forerample
ahloxggen el ial becusd towpeinadtaps24 (e $WRA @Fbon-based mud, i.e
metal lurgi cal grade silicon) of alumnum(Al), calcium '

carbon R?eﬁ%bdﬁ thigjndapepinn thg rodany dsemdiaria®e 1Gpod ta akaw outpouring

LR R MleBDrRR b s 8 20 TR-Chy B e fow of e
vagduang Mt 6ah Bl @intfoled 99! rétatigade feindceon and/ or
el ectronics grade silicon.(c) Separating the nelt of

hi gher-purity silicon nmaterial froma slag In order to

@gﬁugf%r;g%r{f?gttiﬁg{ td?lrra%@grgg%tbzm igllgirﬁﬂ{}(iﬁggﬁfcjoﬂ material by

uaidirectighal sxdielification ashite sle¢titbmdGhstio@y 8firring the melt
acconpl i shed by tapping the nelting apparatus, as
shown in Figure 6. For exanple, an oxygen |ance may be

TEE nél of ARfher puRily Siftcdr AtltEAaMABEineB Wt tRABRIEETY DS the present
iln\/gntion thus far can be further purified by unidirectional solidification while
electromagnetically stirring the melt 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,
V,Zn, Zr, O, C and B.

Referring to Figure 7, the melt of higher-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
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 bottom wall of the
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

produce an ingot having an exterior shell comprising a solid polycrystalline silicon 36
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carbon paste, in this instance) in the rotary drum

furnace 10 and to all ow outpouring of the nelt of
wohe@hesepurity silicon material 28 into a noul BCR6A200M@01646

fl ow of the outpouring nmelt can be controlled by

rotating the furnace. (d) Further purification of the

nmelt of higher-purity silicoaOmaterial by

uni directional solidification while

ledvired & pumigytEyherthan tisé highenputityesilsdt mateziaahd aQ'fenter comprising

hi gher-purity silicon material obtained with t

3t mggy@mnp%@d preideiconniferth SRERIRGIN fhf %t&ﬁ%&he“ of the ingot is

c\fﬂgéf y dHianfhy Ekér dt‘h(e L IQH@é a?ﬁ " odbtlltrl&?ztthé’[?npurlty-enrlched

ec ronagn |rr ng

Ilq@ﬁﬁéihma@cﬂ Ieiah'e b‘ecﬁldtd)t\hlerwtteﬁ'loe gRal therddy, omalﬂgrﬁﬁsl\?halpolycrystallme
i

ephpongbavn@ a p_:r,Hlty gfgher,thar\/thezthlghggpu@y S(ﬁl(‘é);ﬁ]dngferld

Referring to Figure 7 , the nelt of higher-purity

silicon material is outpoured into a nould 26 having
si.de wa

Arhscan %%%ﬁﬁlttgﬁﬁét%eréﬁﬁvlwﬁﬁ? { Bl vt Bty BiySan materiat i
MY t%cé RPatel bl'lcﬂ (Xf I fiep r‘tt%ﬂ‘&ftﬂtt?%%ﬁ(!’l g?:%s?hdlfy contains

tovvardst € 1 ns ate bottom e rmu

leb émpudtieg ttedri trad rgmaining podionh & hieefitst peitiun antherefore separated
el ectromagnetic stjrrer 40. The rate of unidirectional
fEQn; et fekBRINGYY RATIORe USHIS ABY 1aRPTORIBEgReRRR SUFpedDicutting, thus

qt?}éwrrgc{e o@b{ﬂﬁﬁgg&lll on&fn ﬁ?\aﬁg%t T n"t‘fﬁ%ltﬁgher-punty

rrec at I'on~may al so
siladrr wlakerthiby cont rol I ing the tenperature gradient
fromthe open top towards the insulated bottomwall of
the nould - the free surface of the nelt at the open

(599 Lﬁ)rfset e détﬂ %@sbefr&lnarﬁgft tng i Sqafﬁfﬁr%tfum%ce equipped with

I'ng’ e for exanpl e wa
a@cw -flagt barnidritd upikreetibeasl lynsohitifying ehaimietti-raay bemgpeated using the
solidification is stopped when
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 metallurgical grade silicon.

