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WD 2009/ 033255 PCT/ CA2008/ 000492 1 PROCESS FOR THE

PRODUCTI ON OF MEDI UM AND HI GH PURI TY SI LI CON FROM
WORIDABIIRG CAL GRADE SI LI CON 5 FI ELD OF THE | NMEMTAZINS/000492

This invention relates generally to the production of

silicon netal, nore parti culfrl y it concerns a

process of purification by crystallization that

q di iy . . o
PROSESE BN orib PRADIGTIONIF BHEDIU bkt R T i icoN
| NVENTI ON_THREME ME TRIVURICAR GRACRP BILIRBNONS Of
silicon (Si), each applrcation wth 1ts own

particul ar specifications. 15 Mdst of the world
production of netallurgical grade silicon goes to the

FIELFOF -pnF INVENTIONVE industries, where it is used as

a crucial alloy conponent. Metallurgical grade
silicon is a silicon of low purity. '_I'_ypicallﬁ, _ .
Thisthantiongeledés gererally td theqrodietion of silebounetalyngrgrparticularly it

cor?%gégg”whgﬁgég %ﬁg c%ig)(% @QEB&S@%’J@Htﬁgﬁgfoic{“@%rrﬁg&gm and/or
higfg gﬁ@{ ﬁiiieéﬁ In?étQWé‘F' uséqe pﬁotdvoﬁ?eréﬁpﬁﬁétimm as

ermal reduction. A small portion of the
netallurgical grade Si is diverted to the

' tQE 7 in th duction of
BASKGERIND'GF JHEMKEKTOR, . “Sent conductor | ndust ry
25 requires silicon of ultra-high purity, e.g.
Tl B AR PP TS SRR i o o
pamiselar Bpecifivaiidnsed to produce this el ectronic grade.

However, the purification process is elaborate
resulting in the higher cost of electronic grade

o 5580570 TR R Y ShE BB, G, ool anc
autpnuativetindostdes plvhervibis ased aelal sucial alloyscdraporentl dMetallurgical

The purity requirenents of silicon for bes o :
Orasier iR IR OB APWCRTY 2 hiFalh rasialuiice) grader pieqe that is
ab@ﬁg;%?n/o 2)%&5“%@% gﬁﬁo@%ﬁ%ﬂ 8%%5% Eef%yn(gé%\gggg %gv&fo??(cogl, charcoal,
pet coke) and silica (SiO-) at a temperature around 1700 °C in a process known as

carbothermal reduction.

A small portion of the metallurgical grade Si is diverted to the semiconductor industry
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.
The photovoltaic (PV) industry requires silicon of a relatively high degree of purity for

the production of photovoltaic cells, i.e. solar cells. The purity requirements of silicon

for best performance in solar cell applications are:

SUBSTITUTE SHEET (RULE 26)
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total metallic inpurities < 300 ppmw and preferably <
150 ppmw. 5 Al though the degree of silicon purity
w0 e@aiosees by t he photovoltaic industry is | essPC€TIa@n2008/000492
that of the sem conductor industry, an internediate
grade of silicon, i.e. solar grade (SoG Si) silicon,
with the necessary | ow borod and | ow phosphorus
content is not readily commercially avail able. One
cubomnt(Ba)I<tBrpparthe is to use expensive ultra-high
ur el ect roni rade silicon; this yields solar
P“% %‘quséF?l cﬁ’ea& ™ close to the 1o theoretical
' | fithl Rigtalid infpulitRid LBOO YR . préfepbibigr< #60 pphrav.i ve
is to use | ess expensive scrap” or off-specitication
supply of electronic grade silicon fromthe

353 ARG oA 5 RLEHE) o BREGHBRRE by g

thatioh tH SemidonRictaT Uldbstryd in éhteerediaite geadadef silidang de. solar grade
avai |l able to the PV industry Mor eover, paral l

el
(SoGroeiicen. witk thermecaneAv oW tiaran Bnst BWalgaRROTUS content is not
B e e T

punf;l?élbctfsnmﬂ‘ gradei gilicorg thrsvylgldactmlm d:ellsowlth iefficiemcies close to the
icon or netall urgqjcal co are knqwn

theqra@czamfmtwatﬁ huehbBtys Ris s 80! e ive iauPa gk expensive

scr? ('lSJr (rﬂt A3 E{:l %t‘éorfgélgpsﬁ?@?f%éﬂr{)@?%rﬁd@&hé&&fr@ﬁﬁpbgéh|conductor

indLmtnylenwgvén mnsfm&nparﬂsluntsllmmbhl@spmmlcbwt)ebave gesulted in a
cells r§olar r.ises, a.step t

decfiiis 811% CoFar SIRPY AP ARt rads Siigrae plaleds ey industry.

Mor%%vélS %J%Félle?deWfN df'?h@sérﬁi’&o%@ﬂb@ﬁbn@fph%@d@ltawHdustnes has also
phosphorus. "For a long tine, declassified products

contriuted to thergeneral phod supplyef slectianie gesecsikgari. con
have formed the main source of photovoltaic quality
silicon, but this source is insufficient to supply

SeVeli®l rhéthiot of anfWEd(I@tN-@%ﬁI@fﬁﬂlc@ﬂ i dabwadiloh crinhétaMirgical grade
sources are 30 necessary such as netallurgical silicon

siliggnodtkaowy it theaither nal reduction of silica in a
subnerged electric arc furnace, for which the quality
may be inproved using various secondary netall urgy
In USP00b/OP7MB8StiNBThentidned thaainpl e, refining with
chl ori ne WO 2009/ 033255 PCT/ CA2008/ 000492 3 descri bed
in patent EP 0.720.967 (Pechiney Electronetallurgie).
“Forplestrogicsand phetoveitaipagalieationsdbatreguiig highodegreestof BHEty, the

melfbly SB0R Bl il e Gy oM, AP A Rle B GR01 op bl banets
codprides alstepo produce pure silicon from a basic material that is a silicon

essentially with a low content of boron and phosphorus.

For a long time, declassified products derived from the production of electronic silicon
have formed the main source of photovoltaic quality silicon, but this source is
insufficient to supply the increasing market demand so that other silicon sources are
necessary such as metallurgical silicon produced by carbothermal reduction of silica
in a submerged electric arc furnace, for which the quality may be improved using

various secondary metallurgy refining treatments, for example, refining with chlorine
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Phosphorus 20 to 100 ppm The phosphorus content is

very dependent on the reduction agents used. Wth L o
weh@posRFy it is easy to obtain silicon with aPCT/CA2008/000492

phosphorus content of about 50 ppm this type of

silicon is used parti cul arlg for making silicones.

Wth fossil reduction agent silicon vvith a

phosphorus content of | ess than 25 ppm can
descpibeduit gatertdrP AT 2967 fReehingy Eﬁﬁtf%mf?@wg’%) Thus, a silicon is

£ I
proc B SBTSHo ebi MR FALARerge 9, 38 Rl YRy weiohy:
Iron dig.Beyent fromthe purity level required for 15

el ectroni ¢ and photovoltaic applications. Segregated
Calcgsh i<d?-fI0%t i on has been known fora long tine, and can

oner t ontents of many inpurity elements in
Alung{niuﬂéo J]§|Q%\/\/ever this technique is not efficient in
Boraichi &y 60@phtre requi red boron and phosphorus purity

| evel s, startl ng fromthe two 20 grades nentioned
Phospfiares 26HasTO0@Rf8r t he pressure of the increasing

mar ket derrand, a large research effort was undertaken

to make a silicon with a | ow boron and phosphorus

The @whiisphbrust eontent is Vegndeperdéniran dee redudtioanagents used. With
particul arly using Purl flcatl on of sil |

