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METHOD AND APPARATUS FOR GROWN NG A RI BBON CRYSTALW TH
LOCALI ZED COOLI NG FI ELD OFTHE | NVENTI ON The i nvention

wQ@eensi7by rel ates to crystal growt h and, norePCT/US2008/064854

particularly, the invention relates to growth of

ri bbon crystals. BACKGROUND OFTHE | NVENTI ON Silicon
wafers are the buil ding blocks of a wide variety of
sem conduct or devi ces, such as solar cells, integrated
circuits, and MEMS devices. For exanple, Evergreen
Solar, Inc. of Marlboro, Massachusetts forns sol ar
cells fromsilicon wafers fabricated by neans of the
wel | -known "ribbon pulling"” technique. The ribbon

pul l'i ng techni que uses proven processes for producing
high quality silicon crystals. Such processes,

however, nay pMEJEHQRD AN M PARAFUS EORavi ng rel ati vel y
thin areas t WING gy BHEBQN GRYSTNLWITH or exanpl e,
Figure 1 schemati dP¢HLERBNSOPLENGSs- secti onal vi ew of

a part of a prior art ribbon crystal 1CA‘ Thi s

cross-sectional ¥iMwekawM: ANt ed "neck region
12" that is thin relative to the thickness of the rest

of t Ree invenion sersralivatelates to qrystalgrpwtht drids mprecsiréenlarly,
tﬁpmw&%dn%akes&a %mdb' ﬁglgféagsnaces may have meniscus

shapers for varying the s nd hei ght of the
interface between the growi ng ribbon crystal and the
nmolten silicon, thus elimnating the neck region 12.

Al t hough beneficial for this problem neniscus shapers
necessarily MCKGBQUMBNHUTHE INVENITEONI ntervals to

er AP AR ARERPATLSUA SEISEAERA by
delviezas) stdhens solar cells, mtegrated circuits, and MEMS devices. For example,
Evergreen Solar, Inc. of Marlboro, Massachusetts forms solar cells from silicon
wafers fabricated by means of the well-known "ribbon pulling" technique.

The ribbon pulling technique uses proven processes for producing high
quality silicon crystals. Such processes, however, may produce ribbon crystals
having relatively thin areas that are prone to breaking. For example, Figure 1
schematically shows a cross-sectional view of a part of a prior art ribbon crystal
10A. This cross-sectional view shows a so-called "neck region 12” that is thin
relative to the thickness of the rest of the ribbon crystal 12

To avoid this problem, conventional ribbon pulling furnaces may have
meniscus shapers for varying the shape and height of the interface between the
growing ribbon crystal and the molten silicon, thus eliminating the neck region
12. Although beneficial for this problem, meniscus shapers necessarily must be
cleaned at regular intervals to ensure appropriate furnace operation.
Consequently, the entire crystal growth process must be suspended to clean the
meniscus shapers, thus reducing yield. Moreover, meniscus shaper cleaning

requires manual/operator intervention, thus driving up production costs.
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meni scus shapers, thus reducing yield. Mreover,
nmeni scus shaper cleaning requires manual/ operator

OF THE I NVENTION I n accordance with one enbodi nent of
the invention, a nethod of growing a ribbon crystal
passes at |east two strings through a nolten nateri al
to produce a partially forned ribbon crystal. The

met hod al so convectively cools a given portion of the
partially formed ribbon crystal. The partially forned
ri bbon crystal has an edge that is generally defined
by one of the strings, an inward portion spaced from
the edge, and the given portion, which is between the
edge and the i @WMW@FJHEW@NH&N@N ively

cool krn&cortdggce%tdh(g@ et an\d 811%%9} % ﬁ? ﬁ'\ogf £l he

given portion to be greater t ness of the
grnwmgh Pgohicostal passsoripagitivo eirmgﬂtfscpugtmmektm kgl to

8uce n?%lgl nCleléldq}b\c/)arﬁéls{gg "It AW E& clogvecggeg c&:g 50

Iyt tion o CAterface, oFt1on
ﬁﬂgﬁqﬂenmhyepaﬂmarmhneknbmsntﬁmﬂ is a functlon of the

| oca e rface n var s, enbod

convig ﬁ?’ 88 E%g S%ngﬁ nm‘ ?%ﬁmd

Byl dHeGf SHels@@ipst mvawdrd ;ttemgi spa&drfﬁfm ﬂQMgF@hd eheafipine, a
f|UId elIVEQX’ Egﬁr tusdgﬁg direct the fluid stre
Pt pReh ¢ &7 NAgRE invard gertiont Reer FORVECISE Seam
oB R, MRYmEABA kil cAust BEORRKRGE bf tBOgREN bHYBOR & Bd dbdtyr
forned ribbon crystal (after contacting the given

ﬁ!i‘é‘ﬂff}edlh‘fk%?ﬁ%Ofé’f‘%’é‘W@%PorPH’é Wsews MBedinicat: anﬁe%ralm i on
éogh gﬂl\éﬁ Glcl R Wirye0tht BShvERRNTEOMGNE vhyRROR AW Be

luid delivery apparatus may radlatlvely cool the
@rev@ﬁe pdesivsh PovAiinicensgAvAthidas & Hickpasstthatlis 3 fupgiiane] the

fFQQR%fﬁéX§$§&mhas a ribbon width. The given portion
also may have a width that is no greater than about
hal f In yarious embodiments, convectively cooling is accomplished by

directing a fluid stream toward the given portion. For example, a fluid delivery
apparatus may direct the fluid stream to strike the given portion. In fact, the
fluid stream also may contact a second portion of the partially formed ribbon
crystal (after contacting the given portion) and also cool the second portion.
In addition to convectively cooling the growing ribbon crystal, the fluid delivery
apparatus may radiatively cool the given portion.

While growing, the partially formed ribbon crystal has a ribbon width.
The given portion also may have a width that is no greater than about half the
ribbon width.