In 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 a 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.



the nelt has partially solidified (say when 40 to 80%

of the nelt has solidified) to produce an ingot having
w@roognseed or shell conprising a solid polycrysP@Ei/CAn®7/001646

silicon 36having a purity higher than the

hi gher-purity silicon material and a center conpri sing

an inpurity-enriched liquid $ilicon 38. An opening in

the exterior shell of the ingot is created, by

Atticdugh embogineents o the pressent invemtton hatecbeen desariiedandetail herein

t@ﬁi i||@§{?§{éd§¥ t%éqlcq?ohrg g@lpylégg Icigqy?llalg%ﬁﬁgt% y dpbggr\é?oo%%nép tﬂe invention

0 h (N bl LR j ; [ ' ;

BoDBHIT Koriese, b UARIMRE 4k st Serbl napaes anc

modiifloatiorsiboali be effectdietherdin vathdut gepartmgr from thelscope or spirit of

material is allowed to conpletely solidify. The first

BErREsBNONVEREO 0l i d i ngot to solidify contains |es

impurities than the remaining portion. This first

portion is therefore separated fromthe remaining

portion, using any appropriate neans such as cutting,

t hus 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 wth an oxy-fue

burner to unidirectionally solidifying the nmelt- my

be repeated using the solid polycrystalline silicon as

starting material to thereby obtain a final silicon

materi al of an even higher purity. In this way, solar

grade silicon nmay be obtained fromnetallurgical grade

silicon. In view of the above description, the present

invention is also directed to the higherpurity silicon

material and the silica funmes 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
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solid polycrystalline silicon obtained foll ow ng
uni directional solidification with el ectromagnetic

wa@riosiosnge of the nmelt of the higher purity silPCDOA2007/001646

mat eri al of the present process. In accordance with
anot her aspect of the present invention, there is also
provided a use of a rotary dedm f ur nace equi pped with
an oxy-fuel burner for nelting and purifying a | ower

purity silicon material and thereby obtaining a
¢Lgn@$-purity silicon material. Al though enbodi nents of

esent invention have been described in detai

herein and illustrated in the acconpanyi ng draw ngs,

it is to be understood that the invention is not _ _
1.i Aviprecessofor lesiéying dewpairighbiiaemenateriahand loktainiangi @ lgher-purity

chan stan flcatlons %ffec ed therein
S BRTR 431 RS TR G B8 SEPSAIT ¢ of ¢ he

present. i nventjon. CLAIMS 1. A process for vrlf
pbwwmw PItiNG AP RALE biSi SALIRRRA WHP AnrPrgfug! burmer; and

hi gher-purity silicon material, said process o
(bammliimg the tove patitypsiliasn m@igrigh i thelimeadting appadatys and obtaining a
a equ. oxy-fuel burner; and (b)

Wgﬁ ﬁ&ﬁFﬁguﬂb&Eﬁﬁﬁanﬁé“Qlcon material in the melting
apparatus and obtaining a nelt of higher-purity

silicon material. 2. The process according to claiml1,
2hdhei prockes rasicoiding 4pméaia fiswberain dpe (nagltingappdsatus of step (a)

r ot drum furnace. 3. The process according to claim
'TC'UaﬁéﬁéPrﬁ%ﬁHm@mﬁ% the lowpurity silicon
material in the nelting apparatus of step (b) occurs

under an oxi di zi ng at nosphere provided by the oxy-fuel
huFmemprocess according to claim 1, wherein said melting the low-purity silicon

material in the melting apparatus of step (b) occurs under an oxidizing atmosphere

provided by the oxy-fuel burner.

4. The process according to claim 3, wherein the oxidizing atmosphere comprises
Hzo, Hz, Oz, CO and Coz.

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.

6. 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 1.5:1 to 2.85:1.

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
step before step (b) of preheating the melting apparatus without the low-purity silicon

material therein.
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4 . The process according to claim3, wherein the
oxi di zi ng at nosphere conprises H2O, H2, 2, CO and

W@RS/051229The process according to claim3, wheP€i/OAS®IT/A01646

melting 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 to2Ziaim3, wherein said

nmelting of step (b) conprises setting an oxygen gas to

Aafl beaproga&s faued>rdlmg ta claimt henvhenege saidomelting: 4f step (b) comprises
cess according to clajm 3, where

gleél)’qlrégagfe - wltm Icep W?er@l @g tg@p%a{urgnat fr ag,qae@ melting

tempeaedrigiR@nt he low purity silicon material. 8.