It ,
chargaakft @sa@r aims{écon \m thapkospBaRRGRE n&ﬁ%#aﬁﬂéo ppm; this
typeg?fsﬁlc ?é 19{]#?5’/?1091& EADIF) sﬁt‘&@é@s i dsts1/ uctlon agents, a

rans o o I'n ustrla sca e as a _
silicoreswithta phosphedrs mhtermdfﬂemmne% ppvocxant ke pdoduced, for which

| t A known in.th t s US .
the B ERAORSElO IR AR B A S e ap Ty HoBENg thgpurty
IeverYstﬁé’:té W@ hHb§ 3 shRWehg o%rbhpﬂoﬁpﬂfé?ﬁbh&l JevBy l’&ﬁﬁred for

han about e twentieth of the 1ron concentration
electropicnaridhpholovqliaic .applioatiaent ani nated silicon is

introduced into a nould and the nmould walls are

mai ntai ned at a tenperature sufficient to cause WO

Seg?e%%a 33idhcatiol KA REEH RRSHPRr a40ﬁ§{ titne Oéh&éé/ﬁfoﬂ}e'r ¥MEcontents
owt h. The nother 1 g’bor is agit a carbon

of many fupunityrelemenys imsiisonnfioweyes thd;s mmmlqwﬁe iz npbeliwient in

och By RE e b bR B BB BB oo o
gradéﬁ#;@htloﬁed'gbb%v crystalline silicon ingot is forned

and both the inner zone centrally of the crystalline
ingot and 5 the outer zone adjacent to the nmould wall

ool fad iR e e o e rERahy RRe L a0, flbrpp Bsearch efor
wasaiifedtikenttb amarkd a HieoR With aVelv boreh ek dhd&gﬁbruﬁ'&)’méﬁlf starting
nei t her boron nor phosphorous is renoved this

fromp raeledurgicabsilican, eoastiew/age 4sing pusificatfore of cﬁﬂtconamoétéenunder

plas}zH% Tﬁ‘é abdﬁégg%ﬁ\f%%t%%cfﬂ*fl%?)efwt%?%gg%/g%dan dg%&gtory scale
andl ﬂflgedlﬁlbafteto tlanspy&e. them to industrial scale as a result of technical

difficulties encountered in making larger tools.”

Also known in the art is US 4,094,731, which discloses a process for producing
crystalline silicon having an iron concentration less than about one-twentieth of the
iron concentration of the mother liquor. lron-contaminated silicon is introduced into a

mould and the mould walls are maintained at a temperature sufficient to cause



10

15

20

25

30

there is still a need for a process for the production
of solar grade silicon on a | arge- scal e basis.
WEnBE3YSOF THE | NVENTI ON 15 An obj ect of theP@r/€azns/000492

invention is to provide a process for purifying
silicon netal that satisfies the above-nentioned
need. It is also an object 8f the present invention to
provi de a process for the production of 20 solar

silicom arystalline growthi Tlee maofherligiuonis agitatedwihla earbeie rod stirrer or by

oubfing 888 e B DRESH SPeGRe ol BRIBMing 8lighh ghf and o
prevent thdYreezliRy BNEHOYSY baifacs of Ithe mdtties Mgaor.iA dollew crystalline
requirenents for a silicon necessary to obtain

t h

silicor #1909} és fasmeshand bathethednoer zore eriallyAHdbe w&ﬁgﬂi&g ingot and
Tlie e .

the BB 2088 8laBBl B bk ol IR AL 8o S MR A iher zone having

an ifonwaniceptrativroleisd ¢samope-dwestethaf thuirdrh gomeerteatiopwf tHeyoriginal
rretallurgli cal grade sjlicon, containing at Ieadst %r_le
motRer liqyer s OWEXEhJEHORT BATORARTP RFSPhOUQé',S IBEM@YE @ét, IRfocess.
Fe, Co, Cr, Cu, Fe, K, La, My, WMr, Mo, Na, Ni, P, Pb,
Sb, Sc¢, Sn, Sr, Ti, V, Zn, Zr, 0, C and B, and
Ovesthepastiygass aiajlod effphasybesol pud irdo ltlye dgetlapineneof Bprocess for

making sGAargTs SHeph ra CRMARURYE FOReaaT i &gk Speleye However,
ther%% 56IPA neBd3or® BlébessiSr thetb8utdH ¥y dradslsitic8d on a large-

ottomwal |, insulated side walls, and an open top;

scalasd9/ 033255 PCT/ CA2008/ 000492 5 (b) solidifying
the nelt by unidirectional solidification fromthe
open top towards the insulated bottomwall of the

SUMMARY @F THECINGENTIONNeti cal |y stirring the melt;
(c) controlling a rate of the unidirectional

solidification; 5 (d) stopping the unidirectional
An ejetidefithe airesentinegntiands e provide apgaocess foy pugiblinglsificeumetal

t 0. .0k ce ' . ing .an exterior shell
thatc%’“lgf'%gﬁhegasﬁ’eé'ﬂ%?ﬁ'ﬁgggﬁ#ﬁ y solid polycrystalline
silicon and a center conprising an inpurity-enriched
liquid silicon; and (e) creating an opening in the
Itis @lgosan ebieshedthe presert invaydionte piamide awreerss feothe production of

' it Yo [ | 4 QUi Libi ye th e
soldé)r:gﬂépgeogﬂlg equ%%ghfrr&sﬁi ﬂ'\ge?éslg.!rgfegl %Pe?dé SMedn' "Fhe specification
requirements for silicon are determined by the photovoltaic application and in tum by
the photovoltaic cells; the specification requirements for a silicon necessary to obtain
the best performances are boron < 3 ppmw, phosphorus < 10 ppmw, total metallic

impurities < 300 ppmw and preferably <150 ppmw.

Accordingly, the present invention provides a process for purifying low-purity
metallurgical grade silicon, containing at least one of the following contaminants Al,
As, Ba, Bi, Ca, Cd, Fe, 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, and obtaining a higher-purity solid polycrystalline
silicon. The process includes the steps of:

(a) containing a melt of low-purity metallurgical grade silicon in a mould, the

mould having an insulated bottom wall, insulated side walls, and an open
top;
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hi gher-purity solid polycrystalline silicon thereby
obt ai ning the higher- purity solid polycrystalline

W@ 00083255 Pref erabl y, the insul ated bottom wal PCEHOA2008/000492
insul ated side walls are heated to 15 mnim ze a
formation of a skin of silicon on the insulated bottom
wall and the insulated sidé walls of the nDuId The
rate of unidirectional solidification my

com r splidifying the mek Lb)awln&'f%’ﬂoﬁih'e50'!d1ﬁf$<‘tﬁt'9!"efioﬁbt"t%mpen top
val | W?H%e(h}enﬁ%ﬁléa%ogfoﬁ? bk fhe %Bﬁl({ ﬁ%glf ectromagnetically

uni di recti ona |on may
cont r gtitringy thye meltt rol 1 ing a rate of heat extraction

f h | th f th
P:(g?]efcﬁgtrg?'"tgféﬁaé%ﬁ’? mf{JSR'ﬁﬁe K?”:?(I %oﬁ@%gn rextraction
m) ' réfdpﬂﬁﬁg %@%H@nr@cml 'é&ﬁdgﬁﬁwm WhER tﬁéaﬁ%iteltnﬁ% partially

or ‘ait) 1n contact ree surface o
nel t asplidified dpeprodape ain inget tavird aﬂSeiﬂanorr ahell obmprising the

uni di regtional, sol.i.dificat e adjusted
conbi MHFNESPUIItY ﬁqhﬁepolgi:ryﬁ{a % 1a\h‘genter compnsmg an

el ect rpBRARLShGcHEd I uﬁ*dsmeo@Sartoo Wash the
solldlflcatlon interface and prevent i mpurity rich

| i(eui dreatings anr ap@ring bin tﬂ@naxtnenerfs:hleﬂemfn the ingot dbt autflow the

o of o BRBH Shid e M SiHR AR Rey S e Sl Rl Promprigino said
i s bethigtast-purik)-sblig! §0I?¢‘r§st5mh@ §licdrs thé’r@b?tcﬂﬂﬂlhﬁ%oﬂfe higher-

t he unldlrectlonal solidification is preferably
when WF'G)OSQN/P@WCWE'@"'W&IHC%S solidified. WD
2009/ 033255 PCT/ CA2008/ 000492 6 Creating an opening
in the exterior shell of the ingot includes piercing

PreféTable;p(tﬂee limgulatedebdttarh walbahdghe.indifieted sidei wallsTase heated to
mechani cal nmeans or thermal | ance. Creat

don
m'nanlzsparfpﬁgat"an tqiea SkirePl SHicaRe tog 'm%aﬁeﬁga@ttcrmywa@ and the
.ns@ﬁ@g@aémg &fhﬁ?ﬁ&{lh . 5 tap opening in the nould.
urt her

e process may i nclude an additional step
before step (e) of rennving the 1ingot fromthe noul d.