In accordance with another embodiment of the invention, a method of
growing ribbon crystal provides a crucible containing molten material, and

passes at least two strings through the molten material to produce a partially

thus driving up producti on costBCTBURPEG64854
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ri bbon width. In accordance with another enbodi nent of
the invention, a nethod of growi ng ribbon crystal

Wpewsisigsl a cruci bl e contai ni ng nolten nat eri aPCT/HSZH08/064854

passes at |least two strings through the nolten
material to produce a partiallyfornmed ribbon crystal.
The nmethod then directs a fluid to a given portion of
the partially forned ribbon crystal to convectively
cool the given portion. In accordance wth other

enbodi ments of the inventipn, an apparatus for form ng
a ribbon crystal has a crucible for containing nolten
material. The crucible forns a string hole for passing
string through the nolten nmaterial for growng a
formppdribleanycsystdl.. Thenmethpp theadirsctas §oidias givegasrioatof fiet h

BN PRl r P T & oY Bl FESR £ et
I n s omecentbod wilndther enttedigaanty @tthe isvérdionzaoratpghiayus for

aced f.romthe, crucibl.e.,. Mreaver, i ot her
RRDEAFIRP b AL 3 SEHCAS O7 pae g melion Mg el ofhe e

drutible f@AS o stiinghidlefot pasgidg sirihgahroli§ls the dhdl@a niaddtial fond
the,secoqg asg@e directsa%a in a.secgnd directjon.
Y ing 3 WpbonSHystal c AP REE Ao hes T Bisdd i TVt B¥e
@b ahenllydbr B igNSgaRdngeRehdatdly Ravaad Helgrowieg
exanple, the first gas jet and second gas jet may
Betoasestalespect i ve gas streams that are generally

C 0aX i omeIRBDIGREAL IEBAL fot AILSSZEMNIY PabdddRntrRlchicge.
t hrough the string hole and a growing ribbon crystal.

MRy qererpRStr prbefentsHbe pRpanp NERasThss@der jot ebhe fist he

@stier SOUL fasTR Gt UlrbotioRPRIRAL Bk Gr AN FRHAGRSeAin yar | OUS
odi ments of the invention fromthe foll ow ng

seDergbdirqetibm il heffirstland secoad Hirectibnhiduptradively are diffsens sed
Wré&oﬁsegn%rg%ﬂgrgﬂyy IQarglhsGr:. ﬂfr@%xﬂ&g‘, the first gas jet and second gas jet

may produce respective gas streams that are generally coaxial.

Some embodiments also may include a string through the string hole and

a growing ribbon crystal.

BRIEF DESCRIPTION OF THE DRAWINGS
Those skilled in the art should more fully appreciate advantages of
various embodiments of the invention from the following “Description of
Mlustrative Embodiments,” discussed with reference to the drawings
summarized immediately below.
Figure 1 schematically shows a partial cross-sectional view of a prior art

ribbon crystal.
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sunmmari zed i medi ately below. Figure 1 schematically
shows a partial cross-sectional view of a prior art
w0 2@BasN76r yst al . Figure 2 schematically shows aP@DPS200&064854
of a ribbon crystal that nmay be produced in accordance
with illustrative enbodi nents of the invention. Figure
3 schematically shows a cross-sectional view of the
ri bbon crystal of Figure 2 across line 3-3. Figure 4
schematically shows a portion of a ribbon crystal
furnace inplementing of iljJustrative enbodi nents of
the invention. Figure 5 schematically shows a ribbon
crystal in the process of being formed. Figure 6 shows
a partial process of formng a ribbon crystal in
accoFigarcschematically shomsattpw elewrdbe dibhemergstalfthatineay be
NVENTS
el R S i T R S L
rib bﬁlguoer%/fshahaumﬂmsiwtma ctdsb-ectiend vieegofalne riswahrasl
?@ ? wn i.n gure 1. Accordingly, the ribbon
% y%?% a?ﬂ%d“ﬁ e | ess prone to breaking in.that
gen eF@hrdéE@h@rﬁThcﬂby §Hoats a_q{(b@kion\/cﬁﬁirilbtiﬁn alcfhfflaaé s use
convection_coolin chni que to ocal |y cool one or
R gag of fiaSugag e 1&*88 ¢"YrBB®dN crystal .
Det aFigsre schahhiQuBy SHOMRMA {PBBA SrydthBinGhSSrdsBE6f HRE{OW.
Figure 2 schematically shows a ribbon crystal 1
fegR®d gured in accordance illustrative embodi ments of
the BRVEN IH3Ms alpartil PRRQSbf i%hﬁin@rrﬂogn e B8r in ak&p&%ﬂ\ce
stals, this ribbon crystal as a'generally
Wé%ﬂ@ﬁ@@ﬁ@ﬁn§ﬁdﬁ@méﬁéﬂﬁ1ﬁ§ﬁﬁphvely | arge surface area
on its front and back faces. For exanple, the

DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[llustrative embodiments of the invention form a ribbon crystal without a
thin neck region, such as that shown in Figure 1. Accordingly, the ribbon crystal
should be less prone to breaking in that general region. To that end, various
embodiments use convection cooling techniques to locally cool one or more
specific areas of a growing ribbon crystal. Details of various embodiments are
discussed below.

Figure 2 schematically shows a ribbon crystal 10B configured in
accordance illustrative embodiments of the invention. In a manner similar to
other ribbon crystals, this ribbon crystal 10B has a generally rectangular shape
and a relatively large surface area on its front and back faces. For example, the
ribbon crystal 10B may have a width of about 3 inches, and a length of 6 inches.
As known by those skilled in the art, the length can vary significantly depending

upon where an operator chooses to cut the ribbon crystal 10B as it is growing. In
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ri bbon crystal 10B may have a wi dth of about 3 inches,
and a length of 6 inches. As known by those skilled in

W@ b@sasw7e1 t he | ength can vary significantly depentbaogs/o64854

upon where an operator chooses to cut the ribbon
crystal 10B as it is growng. Inaddition, the width
can vary dependi ng upon the separation of its two
strings 14 (see Figure 3). Accordingly, discussion of
specific lengths and widths are illustrative and not
intended to Iimt various 5en‘oodl ments the invention.
In addition, the thickness of the ribbon crystal 10B
varies and is very thin relative to its length and

wi dt h di nensi ons. Moire specifically, Figure 3
atchtmathe odtithycas hagwsieperslingsspadbt sepamliion b terb stritgs 14

i bbon Yy of Fiqure 2.a s |line,3-3. As a
tearpite il A el aReesSlofl o Frss R SngRE oy Rt e 5
illgstrumitve dﬂicam ifitendedlab Emitl vasibeaehbddimattothednie@tion. In