The process according to claim1, wherein said nelting

of step (b) conprises a step before step (b) of

o DB8 PSP R RT 1 MERisTh sa1d el ot stse (b) comprises
?rfe‘?tﬁ{gdﬂh@gom&ltgbf“bén mhefisi aﬁ é@hgoe{rsi&é Mot raﬁgﬁ‘?g{rﬁém 0°Cto

conpri ses 'owpurity Icon materi
ﬂé@ﬁbé@ature at or above a nelting tenperature of
silicon. 10. The process according to claim1, wherein
said nmelting of step (b) conprises nelting the

h owr Ry fo'réé/es%' éé&g&mggb?%@ 6%&@@#%% ! ocr@SsttteBe comprises

range from 1410
aettorgiaing teropetading Hetwekar & 10° Sadrdi mﬁmmmg: pfeciditape chbon into a

nprises neltin r bet ween 1410 C and
38800 120 UBr exvgee apatech PERIE mells! diaaip i Siigan aeaterial.
oxygen content of the nmelt of higher-purity silicon
material. 12. The process according to claim1,
Meﬂee Iprscaasd; adarding tofclaitrep, Whredowspid sestiradof stepab) comprises

h
cﬂtng eat sndthetlcgsIag

13. The process according to claim 1, wherein the melting of step (b) comprises

collecting silica fumes produced during said melting the low-purity silicon material.

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

(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.

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
steps of:
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13. The process according to claim1, wherein the
melting of step (b) conprises collecting silica funes

w@e@dosee during said nelting the | ow purity sPCT/CARN07/001646

material. 14. The process according to cl _ai m1,

further conprising a step of: (c) separating the nelt

of higher-purity silicon natet4al froma slag. 15. The
process according to claim 14, wherein said separating
(desalidifying dime medtes! highgrepurity gilittre nagetialibyt unidirestidndd solidification

SPHS Sl 1 aperalop JaRaph S e Bolspa vyl BFcssnd mguld while
Eféc?rlo?rﬂ n%"ﬁcafgh t‘ﬁéﬁﬁ;’ﬁjﬁpm pouring the melt

conpri ses tappi I'ng apparatus. 17. The
ns. 15 or

IR, ?%'s%ﬁg%a?%@%r%ﬁ@ow selac?hg%ﬂqrul ying the

ﬁﬁﬁfﬂ%&q?%ﬂam Hctighal seiidiGaIh siesang %ﬁ%naﬁcp@mauy solidified to
bRYMRICESars Hgdt 'h%%ﬁgaéﬁ@xfé?b?%%m@b}r?g En@aégoﬂﬁ’ ﬁ/&%télﬂne silicon

el ectromagnetical Iy stirrin
hawag a plfrltys higtheunttiath se&dhlgm&mpusmj 3|I¢bofnl matenehanc( & Lenter comprising
di.rectional solidification when the

st o sal l

ﬁﬁl' ‘?\eéﬂ lquid slicemsanel t o produce an i ngot

haV|ng an exterlor shell conprising a solid

ﬁgjlqr@atylg an(dpeaing in said extariaighell misiaidyingiot ke outfloansaid lmpurlty-

B St S e B
b@l)/c%%?ﬁdégh@dh ﬁﬁﬁﬁg@puﬁty%@%r@%ﬁ@éé@rhlgw “put Psﬂ%’oﬂ material.

I ngot to outflow said inpurityenriched | i con
and | eave behind the exterior shell thereby obtalnlng

Thafhe Sr8cRatghisefing: Bad pheak chier Paer 16, furdher omprising the
steps of:

(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
portion having solidified before said remaining portion and comprising less impurities
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

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.



18. The process according to any one of clains 15 or
16, further conprising the steps of: (d) solidifying
wo b@sosl2e9 of hi gher-purity silicon nmaterial byPCT/CA2007/001646
unidirectional solidification while
el ectromagnetically stirring e nelt and obtaining a
solid ingot; (e) controlling rate of said
éqiglre&t%onﬁl soljdification; and (f) separating a .
i'r §tMBB P DIgReEPULYSINGAN Materighebipingd acooshing e the process defined
RPELIQA, said first portion having solidified before
sald remai ning portion and conprising less inpurities
than the remaining portion, thus obtaining a solid
gglycﬁys}alline siljcon havin% a purity higher than
i PliFagherepebiainedacsardngrtates prrcessalefmed ipciaiests.
according to claim17, wherein A, As, Ba, Bi, Ca, Cd,
Co, C, Fe, K, La, My, Mn, Mo, Na, N, P, Pb, Sb, Sc,
38, Aswlid PolycstaNihe ZllicoRobinéd aBtorfiingdBYhe&pdeb8abieMied in claims
thereof is renoved fromthe lowpurity silicon
aErBal . 20. Use of a rotary drum furnace equi pped
with an oxy-fuel burner for nelting and purifying a
| ower purity silicon material and thereby obtaining a
hi gher-purity silicon material.2 1. A nelt of
hi gher-purity silicon material obtained according to
the process defined in claim1. 22. Silica funes
obt ai ned according to the process defined in claim13
23. A solid polycrystalline silicon obtained
according to the process defined in clains 17 or 18.