The Srter s fESeadiaL sofRtaier mava eb@ﬁif@ﬁ%%ﬁf suidtion of the
ms@!aie‘d‘:‘BBtt@l“\‘PI waPaali the HsBRted Bidd QNélﬁ) 'L Hd ra6C BF didiRectional

he process, a top portion of I gher-purity
SO|l§t5IICBt10lp mew:alygtbal ¢antrelled blyicootroliing acrate af heat extractlon from the

mefj@?tr pn%ltgpgf?heclgl%%aj ﬁr@éra y?tl%?o%{&rg‘fl?n%tg E%g 8{}&eat,@f{ract|on
ma cltﬁ@e phdcind8.codling ffedidA (fo?rexa-ﬁ'\plevwat%!? or7a"|r i @8ntdeBwith a

OW- purit rretallur i cal grade silicon.
fremslgfﬁ@@e gﬁ%et el @t tme open top of the mould.

The rate of unidirectional solidification may be adjusted in combination with the
stirring power of the electromagnetic stirrer so as to wash the solidification interface
and prevent impurity rich liquid to be trapped by dendrite formation and obtain a
polycrystalline unidirectional solidification. Preferably, the rate of unidirectional
solidification is between 1x10™* m/s and 5x10°® m/s.

Stopping of the unidirectional solidification is preferably done when 40 to 80% of the
melt has solidified.
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polycrystalline silicon may contain approxi mately at
| east 45% | ess phosphorus and approxi mately at | east
waswhaRrss boron than the |ow purity mnetall urgi PEl/Cyr@se00492
silicon. The inpurity-enriched liquid silicon
contains less than 60 ppnmw of carbon and | ess 20 than
20 ppnmw of oxygen and is a Fow carbon and | ow oxygen
grade of silicon. The objects, advantages and ot her
features of the present invention will becone nore
r ¥R ShdtRGRCILEES it thB®xterior
CrofRFSpsHi AR oA S Re b RSRI gag Ml thE e
shell ofthetingot, Thievpiercwig may bealomedyy mechanicalcoeamsorthagnal lance.
drawi ngs. 25. EF .DESCRI PTI O TH W NGS | F| G, .. 1A
CrepliigaR Boeagie e marnar giist e wgel Waaggfaaq%m@'%eﬂmugh a
tap Gﬁeﬂuﬁ iR¥Ré ouid | i con, according to one enbodi ment of
entl on. FIG 1B is a cross-secti onal vi ew of
the nould of FIG 1A, show ng partlal
solidificat h mel t . |
The3prets Padifuedingd® i anaehet deh Beld éﬁep {fg of removing the
,ngofg@,%%%?é%aﬁﬁ,kPCT/ CA2008/ 000492 7 according to one
enbodi nent of the invention. FIG 2 is a schematic
representation of a cross-sectional view of the nould

38, s S P R A8 T By, RSO BFPbyi s

polycmswmnersmcﬁh@nd&epéam@stwse(bbto(ree)pr esentation of a
cross sectional view of the nould and ingot of FIG
showi ng renoval of the ingot fromthe nould and
o g 3 .
In a{:«%&d%@é‘%tﬂ?&% rofess: %’gﬂﬂ ﬁ%"éﬂgg n@ﬁb@r{) ﬂﬁdﬂitﬁégﬁ‘{’ éol%rystalhne
silicon\neay cmntalera@roﬂmhateby atddasti0% Iefsspne'&encbmahﬂnam% Al, As, Ba,

B, GareerCare!, G i &1 s ”a%a;;'a b B Sese S50 Bev. 20
Zr kthgh Sﬁ"ée”b ﬁ '%talilf @tﬁgb hifeon®. Tﬁeahr%'\etr-pgﬂgl solid

cross-sect | onal Vi ew o contal nin
polysiysiallinelsdicon onageanitain anproximatelseaﬂ least 46% lesh@hosphorus and

anof inelly ableBnl 104 Ter iprshat Bidpudou i aialiics rgde siicon.

Theslmcgslﬁit)t-'eﬁﬂ&hémll(ﬁlflﬂ %|1I|c%%ﬁ%|n§ﬁ&%tth§mrﬁ5m\ﬁ oiftdaﬂ'idrpgnd less
are graphical representations

thaw 20ippumw eif @xpaers aod is Bdow|caneon and lai Qv(ygetmgrade afssilicon.
function of the location in the ingot as depicted in
FIG 7. 25 FIG 9 is a graphical representation of the

The ekjatisPmadvhhfaigesaihd BERey f@4tusédBf 8f present invention will become
more apparent and be better understood upon reading of the following non-restrictive

description of the invention, given with reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a cross-sectional view of a mould containing a melt of low-purity silicon,
according to one embodiment of the invention.

FIG. 1B is a cross-sectional view of the mould of FIG. 1A, showing partial

solidification of the melt with a solid silicon exterior shell and a liquid silicon center,
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anal yzed for a solidification trial with
el ectromagnetic stirring. FIG 1 CAto 1 OH are
wQ@r@phsxsd representations for various el enentBCDEALRIN8/000492
elemental 30 distribution as a function of the
| ocation in the ingot as depicted in FIG 9. WO
2009/ 033255 PCT/ CA2008/ 000492 8 DESCRI PTI ON OF
PREFERRED EMBODI MENTS OF THE | NVENTI ON Wil e the
accordirgnto one embodiment ettriepiadentiorconj unction with
exanpl e enbodi nents, it wll be understood that it is
not intended to limt the scope of the invention to
FIGS 2¢da sehembad répratentabnofia cesyit sedtivnai Viewsofithé giddtand ingot
to cover all alternatives, nodifications and .
of Rl 1B showingrHemayrl @fi the st fromi e meuld, pecerding to one

e ERf B EEebiet) et o 10 AS ment i oned, 1t he

present invention relates to a process of purification

by, crystallization that produces nedi um and/or high
F'%§ﬂ$ pycaemate reRfepantatign qﬁf@&@%ﬁ-siﬂ%@m \erwacr%he moult and ingot
[ 4 i (£ I [ ' :
of FRE T palify rficRaP BERIS Lot fibm il 3G CARE e biehgion of an
opgmireg &% $hé @xtqriori $helhgf ithoevipgoti Bycomlirg kaogiecambgdadent of the
. silicon, containing at |east one of the follow ng
Ve ani nants Al, As, Ba, Bi, Ca, Cd, Fe, Co, C, Cu,
Fe, La, Mgy, M, Mo, Na, N, P, Pb, Sh, Sc, Sn, Sr,
Ti, V, Zn, Zr, and B, and obtaining a higher-purity
FIG & isda sehgmajistraprasestatian ebdenditicTorowih guringt sglidifisfation of a
. [ c are discussed nore fully hereinafter with
“quE)d;r[?B%%a{gﬁﬁeference to FIGs. 1 to 3, and FIG 6. (a)
Containing a nelt of lowpurity netallurgical grade
silicon in a nmould 25 Lowpurity |liquid netallurgical
FIGyodg@ giaphicahrenseperiaties @f e Saggbeﬁ@atm [PRIQRARH] of
quartz in an electric arc furnace. The liquid silicon
(the nelt) 11 may be transferred into ladles from
FIGam6ris id onegs-bectiomah \dewpofirdnboido contaimihg 20nieRviahg of an
n insulated bottom vvaIL 10a, insul ated side walls
e'e%wf’aﬁﬂ%t'caﬁt"é?féf?ecdo‘ﬁ siti¢he M@t roul d 10 may have a
rectangul ar, cylindrical, inverted-bell shape, or any
ot her shape known to a 30 person skilled in the art.
FIQ.t7 rimya graphitalrepseseapatizn pf dhvé dechtidnewithin Gaeiagél 6f samples

13), . WO 2009/ 033255 PCT/ CA2008/ 000492 9. (b
a"%\ﬁe?ddﬁ"fr 7 ﬁ?g'gﬁ W@ﬁﬂ‘él ?a'w%t &P emwtlcs%r ﬁSf&%-f i cati on

fromthe open top towards the insulated bottom wall
of the nmould while electromagnetically
FIGs. 8A to 8H are graphical representations for various elements of the elemental

distribution as a function of the location in the ingot as depicted in FIG. 7.

FIG. 9 is a graphical representation of the location within an ingot of samples
analyzed for a solidification trial with electromagnetic stirring.