Sld edasc dra for descriptjve . .
e e TS T nr el Mok fres SRR Y Falr v

1|t§le;ﬁgil’1€1&ﬂwfd'tﬁﬁirﬁer@@h§ of strings 14 encapsul ated by
silicon ysi_l i con). Althuhltlssrrounded

by qur%m?ﬂ%fﬂla @svlier%gcaeana&ﬁalmh@vvé?Wé%sﬁfca WY of

thBebsdd d 1448 gensiRblayrob Qi diea 1i@f 1!’té hipon
cr 1st al % The %Ebbonrocr st al %%&%1 nabhﬁa 3

al so
sé’QH]SiI Reeroted they Hiewye3 tSH}Oééfaé"éﬁP Peplro Ustysel it rslawﬁd bhanel vy,
c%n&l:lér% a@&'@n&ﬁﬂi FoWing Bor BA¥PGyPpdrbbsit ol déhlar, the
roug% dad eé.sect'i oﬁ 1%,) rgn% % ge él end
lslémmcoﬁtafe @Bﬂamrmgd frogexpmdofstrinignd4 aurapswladedyby dilicon| n
45.' , gg%&ﬁf:dn Ea %6 B Pourlddd b?‘sﬂgén, tk%es&? g2 ahd H{Eak es
ut s venty Ive percent o e tota eng

diliven pubirodlycr yretsaingli@Bencrhldy formshe edgd oftbe oihboreqrgistal
ﬁ) gctions 16 and 20 thus together make up about

wenty-five percent of the total Iength of the ribbon
c r ySThe riBledB. cryisal smbaﬂm mhy]be tdmsiclkted s hofe thiee coritighous
por oSIEs,aname a%ergc se ion 1§ ﬁaev?gge a first string 14 through it, a
middle section 18, and a second end section 20 having a second string 14 through
it. Inillustrative embodiments, the middle section 18 makes up about seventy-
five percent of the total length of the ribbon crystal 10B. The first and second end
sections 16 and 20 thus together make up about twenty-five percent of the total
length of the ribbon crystal 10B.

As shown, the thickness of the ribbon crystal 10B generally increases
when traversing from the edge of the first end section 16 to the boundary of the
first end section 16 and the middle section 18. The thickness then begins to
decrease until about the general center of the middle section 18, and then
increases from the general center of the middle section 18 to the boundary of the
middle section 18 and the second end section 20. In a manner similar to the first

end section 16, the thickness of the ribbon crystal 10B generally increases when
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when traversing fromthe edge of the first end section
16 to the boundary of the first end section 16 and the

worr@diig7eecti on 18. The thi ckness then begi ns REI/US2008/064854

decrease until about the general center of the m ddle
section 18, and then increases fromthe general center
of the mddle section 18 to the boundary of the mddle
section 18 and the second end section 20. In a manner
simlar to the first end section 16, the thickness of
the ribbon crystal 10B geggrally I ncreases
whentraversing fromthe edge of the second end section
20 to the boundary of the second end section 20 and
the m ddl e section 18. Consequently, neither end
soctdingfras thgredge ohths sezorfid eyl dectiongdko 2 bognddry asthe hat

f&Wend@B@og 4h gn(} the'nt dd?f?a s%c)‘él%rq.@é (Eor‘?sg(%euemlf ?1%1 e}4§ tal

e considere ave a
ag:eﬂtteﬂasl dryp0 hahemﬁragle eecki 12, duicly s atdhbehue Erguaer]r ows A-A

W t hi and .,an ortlon
it P Sy sB S Bkbe e A P o
fdrtién genétdiliiidentined i Figlre 3 Setmeérﬁ)m‘rdxsé A-ATe., Withs the first
ortion A—A which is g{ %E% edge gnd t he inn§r
191 Gind gn ginep gartign g et“Hfl JLRUTE B QEfWepR TS Ble
(L. BNRIthiRARd Mm@TdldBseBior 1@y, ’ﬁié&ﬂﬁ'p%rh&nh@Af Whidh iPBdtvEQNthé- A
may have a thickness of about 250 mcrons, while the

Er%ﬁ apd Hisinnes ROBIoR By haha gisatgr thigkgss daa that of Bgdrnes 0o
PBra60BB. 1@} e%w@ fhe fGHsf g&a&m\ ,ep%% haRs, tgfckags of 40BReN

crystal have sim | ar realonS|ps simlar to
gl émﬁr@n%mhblﬁ §hﬁ ipnes gotiEns - %mavb@‘ﬁﬁsa thicknegs @f #hoBt 2080y

RXAIR! Of cARY Qﬁfereﬂp?% iBRs ISR rifof cfylsRPP6B &syﬁév%'smg?ag

may have a f eat er i ckness t ome nore | nwar
feltipnsps similas e thie delbfeombnpénd’twehatpomoge dss o Bd% Fohe

{xgﬁw Xﬁotﬁé;l g%%gsthe 9{3 %?{i%dgﬁ&ﬁ%{ ﬁav%eas s

strative not od ment s
wkkmne&mnwemtnmnnnﬁmnipxammle the thlckness of the

end ?tefn h18 I%S 16% ?Iﬂgaeg slc%srs.]lo QP the agtgvtseggltcf( al l‘% cﬁrt(r)lggstloangt
and sizes are ﬂlustratlve and not intended to hmlt all embodiments of the
invention. For example, the thickness of the end sections 16 and 20 may be
substantially constant, while the middle section 18 increases. As another
example, subject to manufacturing tolerances, the thickness may be substantially
uniform across the entire ribbon crystal 10B, or the thicknesses may be
alternatively larger and smaller within one of the sections 16, 18, or 20, or more
than one of the sections 16, 18 and 20. As yet another embodiment, the two end
sections together could make up more than half of the total length of the ribbon
crystal 10B, while the middle section 18 makes up less than half of the total
length of the ribbon crystal 10B.