FIG. 10A to 10H are graphical representations for various elements of the elemental

distribution as a function of the location in the ingot as depicted in FIG. 9.
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stirring the nelt 5 In order to obtain a
unidirectional solidification, the side walls 10b and
whodwosasml |  10a of the nould are insul ated waTiICamos/000492
appropriate insulation, for exanple silica sand or
some appropriate refractory lining, while the top 10c
of the nould is open to aII%M/ the exposed surface of
he nelt to emt heat k .
DES&RJBMPNQW PREREERRED MB@&'N@NH“ QEJH%@NEMW
the side walls 10b and the bottomwall 10a shoul d be
|l o negligible conpared to that along the top 10c.
Whilktlad Irwgnnbn wilkbé destriiedan cosjuncmm)wme Bdarﬁpleremmeehts it will
the thickness of a silicon skin that

be @érer%m@ thahif 1# G1gh BiendRE tadimit e ScABeRSUNG ingenting to such
embSHﬁﬁ’ér?s 30h4H CBHH' Yas mtﬁrgd &51;50( Sver il aqlﬂeiﬁﬁ%% Ofhodifications

I nterface an Iute t concentrati on of
and eqpivalents. é1terfel1ﬂ>wmghmscaptmnmltabe read with reference to FIGs. 1A to
solidification front, the silicon nelt is stirred
10Helectronagnetically. The el ectronmagnetic stirring nmay
be provided by any appropriate el ectromagnetic
irrer_14.  Fl 1A_ 1B 2 3 and 6 show a nould
Nk iRAL BESCRIPTION OR THEOVENZIOR Gced under neath ¢ he
moul d. El ectromagnetic stirring, unlike conventiona
nmechani cal stirring, is a non-contact 20 stirring,

As meatroneld,pa}né preséhie rmmnI tieh ﬁélatbsetol l@ﬂﬁ’écdzsﬁ @fcplgﬁf&ﬁtlon by
erIte nmet a r ing a.rate of the
CWStﬂHIZ&F'%é{‘?bm UGss; meﬂrl&éﬁ;wgo hggr HBF'tht glliegmimetak farngse in
photg rbtagpﬁéatidmu” ty rich liquid silicon trapped by
endrit 25 formation, the rate of unidirectional

solidification nust be controlled. Preferably, the

Ty L S X T

procéééﬂﬂ' pUridyiag tbwplfsy r%ﬁalluﬁ?@alrg'f‘é@e erc&r‘i"d@nfﬁﬁﬁlﬁgoﬁ ﬁéast one of

solidification may be contTtoll’ed by contr
the followingfcorganmtinants &ttAada, &, Caofd Fe, Goelri Op, Eelra,dflg, Mn,

Mo, NGE NER B b S s B 28 £Ferids. nehfeteiiida i puriy

solidspoiptgstfiide sifgdrgsi on. This maybe acconplished with
the type of insulation used for the bottom WO

2009/ 033255 PCT/ CA2008/ 000492 10 and side walls as

ol DX GRS 5%, AU Rt B

refermﬂeumFZGs.woB,aadéﬂlG. er water. For exanple, the
solidification can be slowed by using a |ight
i nsul ation or accelerated by using a water shower to

(o) R FFIEEP A S5 P OD P ekl i o movie

nelt has partially

Low-purity liquid metallurgical grade silicon is produced by carbothermal reduction of
quartz in an electric arc furnace. The liquid silicon (the melt) 11 may be transferred
into ladles from where it may be then outpoured into a mould 10 having an insulated
bottom wall 10a, insulated side walls 10b, and an open top 10c. The mould 10 may
have a rectangular, cylindrical, inverted-bell shape, or any other shape known to a

person skilled in the art. It may also have a tap 24 provided thereon (see FIG. 1B).
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solidified Wen 40 to 80% of the nelt has solidified,
the unidirectional solidification is stopped 10 thus
wW@Diaiosd2sy an i ngot 19 havi ng an exterior shel PCTraadz008000492
hi gher-purity solid polycrystalline silicon 18 and a
center made of an inpurity- enrlched liquid silicon 16.
Stopplng the unidirectional?solidification sinply
inmplies not allowing the nelt to conpleteuy solidify
(b) Salidifying: thie rgeltoby. hmmtmctlgneb sol@lifiegtiantfromi the tapen top

towssh, Be Pipulated HetloBonsl #F ke SRty Susttiaenglicany

stirririg te pi@gted in the exterior sheII of the ingot 19
to outflow the inmpurity-enriched liquid silicon 16
fromthe center and | eave beh| nd the exterior shell

i ofde i AR b SR HGH 3, 4 8 S Bl v

10a 6f tHe'fRollIgRt idduIdtad NieY & Qﬂprbbﬁateemht@léh@rﬁ fohetdmplk silieg sand
i ngot 19, for exanple by nechani cal means or thernal

or sQrag@ppreRsiate :r@faa@owmmrwml@ the top 10e ef terrapuliskis openito allow

T

solidifiddtionrof e trrgmtratdmg thé QQie vi8lSTEGb Sed thm@otmm vtaﬂtWDat@tould be
t he i ngot throug 4 found in the

negliglle Sompared (taothatnAiphg - theo o] Ul Heatins of thendnsuiation is
reco{ﬁgﬁ%gd%@uﬁ[g{/@%rgbgﬁg %E thhe Hoicki&ds ngwn sﬂl t{ﬁ\gt MRy solidify

create an openi
and éortine ondhe sfadlslof diie tioauld 1ot  t hr ough the tap 24 in the
mould 10 to outpour the liquid silicon 16. WO
2009/ 033255 PCT/ CA2008/ 000492 11 The process may

To én¥UrBe coRfihysiss WésﬁFlﬁgi %:f W%oﬁ&uﬁ@athﬁf F?ﬁ@r{é'éee%néetb Giute the

renovi ng the 1 ngot romthe nmould 10 (see
con¢emtra§mntpﬂ inyrity iefernentst tﬂnet angomulle @ thefsotitiéicatiaru Ifrdmt the

siicg hel)l¥ Sl Bebiontadnalicahy o TS IS B SRS SHIBE mpy be
pr0\)|d5edSB§%?%rbﬂrnﬂb%léétf@mb&%t@éﬁ@éﬁ 0r FIGS. vA iBe2, 3,and 6
ngot 9 is caused to crack, by piercing

showuanaieuld witho air glectiomagnetici sfirrer @iaqedounq!erne.atm dpe mould.

eleirhadbtrsk o, WkE:calo ook R S RbBiy A fpn-contac

stlrringaSé ﬁ@%ah&ﬂ‘&h@%cﬁ@nbﬁmsﬂ@dﬁ\és Mto cdBtadBavithBhe rﬁ‘@lter@ﬁhetal
, Cu, Fe, K, La, My, M, M, Na, N, PDb,
Sc Sn Sr, Ti, V, Zn, Zr than the lo silicon

(c) %éﬁg,'tc?'r"@ gq'%l ne?ghﬁl Egdn' #m C%%@MM%%@J?%XI mat el y at

| east 45% | ess phosphorus and approxi mately at | east

10% | ess boron than the netallurgical )
In order to minimize the quantity of impurity rich liquid silicon trapped by dendrite

formation, the rate of unidirectional solidification must be controlled. Preferably, the
rate of unidirectional solidification is less than 1x10* m/s or even more preferably
comprised between 1x10™* m/s and 5x10° m/s.

The rate of unidirectional solidification may be controlled by controlling the rate of
heat extraction from the open top 10c of the mould 10. It should be noted that the
term “heat extraction” is understood to include heat removal and simple heat

emission. This may be accomplished with the type of insulation used for the bottom
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grade silicon starting material. 15 Advantageously,
the inpurity-enriched liquid silicon may contain |ess
wa b@n/os25ppnw  of carbon and | ess than 20 ppnWP@Tf/CA2008/000492
oxygen and thus nmay provide a | ow carbon and | ow
oxygen grade of silicon. 20O course, the entire
process - fromstep (a) to %8) - may be repeated usi ng

the higher purity solid polycrystalline silicon,
andside wall2as welliasirlacing the freeéﬁrfafa%oétt@rmehgt theem@nu tgp of the

moé}la lﬁQSH%YWﬂHtaab@olﬁl Pﬁiurﬁ’bpi glg(g'l X ;}irg\{ (glf ﬁgr%a%[\]ple, the

her a so-tca |con

sohdifncatlawgzan Be Is!nweg]‘ hydesmg lai |rg(hmnlsawtlbﬂ ophtcdievated bpising a water
met al | ur gj cal gde Sili con 25 DETAI LED DESCRI PTI ON
shower JE0PRiDENPHPERRT TTeerfugach GRS MaRl.| DI FI CATI ON VIO
2009/ 033255 PCT/ CA2008/ 000492 12 1.1 Dendritic
Solidification Directional solidification is a conmon
(d) Stopping ftheuunidicedctiomal bblidificatipnc athegr dHe m&ill hasnpartially
coptains a significant |level of inpurities which
s°'\é€%§rs structural supercooling 5 during
solidification. Wien there is a presence of
supercool ing during solidification of a liquid netal,
Whehd0tto 80 % bf thel melit has atlidified, she enidiietticnal aslidifioatiori is stopped
dlflcaflon IS

thus dBteininebgh 10epbio; GRS a BHlerPE shRlimads ofchighprpurity soli
pol;ﬂ#%tbllhhé sﬂfcon'1®3éﬂd 4 Eeﬁﬂe?’ Fnddelsfiz |Hﬂﬂ|‘t;%ﬁﬁ@f‘kf(ﬂ%d ﬁlllcon 16.