Ilustrative embodiments may use the furnace 22 shown in Figure 4 to

produce the ribbon crystal 10B shown in Figures 2 and 3. Figure 4 schematically
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exanpl e, subject to manufacturing tol erances, the
t hi ckness may be substantially uniform across the

weposns7s6i bbon crystal 10B, or the thi cknessesPEEHYSI968/064854

alternatively larger and smaller within one of the
sections 16, 18, or 20, or nore than one of the
sections 16, 18 and 20. As yet another enbodi nent, the
two end sections together could nake up nore than half
of the total length of the ribbon crystal 10B, while
the m ddl e section 18 mak up less than half of the
total length of the ribbon crystal 10B. Illustrative
enbodi mrents may use the furnace 22 shown in Figure 4
to produce the ribbon crystal 10B shown in Figures 2
ﬁnd@ﬂﬁsﬁhguré2Amschenauh@ahﬁy@hwwaMthsh@mmnd@eﬁmgn
Al sl Ba RS SRy PRl R 2
shiolhindo ﬁ1gu8pElﬁasfal sﬁﬁ]bdrystnichﬁ'e ﬁ&lﬂﬂﬁﬂ@paﬂs 8hﬂmblel26 FI gure
4 has a_,su rt str cture th 0 a _crucible
P ERE R HG THENATERY HRdLRnans FEBRe 2 Reaaar PRt
lhfhlﬂi}gdéfrtaﬁlﬁ*lgaﬁrsai%gatWlmde&a@lhﬂﬁﬁiobﬁllyg d@fecC ??{el ng
ar.s t hat provide some radiative cooling effect.
CPRENG BRIP Fhefe SR g, SRV BEREN ttethEoT fRFSUTRES “he

om ttrﬁgcxfub@m%h&nfstarpa%es%% héR e:so:qoma_‘yld% ef which®y s a
pair of string holes 30 F one whi ch is shown)

qh@wn) £ E599IViG HRGHEH t@lﬁperéﬁﬁ@ Ftﬁf‘&sr]é fg%trtﬁltﬁg%telﬁor%@@

LAtk J‘@ﬁgm&% &@9@ cBEGR10BT 1fs MBI b, BN
bon crysta OB. 1 n sone enbodinents, the crucible

<26<:1h1ﬁ§6 hed mubtlpée Reire pEsting bales Hde Bofoes pPAB of etrigs hofep df)
c% nﬁfm@& hbg&é}%ﬁﬁ&@% L@ang% yy, mul tipl e ribbon

OB 31 mul t aneous| cruci ble 26 may be
for m%" te €nugitried6 ayptyi be dorared fpmeglephltbd andi preferblyss registively

}l;]e%%decg atte &rst%péo é%[;éé’lgfqnalgfgﬁ?tll%thg g'noﬁgjl Qﬁ%gncllbgwge 1@ €

ten?silhicon a reover, the
Reltiog lpbxat 2doshounthe muFbgi%ethVh astguﬂe erlng$ hlehgmtthéts's

IBm#((D:l{] ?fgrtg? %‘8? sc% hacg]é ngsa fw%rgltnle, the Pengt%xo?% CI‘L’(Clle 56 m | en t h
three or more times greater than its width. Of course, in some embodiments, the
crucible 26 is not elongated in this manner. For example, the crucible 26 may
have a somewhat square shape, or a nonrectangular shape.

In accordance with illustrative embodiments, the furnace 22 has the
capability of cooling the growing ribbon crystal 10B in a manner that
substantially eliminates the fragile neck 12 problem discussed above with regard
to Figure 1. Specifically, the furnace 22 has a cooling apparatus that cools
specific portions of the growing ribbon crystal 10B (e.g., the first and/or second
end sections 16 and 20), thus effectively increasing its thickness in those areas.

To that end, the inventors were surprised to discover that convective
cooling techniques could be employed to accomplish this goal. More

particularly, the molten silicon typically is maintained at a very high
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three or nore times greater than its width. O course,
in some enbodi nents, the crucible 26 is not el ongated

WO pooshsEemanner . For exanpl e, the crucible 26 PEHURA0&064854

a sonewhat square shape, or a nonrectangul ar shape. In
accordance with illustrative enbodi ments, the furnace
22 has the capability of cooling the growi ng ribbon
crystal 10B in a manner that substantially elimnates
the fragile neck 12 probl em di scussed above with
regard to Figure 1. Specifq’ cally, the furnace 22 has a
cool i ng apparatus that cools specific portions of the
growi ng ribbon crystal 10B (e.g., the first and/ or
second end sections 16 and 20 7 thus effectively
fenpeease ych tsattdmpkatess thahartelgosier dhaaadoutld2q degrees fd,
lgogﬁéaé’g%/lg,u g gns ltV\rlines%g O{S_Igr Ll:%eangagréttafg\(e)u qact%Vm%E:ra th{)eta/an

B0 degrbdssh ahdil H&O@Ggﬂees ChAeupderdtociibyatht ;nvetﬂbﬁs, thobd en

I|co [ intai ned . at a

Rl st Bachial wigni Tt Ueton st Rl E R priomstine
ShedpesachaRodhanperdd29. degrees C. For exanple, the
nolten silicon may be nmaintai ned at a e erat.ure

bet we BRINVEDIGTSHEYR é‘é@“é?d tgHEpcAERBOYEYFe nvechive

SRURE $irAQH ibhid dAg BbMBBI@{chg olRPRAsEHK) dakiebolifg t he art
general |y woul d not use convectlve cool i ng to cool

apeEates Geglstonina wsprBalt person pigbe stoniperbagcaistal 1R The
{oRy %E@&f%ué’l@gn%allséféag bﬁ@é?)oﬁ&ln?l SO Emal AVENE combal

convecti ve cool I Ng suffices this case because
wrisiicktehe hay ewbdiney laaciirbeoiren g apistingy. g&vepdlesiss onl y

go&gﬁfo}@ﬁ%ﬂgﬂnberﬁs? 5 Q0L éd &lgﬁom &mnhgaﬁm GIHSEBY the

mass o area
doireéspditdiiorgly is very small and yet, conpared to its

S S isblabaann s e,
pliustivy eff gael ]eitsmitwﬂom,\ﬂetstfbn/@nemﬁy divectingalgds wwufafd & distumt
por%or(%l &P tIh([: %%jov%f%g lgo%tclr}(r)srt]al 10B. As shown, each growing ribbon
crystal 10B has two associated pairs of gas jets 32. One pair of gas jets 32 cools
the first end section 16 of the ribbon crystal 10B, while the second pair of gas jets
32 cools the second end section 20 of the ribbon crystal 10B. Each jet 32 in a pair
illustratively cools opposite sides of substantially the same portion of the ribbon
crystal 10B. Accordingly, the jets 32 in each pair shown in Figure 4 direct gas
flow in generally parallel but opposite directions. For example, the gas stream of
one jet 32 in a pair may be generally coaxial with the gas stream produced by the
other jet 32 in its pair (although the two streams do not mix due to the separation
provided by the growing ribbon crystal 10B).

To improve control of the cooling function, the gas jets 32 preferably
provide substantially columnar gas flow to the ribbon crystal 10B. To that end,

illustrative embodiments use a relatively long tube relative to the inner diameter
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Accordingly, to that end, the enbodi nent shown in
Figure 4 has a plurality of gas jets 32 with outlets

wo a0os8gsaTer al |y directing a gas toward a di sti nRET/US2008/064854

portion of the growi ng ribbon crystal 10B. As shown,
each growi ng ribbon crystal 10B has two associ at ed
pairs of gas jets 32. One pair of gas jets 32 cools
the first end section 16 of the ribbon crystal 10B,
while the second pair of gas jets 32 cools the second
end section 20 of the ribkpon crystal 10B. Each jet 32
inapair illustratively cools opposite sides of
substantially the same portion of the ribbon crystal
10B. Accordingly, the jets 32 in each pair shown in
Hiitgumrer hordi Fercixampke, the oatioi oh thydergtiadf the e & itssihndyut
SRRORL by H LOGLIRRS of [l LXRAIPIE, 1 b0G I35, Sl eam Of
one |e BPna pair maygBe generally CORXi AW th the
gdstasiallgammgare dheediabytet hiabottlemilfimeteB2nd a ldngth gdabsut
1(alpilhoutgl_h the two streans do not m x due to the
ZdBAFRT TSN provi ded by the growing ribbon crystal

10B) Thd gasistparayiflusttutivel9lead ditdafy AR 4 RativeIRGiraldPartbohe

as_jets 3 ef erably provide substanti al col umar
tgaglb’?%‘mté @ﬁelfnrff‘%&h% r@?‘yvse}yaﬁmailc%rt ey herapcheepller
thhh thslehfifel s¥@ioRMPRLbNBRrRled &EbobRH AublY 8 te iR ENd UbE
relative to the inner dianeterof its inner bore. For

EKpi%e For TramPlet 1h6 seertliventPieti gharobmnan g2g yitsamycguidibe
diRB& ko GnBUEMHS HbPEYrRRa120B hiblsut @ nH@inel viQicAly AR Al -

The tube thus nmay have a substantially constant inner

aysahedes apd abaybore milkmpter hasizentally plepvg thednigrfacet thebout

it ko ABEE - AR CiBBorS Lt SAToE @ﬁa&%a@tﬂ' ng each
directly strlkgra rél ativefy smal'l part of ‘the ribbon
idenytified by 1B entenuialet 34)t Hiomtacevith ihvetelatigelmismapantt, may

: e ect o n
R e R o AT
ribGessdrdy elbmpnafel it subdegueye natliag effent Arcoafinglhafteodttikingr

T RN A T
of the ribbon crystal 10B, thus also cooling that other part by design. Eventually,
the gas dissipates and/or the remaining gas heats up to a temperature that no
longer has the ability to cool the ribbon crystal 10B. The gas thus may be
considered to form a cooling gradient as it contacts the ribbon crystal 10B.
Accordingly, by way of example, the gas jets 32 may cool substantially the entire
first end section 16 of the ribbon crystal 10B with both this primary and
secondary cooling effect.

The total size of the area being cooled depends upon a number of different
factors. Among others, such factors may include the gas flow rate, gas type, jet
32 size, speed of the growing crystal 10B, temperature of the molten silicon, and

the location of the gas jets 32.
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wW@e@siisger i bbon cryst al

crystal edge, and about one mllinmeter horizontally
above the interface of the nmolten silicon and the

identified by reference nunber 34). Contact with this
relatively small part, however, may increase the
tenperature of the gas to sonme extent, but not
necessarily elimnate its subsequent cooling effect.
Accordingly, after striking this small part of the

ri bbon crystal 10B, the g m grates to contact

anot her part of the ribbon crystal 10B, thus also
cooling that other part by design. Eventually, the gas
di ssi pates and/ or the renmaining gas heats up to a

t enpdhatrative enibatimatd angee arfyad amhmbamfltmey of gasepmid t he

| bb n.cry t as t cons to
Hor e St RiedratiranfcRsSs R R TR e AT
karyésdlﬂ;ble,ls%e efbodiftbnisglsy argbiy ga’lﬁ}bvﬁflg ebcaratel of up td140 ligers
jets 32 cool, subst.an he entire first d
A ctnon T8 A5 e MR BB e e bR e BUE RO R
@Elhm@yh@m@kaﬁ@qaﬁd HeYou e tHeGet8h it groliifg Hibbhal crigdtate
t he area bei ng cqol ed depengl? 0:]?5 n a nunper of

of
WBr te destredregelingratea AjksTPbor K nfage PioPe STTEye
Hib¥onUARtal 6B, gﬁ&ﬂielt&wperrawe of%sgatsyeﬁe siodld B2m&idrg,

speed ‘of the grow ng crystal enperature of the
haytaven tasgrsireghat thpfiow Fe is ebto fe%h fé‘f‘t it pruldydampgerthe
' er of
ouh Sgrvo}%ga s%éﬁ(sm&%ﬁﬁ{g b 2Rl i yﬂ&L réfte PHAYD

es and fl control the Iocallzed
intpirovemeskingy it popribly covilangpge thebyéboe exystahl 081 OB. For
exa A9ndhe @
at o e SO TRUERBHARRDE, o et gl P G Ppihe
jetfdult d tdmepedaitlerhﬂmd 1p&setiol degrees @ e e200aikegieescEor Of
inclu i St t 32
{OyTse o d(he %gses%agmgb roclzﬁ gl'(t:arrgcg a{:lg%e%% 1§£d d%csflgggn 1 ‘00l i ng
ditléc&ﬁsmfﬁ oft drgort arbts@mlﬁdf gesipaﬂat&éﬂihotllde\oﬁﬁmst vafiotsmspects of
romﬁeﬁ ri bbon crystal 10B, and the tenperature of the
887VCAE shoul d be mi ndful,
In addition to convectively coohng the growing ribbon crystal 10B, the gas

jets 32 also may act as a source of radiative cooling. Specifically, in illustrative
embodiments, the gas jets 32 are formed from material that effectively acts as a
heat sink. For example, the gas jets 32 may be formed from graphite.
Accordingly, when positioned in relatively close proximity to the growing ribbon
crystal 10B, the gas jet material locally absorbs heat, thus furthering the cooling
effect on the desired part of the growing ribbon crystal 10B. Each gas jet 32
therefore may be considered as providing two sources of cooling; namely,
convective cooling and radiative cooling.