during solidification by the dendritic "arns
Stoppingl uoidirgational sajidifivation s:rmptmwnmst nduglloging the melt to

t, 50% o the initial liquid
corfiete, sy Rlockeing pitbe 28 Hepni o gi ves us a
purification efficiency of: [EI ]$0!d = (1- R. Kk,y
Jiiquid + R [El Jsquid = kff - [E1l Jliquid kef
(e) b(blawkg the higher-pueity: splidjsdycrystalinesilicani on of the
solute in the solid netal; [El]/iq,,id: concentration
of the soluteintheliquid netal; R fraction of the

Onéep0ite 8084 of thémeﬁas Bolidife$,a érelckBE 8h o BRINGP? is created in the
crystallization; : s?gre gation coefficient
W

ex‘%@'&hﬁ‘ﬁéﬁ‘%ygdzb%m %ﬂ'tﬁﬂ ¢ {rapuntyiensiched liagidsilicop d@from the
cer%%oég@éavé BEhRAhE QR EREFLANGN S Git]'sBRE pBY cRitalfi & Silicon
18.

The liquid silicon 16 may be extracted from the center of the ingot 19 by piercing the
exterior shell of the ingot 19, for example by mechanical means or thermal lance, to

create an opening 22 in the exterior shell of the ingot 19 through which the liquid
silicon may be extracted.

The actual extraction of the liquid silicon 16 from the ingot 19 may be done by
tapping the ingot through a tap 24 found in the mould 10 (see FIG. 1B), either in the
bottom wall 10a of the mould 10 or a side wall 10b. For example, a thermal lance

may be used to create an opening in the exterior shell of the ingot through the tap 24
in the mould 10 to outpour the liquid silicon 16.
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A sanpling of the solidified nelt of netallurgical
grade silicon, taken fromthe surface of the ingot,
wQ e@bass2she foll ow ng information: 0.17%e 0. BSEEA2008/000492
R) 0.0000064 + R e 25 thus, R=0.49,& 0.50 The
constant Ris valid for all_elenments for this
particul ar technique. WD zobb/ 033255 PCT/ CA2008/ 000492
Sone exanpl es Fe] so (1- . 0.0000064
The[lq?}gpeﬁqmqydugtﬂgr gr,@lu[qe,:]@} pggwpaal_st@p @@fc[rpeqte[p éﬁ) qf removing the

mg({tgbsf% %'ae‘r_r{oéﬂ%gO?%ﬁ ﬁ%? fo%' %ghﬂ)‘l’é gxﬁ? %95@ g\@)ot 89§8t of the
moUl&]10i usinglan-appapriafeBius ppmsidn-mectehis Bl (segiFIG. 3. Aarteixample,
ot G5 B ool bt
19 |§ c@&sea' to BraeR, by pibrefig o?cr(idén\'éﬁlngBt@dﬂﬂv éﬁRHé 'Ilﬁiu@laéllic@ﬁ 16.

ficiency of approxinately 50% i s obtained
maj ority of the elenments (except boron and

A t&&%%%‘?{ U?}he Ihngr{eqcéunt?%gh'& p%%r%taﬁ HS i C%?Pph?]r ugbt%Pn‘jed may
contain approximately at least 90% less of contaminants Al, As, Ba, Bi, Ca, Cd, Co,
Cr, Cu, Fe, K, La, Mg, Mn, Mo, Na, Ni, Pb, Sb, Sc, Sn, Sr, Ti, V, Zn, Zr than the
silicon starting material.

The higher-purity solid polycrystalline silicon may contain approximately at least 45%
less phosphorus and approximately at least 10% less boron than the metallurgical

grade silicon starting material.

Advantageously, the impurity-enriched liquid silicon may contain less than 60 ppmw

of carbon and less than 20 ppmw of oxygen and thus may provide a low carbon and
low oxygen grade of silicon.

Of course, the entire process — from step (a) to (e) — may be repeated using the
higher purity solid polycrystalline silicon, a so-called medium purity silicon, as starting
material to thereby obtain a final silicon material of an even higher purity, a so-called

high purity silicon. In this way, solar grade silicon may be obtained from metallurgical
grade silicon.

DETAILED DESCRIPTION OF THE INVENTION

1. DIRECTIONAL SOLIDIFICATION
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10% of boron can be renoved by our technique of |arge

moul d segregation by 1o directional solidification
wowadbosR2sel ect romagnetic stirring. The partitiBP@I/CA2008/000492

(segregation) coefficient (keff) stays the sane during

solidification however the conposition of the liquid

at equilibriumwth the sol}% i ncreases in solute

ont The. Scheil equation describes well this

L1Eﬁ%ﬁ§ﬂﬂh§ﬂvsf§§PQPThe Scheil Equation The conposition

of the solid at the solidification interface is,

~according to the Scheil equation (diffusion and
Direstinnak solgifidationhie d comimbn metkod ofi pudficatiort. hiMetallurdical grade

e T R
durlﬁg soliBifichgon. CW‘rfé?ﬂ%é?é IsQlDPFHsehBS o?@htiér?o? %Bﬁnhg‘; QHfidtfication

k: Se regati on coefficien
of a‘lflﬁle'ifieﬂ@* , thertypaof §@Ildlﬂ¢athmsmndn§c,sasoquym it Fi63. 4. Dendritic

. . VSi lid
R PTG R AR o Sl gpenty
|mpt1ht§/-mﬂ lieid i(In) Isheappeldi dlrirgpsdiidéfieation byGh&Dendiiti aFis.
(1-x)k-" dx .f: 0 1-0- f}k CS = Co S A graphi cal

represent ation of the above equation is given in FIG

is worth noti n% that depending on the solid
Wlﬂﬁ na@d%wm@m@etw@g@n of fheoneltdyring solirﬁficqtm ofitbemelt 50% of

the méaﬁ @ﬁgt'ggﬁf’%‘? Ib& H{eﬁ%%r?@rﬁtl dag{rl%ggg% g'gﬁ%st Lése a%a@qﬁ%&%ﬁiciency

of. chem cal analysis of the solid is perforned, the
efficiency is slightly | ower because of the increase

El 1 e ghnpce at i the fiqguyyyl in solute. This 20

[ Lé")'gp gl nspvvel P;lﬂ" & ﬁgp[gﬂ%ntgf tbg it s observed after

k, g{[mIRgt;e s@lidification of a silicon ingot (but only
7t he | ayér solidified fromthe upper surface of the
|ngot) It is noted that when solidification is
Whete'ri ed out without agitation of the liquid (melt),

[E0}seiia: concentration of the solute in the solid metal;
(£ iquia: cONcentration of the solute in the liquid metal;
R: fraction of the impure melt trapped in the solid metal during crystallization;
ku: segregation coefficient determined by Czochralski crystallization of silicon:

keg: segregation coefficient determined by our new process.

A sampling of the solidified melt of metallurgical grade silicon, taken from the surface

of the ingot, yields the following information:

0.17%Fe _

— R)-0.0000064
0.35%Fe ) tR

thus, R=0.49~0.50

The constant R is valid for all elements for this particular technique.
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the I ower part of the ingot is typically richer in
inpurities than the upper part. An 25 explanation for
wao kiog/0z2e8 d possi bly be found in the differenckCi/fA2008/000492

densities between the (cooler) inpurity-rich liquid
and that of the center of the ingot: the conposition
of the 1liquid is not honogeneous. When the nelt is
only partially solidified, the liquid may be separated

so”?%%ﬁygﬁéssolld 30 by creating an opening or a crack

[F “lye 3004 %@5@82@@8% @%88%8848% g 030 e,
@%E‘O)“%?%p bty * 0 e oy Lt ZfﬁéSgby‘”

soli I a ovi ded th a
[B]“t‘:‘i 0 {)be%utl El"ﬁl S)(f)]jeb L%rl(“’t“bm port[Bli‘f‘i')’/I OwceWIt he

Tabld # UId has solidified to the required degree, the
utlet is opened and the shell pierced to draw off the

Ilquﬁlemésltshovm im the 5 enhpdiments of FIGs 1 to 3,

the nnnnl ng—or cradk can alsgo be gobtained by ||ft|ng

up theAéheII from|the rmulgﬁﬂth an appropriate
suspen¢®dn system {Wiile th@%hell is ijn suspension
in the@r, the bofitom portOdV is caused to crack by
pi erci ngr or quenchiing to dP&0 off the |iquid. The

i ngot cowl d al so be conplet@ls0 solidified so as to
then rmegove the portions thago are of interest

chem czmby The nmodl d may hgwsp a 10 recfangul ar or
cylindrjygal shape. |It coul dgadgo have the shape of
upsi de wn bell on any ot 0shape knpwn to a person
skilled,in the art. (See FI 1 to 3) [The final
silicon_solid contains fevve gmurltles (i.e. is

depl eted. of inpurities) V\,hl thellqudat t he
center of the ingot is enri @ |n|rer|ties. 15
Exanpl eV W want tjo obtai nOt#e concentfation of iron
inthe dolid and in the 1iqg@®& upon so|idification of
70% of Bhe silicon|nelt (ti®O®f solidification: 4.5

hours). The quantity of liquid siliconis 5.0 mt and
the conposition of the liquid silicon includes 0.35%
A ppgficatign @ﬁ@lenqy(g p@p5oxgagately '60f/s i obtained fgr a majority of the

elerﬁEﬁf&'(E AtHem 59% Pﬁos@(orggy IrEﬂac't %@gﬁgu&tthélﬁﬂog&?&us and

stri ut| on we
10%. -d. o0 .cah be qefnovied By Our BecHdigesdf 8&ge mould segregation by

directional solidification without electromagnetic stirring.

The partition (segregation) coefficient (k) stays the same during solidification
however the composition of the liquid at equilibrium with the solid increases in solute

content. The Scheil equation describes well this phenomenon.

1.2 The Scheil Equation

The composition of the solid at the solidification interface is, according to the Scheil

equation (diffusion and convection in the liquid, no diffusion in the solid):

C, =k-C,-(1-£)"
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Therefore, after treatnent, we obtain: 3.5 nt of solid
silicon at 0.23 %e 30 1.5 nt of liquid silicon at
w@284/03865 WO 2009/ 033255 PCT/ CA2008/ 000492  16PCTLCA2008/000492
M nim zing dendritic formation During solidification,
the dendrites trap inpuri ty-{ji ch liquid comng froma
diffusion |layer at the sol T4/ i quid interface. 5 To
mnimze the presence of dendrites, a planar
whegg| i di fication front may be promoted. A certain
quaht ¢ ; -wi th planar
Sol%r}d??%ggét{%ﬁn“%ﬁpgﬁ@@%gﬁe??@@ is far less than
t had,: Initég) wedceniration dfethdrsalute is the bgdidcat i on. A pl anar
direcgtional. solidification nay be pronoted by
al FonPAEIRRP qO§MEMne froma single surface of lo
t he.i t -n-addi tion, to honobgenize the
[ SU:S:&?g-f?alclct:IEnl iquid and break down the diffusion
| ayer at the solid/liquid interface, the |iquid
et Br R ISRE SR S SLET SIS BRMAR A Ay analysis of the
soli&\gnTa‘Wré?é icArrida ot thavdrage conbst@itohalfltie solute in the solid
pol ycrystal line unidirectional solidification, the
poriient Iss of the nould may be insulated (as shown in
FIGs. 1 to 3) while the top may be open to allow heat
to be emtted therefrom (the solidification of the
__meltr can be slowed by 20 a light insulation or
C, aeee]'IE{(ébt-e{u—bY"adx\/at er shower). Accordingly, the
sofsidi fication al ong the walls and the bottom shoul d
be negligible conpared to that along the top of the
C—i_rtgqﬂ—((hea(t)*ng of the insulation is recomended in
Sorger tormnimze the thickness of the silicon skin
solidifiéd on the walls of the nould). 25 The present
i nvention involves the use of an el ectromagnetic
stirrer. Electromagnetic stirrers_ are known for
A geaphica ﬁ@pr@épﬂ@ﬁwﬁé}fghe apgye ggdatiPreis giMey ik IS. fised to
stir alumnumas it nelts in a furnace. The
el ectromagnetic stirrer utilizes the principle of a
It islwortlanoting thatatepedidirigeors tHe solid fractioom Wlesnbvenage efficiency of the

echanj c n deconpression.types as it js a . )
pulfERbaDsiatiacte TSl SoTaRRehiS e oS Biken beharHbe sgliifcation
s SR o 5 8 OSBRSS Fiomog, o ey
slightiglower decause ptthednereasein theeonoantdatizmedithe égquid in solute. This
exp@?{é Wil the experimental results observed after complete solidification of a

silicon ingot (but only the layer solidified from the upper surface of the ingot).

Itis noted that when solidification is carried out without agitation of the liquid (melt),
the lower part of the ingot is typically richer in impurities than the upper part. An
explanation for this could possibly be found in the difference in densities between the
(cooler) impurity-rich liquid and that of the center of the ingot: the composition of the
liquid is not homogeneous.

When the melt is only partially solidified, the liquid may be separated from the solid

by creating an opening or a crack in the shell for example by piercing the shell of the
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magnetic field (H) when a 3-phase AC voltage is
applied to this coil (inductor). Electric power force
w0 g00gesesated in the nolten nmetal due to the aptT/OA2008/000492
the magnetic field (magnetic flux) and causes
i nduction current (1) to flow This current 5 then
acts with the magnetic field of the inductor to induce

f F | t
'ngqtﬁﬁ%gte?gv"ﬁ n%}/ﬁﬁ%@ﬁ% araér%)ra@ﬂ‘@s% RIEGEINGNar ﬁ\%\semahe opening or
cramggtb'ecotftélﬁlea b §&|@|f?’ﬁ§ttﬁ8 sff%ﬁlln 'rﬁ@ulﬂﬁi{'ﬁﬁdeb it Q@lbsable
wor ds, I'sS app Fu

a st |rr| act er nor e,
outlehinghée hotiem pmrhon dapmlthﬁlgqmchha:heolidnﬁie‘ecthnrthalreqtulrmtdegme the

outla{]gggﬁgﬁg qnvdiérnt | Cﬁ}aggclu{ar?q%hé% H { he|9# hﬁr ﬁg tAas sLown in the
emﬁdﬁ(}mh?é wrawﬂtcmetﬁbc@enwmpébbk @8n 'al'sob@é Bbtaiwed BPlifting up

bottom | ayers of the nolten netal
the shel| framthe yneidd withar momeamwsgpe@an@wsm While the shellis in

susﬁ&hélgh&l fﬁ%téug u‘i‘l’lr# gétgé%%%& fcflﬁ(ﬁjggfi k?(? F%a%ﬁ &yﬂ)tegrﬁﬁ'{%ﬂ cﬁ}enchlng
to dnawtofbmet)ﬁtheThegmc)t d¢dudd l‘alluo:bé&m\p]étdwgoﬁd]ﬁédi so as to then
siligon and r]" ate f solldlflcatlonln anbient air

remgye t?ﬂer BRItCASe INated®) En?gaﬁmchemrﬁa yy Thgemould ymgy have a

{
rect%ﬁgmﬁbggﬁtdfﬁcgm}]ég@f awtme i nggl I?ﬁ%gtﬁggé%f b?&@% d¥wn bell or
anyiather $Impa krzowdn to apersen shitied irt theearhf(Seel Fi@. i1dat3)on.