In alternative embodiments, however, the gas jets 32 are not formed from

a material capable of radiatively cooling the growing ribbon crystal 10B. Instead,

10B (di scussed bel ow ap@r/us2008/064854
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however, to ensure that the flowrate is not so high
that it could damage the grow ng ri bbon crystal 10B.

cooling, it possibly can danage the ribbon crystal
10B. Moreover, in the above exanple, the argon gas nay
be emtted fromthe jet 32 at a tenperature between
100 and 400 degrees C. (e.g., 200 degrees ). O
course, other gases having other characteristics nay
be used. Accordingly, disgpssion of argon and specific
tenperatures should not |limt various aspects of the
invention. In addition to convectively cooling the
growi ng ribbon crystal 10B, the gas jets 32 al so nay
the jeted? maysmfpreddfom amaaetriail’élatmt/idngno Speei thacal |y, in
ratLve nents 32 are forned
?‘ig%ﬁ% PR IES qtﬁ’é‘gf‘ “bbf’“ g%&‘% %a‘i a heat sink.
For ébshﬁmtl bg nbthé tig@ thej spé(sfldg%s ;msﬁ?h:en boplaed ifi hoymumber

SRR Tosa e w61 Shle, BN RO BB ap PR ERHES ¥ e

©as th edol Padt oF zhle)f thofat dnd sahimdrea shiahs 16tdad 20, thE fdagéts ng
th cooling effect on the dﬁ ired gggt of the grow ng

JRASCheRosiionedAg cogtparf o gl o Frsret b &t araythse

Pl gl @tkna& Rl HAvE fhoted\hs X Rorekide 0pihe rﬂﬁ)bon
anelﬁ convective cooling and radiative coolin In

il 1B thapondhmehenmidecs therilhey efstal HiB. Jhe ngtaret B ar e
acl%ﬁmst%m JiEr R e PRLBES Bld FRRBR oquéBgaél?é@éz vely

ol1ng the %@OMAng ri bbon crysta nst ead, t he
j et s TBocriygiplepé nfay basemevablefeonhihedvinage 2hp dp sovikees no

@E fdh&l 25 E&as%u@dcﬂ/%g lah g:p(glaﬁ)r ﬁ&? Isfngg% ftftﬁecctrucqﬂe E@@erﬁcatlly

grow ng ri bbon crysta d be noted t
frére thyfeoiatd 2. Jasimelify r@poveh theges FtePqueferabliraye nunber

l?c%izgja%lﬁf I£pga@éd Jr?& 3 x%?f?c(% {fl%e ?f%ﬁ‘é‘&lxcgblg gg J‘f%h{atlaatﬁat;f’lr
©Mmov e Fbi exatmplend tlsaemmﬂﬂe émbhssaefmﬂtfmfsabdlﬁ 4aanmhrﬁe¢rs1 then
B %aé jgtts 32ofa given pair are spaced more than about 4 centimeters apart,
thus providing sufficient clearance for easy crucible removal.

Moreover, the vertical position of each gas jet 32 impacts ribbon crystal
10B thickness. Specifically, as background, the point where the growing ribbon
crystal 10B meets the molten silicon often is referred to as the "interface.” As
shown in Figure 5, the interface 34 effectively forms the top of a meniscus
extending vertically upwardly from the top surface of the molten silicon. The
height of the meniscus impacts ribbon crystal thickness. In particular, a tall
meniscus has a very thin thickness at its top when compared to the thickness at
the top of a shorter meniscus.

As known by those skilled in the art, the thickness at and near this area
determines the thickness of the growing ribbon crystal 10B. In other words, the

thickness of the growing ribbon crystal 10B is a function of the location or height

al though a higher flow rate nay PERUS2088/064854
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32 also may be positioned to cool part or all of the
m ddl e section 18. As anot her exanple, the furnace 22

woreopshsnzel nore gas jets 32 on one side of the PCDHDV08/064854

crystal 10B than on the other side of the ribbon
crystal 10B. The nature of the application thus
di ctates the nunber and position(s) of the gas jets
32. The crucible 26 nay be renovable fromthe furnace
22. To do so, when the furnace 22 is shut down, an
operator may sinply lift ﬁ e crucible 26 vertically
fromthe furnace 22. To s lify renoval, the gas jets
32 preferably are horizontally spaced fromthe
vertical plane of the crucible 26 to facilitate that
Jf ek faceRdr AgxBoRheyn by thobeskilteddn tHear2 heharspeaatwraiifh
f about 4 centineters, then the gas, | 32.0f a
‘E‘F V&?nﬁé?‘fndatg‘é%Bﬁ%@&om?l%mfﬂlawsg%%ﬂ?&? %ﬁgﬁt‘rret ers
Spedfitallyl i i@ wphparhidi§f thdtfrédiar ie bdole] aheniseud/ drtereas §4
cruci bl e renpval . Mreover, the vertical position of
WH s g thanif the tepeIptuee 35 WBHBH- crystal 10B t hi ckness.
Specixtdg @by, th@%odi’iﬂ?,'égéc@uﬂﬂe ghd)@s PoiimdctipRerteold he
grow ng ribbon crystal 10B neets the nolten silicon
heighé af the meaisetsy which oRssqyYenBY orHtoky thy ticknesg of hegRpving
@&H%ﬁg& 1687 hk BlrRhde30 tnidds @hfigeel Yol hubPIEBydidie t Op
of a ni scus extending vertically upwardly ¥rom t he
paopmetersf wick apgastlew ratst teaperniure hsigas e spacipsef the 8ashe