2.4 Experinments 25 2.4.1 Experinent # 1:

Agitation-free solidification (control experinent) WO
Thezﬂ%/sﬂﬁaﬁ%Il&@yn%ﬂé?@&h@pﬂﬁ%tleﬁl eds ‘Bebléteb M fhpurities) while

nmpl e A control experiment was carried out

the uﬁwduatéb@ centar of e ot menrighedindmplrities.at ed  noul d

W t hout el ectromagnetic stirring of the nelt during

solidification. 5 A sanple was taken fromthe center
Exapﬁptdae ingot, according to the diagramshown in FIG

and anal yzed the results are given hereinbelow in

Wew%'nfetozobt@"grtbﬁmoeaentrat@tm o dignainy the selid lsedeinethentiquid upon

solibiifieior ¥f 2095 of tLili@h MitkiRe'dt 98fidifSatr: Y HORR) Yhe quantity

of liquid silicon is 5.0 mt and the composition of the liquid silicon includes 0.35% Fe.
ki = k. 1))
k =0.65, obtained from FIG. 5.

sol

By taking into account the mass distribution we obtain:

P ke fo _1-0.65-0.70

e 1-f. 1-0.70

ki =1.82

lig

Therefore, after treatment, we obtain:

= 3.5 mt of solid silicon at 0.23 %Fe
= 1.5 mt of liquid silicon at 0.64 %Fe
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position in the ingot of several of the elenents is

shown in FIGs. 8A to 8H WD 2009/ 033255
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In ofde? t&obtain a substantially polycrystalline unidirectional solidification, the walls
of the mould may be insulated (as shown in FIGs. 1 to 3) while the top may be open
to allow heat to be emitted therefrom (the solidification of the melt can be slowed by
a light insulation or accelerated by a water shower). Accordingly, the solidification
along the walls and the bottom should be negligible compared to that along the top of
the ingot (heating of the insulation is recommended in order to minimize the
thickness of the silicon skin solidified on the walls of the mould).

The present invention involves the use of an electromagnetic stirrer.
Electromagnetic stirrers are known for stirring molten metal. For example, they are
used to stir aluminum as it melts in a furnace. The electromagnetic stirrer utilizes the
principle of a linear motor and differs from the conventional mechanical and

decompression types as it is a non-contact stirrer in which no part touches the
molten metal (see FIG. 6).



10

15

20

25

00000O0000NOOOOOOOOOOO0OO00O0O0O
ML- NO NHNOcor, HInmNHWInONI0ONNI O
WoR®9/034228 HONOHNMHLOHMHO V mO | nPOr/OASI0B000492
MHYV INNNOOOWOOOOOOOODOOOO0DOOO0O
NOOMO rl In ooo OQO00L~-00000000O0
OOOHOOO 0000 1o7oor\|oooooooooo
0000000 MmOlD Hov 10 MH N N |

As OWTHINGE) G 6. &cooh ITpHaES af I DOPTD qf e MoUIE SRNGFAIRS A moving

o4 ALY 2D Nfogl ¥ R 7 g idoon

Eledri¢d ppwerdotzediOgeneraied io tbe Hnoltén ométal due ® thed a@tiOn @)f the

mag\petlé(%fgj &gﬂpﬂlcbﬁ)%[f@%qpq@o%%ﬁ%% %o,q Wrerﬁl(ﬁ]to ﬁow T@lsocurrent
therHa&s QVI'(M tNé I}h@gd\éﬂd f@ld\bﬂtﬂe%dﬂxc@o&o%dﬁcg %bclgbﬁfa?_'ﬁégcﬁlor%e (F)in
the modbeo rmaf@l 09\5{1?@ Nrotooyes iptiae directiprooBhe rapungnmagretio field,

e SN TRR T et 0 Beep § S e g
Furtmehlnoﬂé} ad fthtHrUsOh@s SoMponehtDinnthe Kbrizoftal HitdclioR dhdln the

MA d OOONOOOONOOHOOOOOOOODO
vert@@l directiony the mplignomgtabfigws diggonelly upwerds cesyltingimaginiform

el R e P p P T RS,y s

molténNm¥talco O MO O MMA MNMHOMHer 0d 00 NMH
OM toCOO0O0O0O1IDOOOOWOOHOOOOOOOODO

WOOHO InNOOOI0OOOOO0O0DOO0O0OO0O0O0DOOO
2.3 BroliMifargt Auldlighe® 0 0 0 0 0 0 HO 0 0000000 0
00O0O OO0 IDMHMMHWIOHMMNMOHDL d H
MNNMmMmInm mMMOJOd OONMMNHIDHOHMO
0 O H 0

CD
(@]

el QR 2 R R B  5e B B Qrce

with@uﬂn@u@tl@n@(r@% r@oftion &4 PREAAI Qﬂm@ élll%on and
MMNL- HIn OHMt v COMHNNdd MHI1I0 NOQ
the patepf solidification in ambient air are (from experiment):

i

E =13421

N

dE6mm1

T

where Eis the thickess of the top solid layer of the ingot, v is the rate of solidification
at the interface, and t is the total time of solidification.

2.4 Experiments

2.4.1 Experiment # 1: Agitation-free solidification (control experiment)
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Table 5
Element Theory Experimental
keﬂ' keﬁ”
Al 0.02 0.01
Ca 0.02 0.18
Co 0.02
Cr 0.02 0.07
Cu 0.02
Fe 0.02 0.02
Mg 0.02 ---
Mn 0.02 0.16
Mo 0.02
Ni 0.02 0.05
P 0.36 0.39
Ti 0.02 0.01
4 0.02 ---
Zr 0.02 ---
B 0.80 0.79
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30 cimetthiok atathegedopfsuefate @f thdamgbt);tjpompartca’l SOfIdIIfIDEﬂ)hlﬂn of te silicon

melts dpis ShoLhCO STRASP TS RLPR e R PORETEl S biws with

anr-cé?}l'idgcgtnthb toNRUreRY Bigott here was a large increase in
t he 'segregati on of |npur|t|es (the surface layer is

much nore pure). A sanpling of the silicon at surface

The e%aér%ﬁﬁﬁt%%gt féc%ld t ne gaLth%llngt%)obrt%ﬂﬁg%@@%ltgtleﬁ of the melt
durl Séliefifficatisn of B‘T&n{élﬂdbv%?oddd | hﬁ%d{'e créeksethbh ¢hé& ot ebtained

e purification is: [F I]SO (1- 0.02.0.0000064
with qi@]gltatlon of thegnelp dufipg poli dlflcat|0£1 Qj themejtrEpch crack capdeadto a

small F%ﬁ%ﬂ[g] éJntth it us(jéd’b?'lé_wgﬂ%;}: dh ggmf)@f ndtal fito the

“purified2 zohB] chm\dar tlﬁlsSOrak:ﬁhgl ghould Bedesséndd duyenbt sohdlfylng
P% “'8:" r| mental kef keff A 0.02 0.01 Ca 0.02
complejgy e, - - O 0.020.07 Cu0.02 ---

A more homogeneous liquid is obtained with electromagnetic agitation (i.e.,

electromagnetic stirring) of the melt during solidification of the melt.

According to the results obtained, this procedure may be capable of removing more
than 50% of phosphorus and makes the method very interesting for the production of

Solar Grade silicon from Metallurgic Grade silicon.

The solidification speed may range between 10® m/s and 10™* mis. High
solidification speeds may be achieved with this method as compared with other

crystallization methods. This provides a cost effective solution for mass production of
high-purity silicon.

The outer layer (first skin of silicon) of the ingot freezes rapidly, relieving the heat in
excess. Then the temperature of the liquid silicon drops to approximately 1410°C. At

this moment, we obtain the minimum solubility values for carbon and oxygen.

Analytical results of the liquid center of the ingot confirm a carbon content of less
than 60 ppmw and an oxygen content of less than 20 ppmw. Analysis done by an

external laboratory confirmed a carbon content of less than 20 ppmw and an oxygen



Fe 0.02 0.02 My 0.02 --- M1 0.02 0.16 M 0.02 --- N

0.02 0.05 P 0.36 0.39 Ti 0.020.01 VO0.02--- Zr
w®2®2/033255 B 0. 80 0. 79 WD 2009/ 033255 PCT/ CA2008¢ D0AZDR/000492

24 These results show that we can expect to obtain a

very pure layer (approximatgly 30 cmthick at the top

surface of the ingot) upon partial solidification of

h i L [ t. Thj | d dt
contat s 28 i ohSvaTIRaRSUY o PRY8 ol adhey process that
pro@iices gradopéiliédrewtRedwicAPbSH ahd oW B89§en EBARtent..
experinments conducted showed that the ingot obtained

with agitation of the nelt during solidification of
the nelt devel oped a | ot nore cracks than the ingot
obtained wthout agitation of the nmelt during
solidification of the nelt. Each crack can lead to a
LO snmal | ampunt of contam nation caused by an
intrusion of inpure netal into the "purified" zone.
However, this cracking should be | essened by not
solidifying conpletely the nelt. A nore honbgeneous
liquid is obtained with el ectronagnetic agitation
(i.e., L5 electromagnetic stirring) of the nelt
during solidification of the nelt. According to the
results obtained, this procedure nmay be capabl e of
renmoving nore than 50% of phosphorus and nakes the
nmet hod very interesting for the production of Solar
G ade silicon from Metallurgic Grade silicon. 20 The
solidification speed may range between 10-6 nis and
10-4 ms. High solidification speeds may be achi eved
with this nmethod as conpared with other
crystallization nethods. This provides a cost
effective solution for mass production of high-purity
silicon. 25



10

15

20

25

30

The outer layer (first skin of silicon) of the ingot
freezes rapidly, relieving the heat in excess. Then
W b@onpsazper at ure of the liquid silicon drops tBCT/CA2008/000492
approxi mately 1410C. At this nonent, we obtain the
m ni mum sol ubi lity val ues f%r carbon and oxygen. 30
Anal ytical results of the Ii(fuid center of the ingot
firma carbon content of less than 60 ppnw and an
C @'&en content of less than 20 ppmw. Anal ysis done by
an external |aboratory confirnmed a carbon content of
| ess than 20 ppnmw and an oxygen WO 2009/ 033255
1. POvacage 637/ motiag lowpurity matallwbidabgmdersilicar( cpptaining at least

ons By B BECEG, ntsBinaBts LAY Ber B B S BofoaRt Cu. Fe.La, Mg,
M, 906, ¥/ OGPEPBL 861 ScVEn2809TI0932A57PERITAAABLERMAG a higher-

26 CLAIMS 1. A process for purifying |owpurity
purtyrsallid podicevstalljna gdicon) saigdproeess eemprginathe stens ofone

of ;t\he ' i I .
O Aeceb Bl A AR AR} byt e oo affoui, s
Sb, ScmoSid h&ring ah insdlatéd boftom wall, iBsulatedi sibé aialls nandian open
hi gher- purity solid polycrystalline silicon, said
proces?pcon'pri sing the steps of: (a) containing a nelt

cal T B o AR SO B3l apen tor
si de wawasds aaid insulatedbottoopwall 6f g2id neald whilg/élegtromagnetically
mel t by,. uni 3§1rectg_onal solidification fromsaid open

top t R',CQPQ %gi'ed'i nsul ated bottomwall of said nould

whid)e ebratediiiTBIaR dfostid YinidHectibha%dlibficEBoA; (C)
controlling a rate of said unidirectional _
so(d)di stoeatndosaid( upidgestipial sdidiftcation wherthermaelt has partially

sol i di{] ' h t] . - .
ol 1 di 191G BRECE"8n T JPTng BBkt 1) gpmprising saio
shel | highpr-paritygseid golyurgdialtingwilidon aabi 8 center comprising an
pol ycrystalline silicon and a center conprising an

i mpur i ?‘@plérﬂweaﬁ'@aeqi gUdsiGan; @8H: and (e) creating an

opgni NG ' iar e I t: :
o0 ooreeling Afl oBEhiRG) I sl Solor, TP HHHnGS to outfiow said
| eave inhpuréytemricbed diqeid silicompransi legve 20e saitetior shell comprising

hi gher-purjty soli. ol.ycrystal |l ine silicop thereby. . ,
obya nret bigha? Duli BRI RalfGTREIRg ShieotPetehy pRiaining said
si | i coRighér-phrif SstiRgSolpEyStaline%kiicdnc! @i m 1, wherein
said i ngul a ed%ott??n)ml and said
2. A process according to claim 1, wherein said insulated bottom wall and said
insulated side walls are heated to minimize a formation of a skin of silicon on said

insulated bottom wall and said insulated side walls of said mould.

3. A process according to claim 1, wherein said rate of unidirectional solidification is

controlled by an insulation of said insulated bottom wall and said insulated side walls.

4. A process according to claim 1, wherein said rate of unidirectional solidification is
controlled by controlling a rate of heat extraction from the melt at said open top of
said mould.
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insul ated side walls are heated to mnimze a

formation of a skin of silicon on said 25 insul ated
whoiwos2eml | and said i nsul ated side wal | s of BEI/GA2008/000492

nmoul d. 3. A process according to claim1, wherein said

rate of wunidirectional soI|95f|cat|on is controlled

by an insulation of said inSulated bottomwall and

said insulated side walls. 30 4. A process according

to claim1l, wherein said rate of unidirectiona

5. AQYrb&éds £cidr8imgits cfaif 4, WHREin34LiE eBhtrSlihg A%afe <5ﬁ'§e%t @ktraction
heat extraction fromthe nelt at said open top of

corgplisesiacing anoaiog Ineisres cp(ﬂa/cmﬂbtaa‘remwr@azce ofthg melt at said
C5¥ ng to claim4, wherein said controlling
Opeg{&%t ﬁg&gé{ﬁaext raction conprises placing a cooling
mediumin contact with a free surface of the nelt at
said open top of said nould., 5 process accordi ng
6. MFQF%W@OVM@ laign P qwhersin ﬁ@'drﬁ%“ﬂﬁwmg e i§rwater orair.
air. 7. A process according to claim1, wherein said
rate of unidirectional solidification i s determ ned
7. Amraseﬂscaadomdiin'gm ckémdr, wherdin sait ratenof UrlidiBectibnal salekification is
accordi ng t idrate of
de e 7 RSB PP EaETORNSEon | st han 1 x10-4

ms. 9. A process according to claim7, wherein said
rate of unidirectional solidification is is conprised
8. Aézrm@ﬁ accpodingite slaimd , Bheceis saidrate of unidisedipeassolidification is
claim1, wherein said stopping the
les%ﬁ? I rec |hﬂa1 solidification is done when 40 to 80%
of the nelt has solidified. 20 11. A process accordlng
to claim1, wherein said creating an opening in sai

9. A,prere s accoRaing terlaim [ WheERip sg f@t%ﬁf yridiregiiane §@|ylflcatlon is
o8 e gt 4 1o

ernmal | ance. 12. A process
according to claim1l, wherein said creating an opening

in said exteriaqr 5 shell, of said in of st e). ..
10; & BRcs) pesaiingnfo S  ShSBhisAl’ Sioing e ddirectional
solitf¥ficalioR1966AE WAHETP40litd) eo%oofOthelrﬂéllha%%n&lned sai d

process further conprises an additional step before

step (e) of renobving said ingot fromsaid nould. 30

11 B BT A AL oy e oo
ShéTBd)ff s irrguit f steh 65)-qumiprise sy icth Sl Gxysricr thlell ®f said ingot by

silicon and repeating steps (b) to (e).
mechanical means or thermal lance.

12. A process according to claim 1, wherein said creating an opening in said exterior

shell of said ingot of step (e) is accomplished through a tap opening in said mould.

13. A process according to claim 1, wherein said process further comprises an

additional step before step (e) of removing said ingot from said mould.

14. A process according to claim 1, wherein said process further comprises an
additional step (f) of melting said higher-purity solid polycrystalline silicon and
repeating steps (b) to (e).
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WD 2009/ 033255 PCT/ CA2008/ 000492 28 15. A process

according to claim1l, wherein a top portion of said
whegbes2purity solid polycrystalline silicon BPORCARIS/000492

at least 90% | ess netal contam nants A, As, Ba, Bi,

Ca, Cd, Co, Cr, Cu, Fe, K La, My, M, Mo, Na, N, Pb,

Sb, Sc, Sn, Sr, Ti, V, zn, &id 5 zZr than the

| owpurity netallurgical grade silicon. 16. A process

according to claim1, wherein said higher-purity solid

i 0 i i n . I . i - | - . .
15 PRI R L AR A IR TR ity o
polyOystaliine $ilivaoncariiainstatidedsd 80fb lassynetat adhtaminarts Aly AsleBa, Bi,

sili con 7. roce cqrdi to.claiml, .
Caity 69 Co ki Fointul B SH5ER, BRSNS NI & 55§t G- 5. Ti, V. Zn, and
Zr GRALAE MSwlRGily FiddalfgicBPgrade diioRon and | ess than 20

ppm of oxygen and is a |low carbon and | ow oxygen

grade of silicon.
16. A process according to claim 1, wherein said higher-purity solid polycrystalline

silicon contains approximately at least 45% less phosphorus and approximately at

least 10% less boron than the low-purity metallurgical grade silicon.

17. A process according to claim 1, wherein said impurity-enriched liquid silicon
contains less than 60 ppm of carbon and less than 20 ppm of oxygen and is a low

carbon and low oxygen grade of silicon.