jg:g @%,.Se?cl.'ls Itm%?r%)gtth hﬁgﬁﬂ)f %e%ﬁ{gﬁgcetBQ.i SR De vhiled, either

parficular, niscus has a very thin thickness

dtririgt ggow thp omibeéere begimeing thetgmow thepredasse toriesys thatlocatien efop

t?.f .8 r?hcgg%er meni scus. As known by those skilled in
hEYEr1C “the thickness at and near this area

det elrdonesenibveirhérits; kinegs jetf32tney bymomiablg. Folobempler thst al

10B. #n otge. rds.. th tﬂé:.c ss,of the ]
SRt RS 05O e S T
e i3g a9 be bieibiyndoBhdcdeitto Atbve ASriainsdlykitognhdfyride sz
skilled in the art, the 1t.ereraturg of tt\ieb regj ga?

ar ouRBU RPN PR CEPRIFSE $TOREH & EURY S e8P FREE 34
1981 ®hibr to the first step, the crucible 26 is filled with molten silicon. The
process thus begins at step 600, which passes strings 14 through the string holes
30 in the crucible 26. As they emerge from the molten silicon, these strings 14
effectively form the growing ribbon crystal 10B.

The process continues to step 602, which cools one or more portions of the
growing ribbon crystal 10B. As noted above, the process may convectively cool
only, or both convectively cool and radiatively cool.

Accordingly, by convectively cooling the growing ribbon crystal 10B,
illustrative embodiments substantially mitigate breakage problems caused by the
neck described above. This should increase yield without requiring labor
intensive cleaning operations for components that were added for similar

purposes.




Specifically, if the tenperature of that region is
cooler, the neniscus/ interface 34 will be | ower than

wo tooghso76enperature is warmer. Accordi ngly, theECTUS10081Qp4854

effect of the gas jets 32 directly controls the height
of the meni scus, which consequently controls the
t hi ckness of the growi ng ribbon crystal 10B. The
furnace 22 thus is configured to control the system
paranmeters, such as gas flow rate, tenperature the gas
flow, spacing of the gas jgts 32, etc. . . , to
control the height of the interface 34. This can be
varied, either during growh, or before beginning the
growm h process, to vary the location of the interface
34. Nheughdheshnye dwgnsﬁ@n dtSﬁ@sqga@n?@tegeraglawa?,mfﬁéhmems
edly
poéﬁp%%ﬁggg{%%§ pl v F%bﬁﬁhQQﬁmgﬁgg'%%Hg§§%g$1 hﬁ%e gas
vagibss BRdiffeatiope thal Wilbdvhieve srmeaftthaadveniagesef Herinveotionl | y
alon the fu 22.  Flgur ws a partial,
Wtho ??%EP roce%%hm¥m?5%#ﬁﬁ§grf%%on crystals 1OB
Prlor to the first step, the crucible 26 is filled
with nolten silicon. The process thus begins at step
600, which passes strings 14 through the string hol es
30 in the crucible 26. As they energe fromthe nolten
silicon, these strings 14 effectively formthe grow ng
ri bbon crystal 10B. The process continues to step 602,
whi ch cools one or nore portions of the grow ng ribbon
crystal 10B. As noted above, the process may
convectively cool only, or both convectively cool and
radi atively cool. Accordingly, by convectively cooling
the growi ng ribbon crystal 10B, illustrative
enbodi nents substantially mtigate breakage problens
caused by the neck descri bed above. This shoul d
i ncrease yield without requiring | abor
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I ntensive cl eaning operations for conponents that were
added for simlar purposes. Although the above

wale@susgson di scl oses various exenpl ary enbodi PENUS2008/064854

the invention, it should be apparent that those
skilled in the art can make various nodifications that
wi || achieve sone of the advantages of the invention
wi t hout departing fromthe true scope of the
invention.What is clainmed is: 1. A method of growing a
ri bbon crystal, the nethog conpri sing: passing at

| east two strings through a nolten material to produce
a partially formed ribbon crystal; and convectively
cooling a given portion of the partially formed ribbon
Whyiss dhimed is: The met hod as defined by claim 1 wherein
the partially fornmed ribbon crystal has an edge
generally defined by one of the strings, the partially
1. or nndnéﬂwdabafrgr@wmgtaaibbaﬂx s@stblatﬁemgem dopvaisthgpor t i on

spaced fro ive ortlo bei ng bet ween
t e Buigee AN ReS Ak B et o EL BT gaol | ng
@@ﬁp@ﬁ&mﬁgrﬁﬂustﬁ@mjaﬁdthlckness of the glven portion
to be greater than the thickness of the inwa

por t FEectyely FReNg Hud RRStQti ﬂ?ﬁe@ﬁragﬂycfpﬁwﬂ rib%ﬂéfyéfanll
the partially formed ribbon crystal forns an interface
wth the nolten material, wherein convectively cooling

% onpFhesesthod aydefiged BE claiml wherebtthe paitirhy formed sbhort he
Jrﬁ&aﬂhh@{h g&%réﬂ}tcfe%é’&ﬁy ot t&'s sPtﬂE E»MQHJ%Y&&Q a

ckness t Is”a function of t ocati on ‘of
tiboe cfysebalsghavingras inwatdgepren &ﬂechrfeun the edBeithe given

"y
HPE PR B AN AT EPROS E BB Ll
caspdieing nadirgthe tfmkmzsds ofiiergaien partfdnu e gdeehiey thay the

tg%? 9£Hﬁ?ﬁﬁ&$§h§%&ne fluid streamto strike the given

stream contacting a

3. The method as defined by claim 1 wherein the partially formed ribbon
crystal forms an interface with the molten material, wherein convectively cooling
comprises varying the convection cooling to vary the location of the interface, the

given portion having a thickness that is a function of the location of the interface.

4. The method as defined by claim 1 wherein convectively cooling comprises

directing a fluid stream toward the given portion.

5. The method as defined by claim 4 wherein a fluid delivery apparatus
directs the fluid stream to strike the given portion, the fluid stream contacting a
second portion of the partially formed ribbon crystal after contacting the given

portion, the fluid stream cooling the second portion.
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second portion of the partially formed ribbon crystal
after contacting the given portion, the fluid stream

W@omBiisigét he second portion. 6. The net hod as dedT/Hs0$/§64854

claim4 wherein a fluid delivery apparatus directs the
fluid streamtoward the given portion, the fluid
delivery apparatus radiatively cooling the given
portion. 7. The nethod as defined by claim1 wherein
the partially forned ribbon crystal fornms an interface
with the nolten material, further wherein convectively
cooling conprises directing a streamof gas to contact
a specific location of the given portion, the specific
| ocati on being spaced fromthe interface. 8. The
MEthaheae&@éhsdeﬁwdywcbahﬁw¢wmh@aéuwfkh@ﬂpapmﬁdMFy

n _c b
e R o Wb PR BR ey BT
ﬂaaiaﬁnvémeocﬂinglﬂm@wwdnmrg. A met hod of grow ng ribbon
crystal, the nethod conprising: providing a crucible
containing nolten material; passing at |east two
BT i MY8 nletHod g Hefirled bmalahﬁm i tt@lpattlip fardied eibbon

partially formed ri rystal dlrectl a fluid
froetal fgFmyeAn BisF: ?ffedﬁﬂbf?‘ e Sfariah ?vq%wﬁﬁf&“}ﬁ B vely
&g 8dm ﬁdaﬁdlfrécuhgla 616 day &) donend Jpadrit eat@in\oe the
portion. 10. The nethod as defined by claim9 wherein

giMen pRrien g spesii¢ logriion bsimgsPaces &iog) th idertice-edge
generally defined by one of the strings, the partially
formed ribbon crystal also having an inward portion
& pac dle fethiedtah éeér&éé)y clafya 1gvhesgin gﬁrnart@#iy e rivkeheen

[ i ng
A A R o e e
@meab@ﬁhhﬁdwrﬁﬁenmhhbkness of the inward portlon 11
The nethod as defined by claim9 wherein directing
conpri ses providing
9. A method of growing ribbon crystal, the method comprising:

providing a crucible containing molten material;

passing at least two strings through the molten material to produce a
partially formed ribbon crystal; and

directing a fluid to a given portion of the partially formed ribbon crystal,

the fluid convectively cooling the given portion.

10.  The method as defined by claim 9 wherein the partially formed ribbon
crystal has an edge generally defined by one of the strings, the partially formed
ribbon crystal also having an inward portion spaced from the edge, the given
portion being between the edge and the inward portion, directing comprising
causing the thickness of the given portion to be greater than the thickness of the

inward portion.
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a jet that directs the fluid to the given portion, the
jet radiatively cooling the given portion. 12. The

woreikosh7es defi ned by claim 11 wherein the jetPdi/Usd&064854

the fluid streamto strike the given portion, the
fluid stream contacting a second portion of the
partially fornmed ribbon crystal after contacting the
gi ven portion, the fluid stream cooling the second
portion. 13. The nmethod as defined by claim9 wherein
the fluid conprises a gas plown froma jet toward the
gi ven portion, the gas being at a tenperature of

bet ween about 100-400 degrees C. 14. The nethod as
defined by claim9 wherein the partially forned ri bbon
t y s tThe ofethodss definedtbyrclado @ wiierdin thecting eraprisea peaviding

% p %h%?&rm%@h{ﬁd tJS‘G\efg'u}éhg)o L @1%5& AR oblgn 'tﬁc‘é ation

e given portion, speci catro
sipacpatibnom t he i nterface. 15. An apparatus for
formng a ribbon crystal, the apparatus conprising: a
crucible for containing nolten material, the crucible
fza r nrimg niktiRkdras ﬂgfuhadlb@ cfadi 1padwtelrgths fet divectd the dughstiehe

t.en material. ng a rihbon cr ta
Gaiedne Bt pam @ eheith forvasBng SRUA Paltgn phgte
pHirfiI61 foRtGedribtts GRRe bfdrlcYnlabATEE YivEOp&tien, theflgd oW ng
ri bbon crystal. 16. The apparatus as defined by claim
%@aWHQP%Wﬁm?ﬁ§°@%§°h€P conprises a radiatively cooling
material.17. The apparatus as defined by claim16
wherein the radiatively cooling material conprises

i apfihe eethpd as vpfinedhystaim §svheseip dreifividicasyprisesd gas15
¥BER S H@?to%?d {h@tgi\}eﬁ pgﬁfo‘n,ztgg %QJ ‘t;eYng at a temperature of

between about 100-400 degrees C.

14.  The method as defined by claim 9 wherein the partially formed ribbon
crystal forms an interface with the molten material, further wherein the fluid
contacts a specific location of the given portion, the specific location being spaced

from the interface.

15.  Anapparatus for forming a ribbon crystal, the apparatus comprising:

a crucible for containing molten material, the crucible forming a string
hole for passing string through the molten material for growing a ribbon crystal;
and

a gas jet having an outlet port facing inwardly for directing a gas generally

inwardly toward the growing ribbon crystal.

16.  The apparatus as defined by claim 15 wherein the gas jet comprises a

radiatively cooling material.
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spaced fromthe crucible. 19. The apparatus as defined
by claim 15 further conprising a second gas jet, the

w0 2008t150J6s j et directing gas in a first directPOHPS1I0b&064854

second gas jet directing gas in a second direction,
the first and second directions being different
directions and generally parallel. 20. The apparatus
as defined by claim19 wherein the first gas jet and
second gas jet produce respective gas streans that are
general ly coaxial. 21. Th?7apparatus as defined by
claim 15 further conprising a string through the
string hole and a grow ng ribbon crystal.

17.  The apparatus as defined by claim 16 wherein the radiatively cooling

material comprises graphite.

18.  The apparatus as defined by claim 15 wherein the gas jet is horizontally

spaced from the crucible.

19.  The apparatus as defined by claim 15 further comprising a second gas jet,
the first gas jet directing gas in a first direction, the second gas jet directing gas in
a second direction, the first and second directions being different directions and

generally parallel.

20.  The apparatus as defined by claim 19 wherein the first gas jet and second

gas jet produce respective gas streams that are generally coaxial.

21.  The apparatus as defined by claim 15 further comprising a string through
the string hole and a growing ribbon crystal.




