METHOD AND APPARATUS FOR GROWING A. RIBBON CRYSTAL WITH LOCALIZED COOLING

FIELD OF THE INVENTION The invention generally relates to crystal growth and, more particularly,

the invention relates to growth of ribbon crystals. DACKGROUND OF THE INVENTION  Silicon

wafers are the building blocks of a wide variety of semiconductor devices, such as solar cells,

integrated circuits, and MEMS devices. For example, Evergreen Solar, Inc_ of Marlboro, Mass forms

solar cells from silicon wafers fabrlcated by means of the weII known "ribbon pulling' technique. The
5 ' : ﬁ@éﬁ@ﬁg@@ﬁrystms. Such

processes, however, may prouce rlbbon crysta U E elatlvely thin areas that are prone to
breaking. For example, FIG 1scf}_1g{%11§§ll cjﬁ F§ f'(%ﬂ[r'ew of a part of a prior art ribbon
crystal 10A.. 'This cross-sectional view shows a so-called” eck region 12" that is thin relative to the

thickness of the retihef ihe eibbomeeysiairilly rtglaverdidivsproblenrcseventidnakaiobon pulling
furnaces may HAVEHENREYs SRS ST ARG RS Imafs ‘ﬁ’(ﬁlhé’lﬁﬁ’t%?ﬂfé TiteT#sdE between the
growing ribbon crystal andrheargltamRsico, ithy el minatingkazegckiegion 12. Although beneficial

for this problem, ngeqlscus;, gpgp rs nece§saq) myst bebc'leagLed at regulgr, mtervaLs to ensure
appropriate furgasa ioRak AR AIs0nsRG LAY ybéaemae&sy&afchmt lpfasgﬁﬁtwsthe suspended to

clean the meniseaig @]ﬁ@?@mot Dfe‘gg_m iek requires

manual/operatgs, RS 4RV 1B HRPER ﬁc@&igg; ' ‘ﬁ{?@@ SINVENTION  In
accordance Wlmmeeembodlment of the invention, a method of growing a ribbon crystal passes at

least two string ;ﬂ@@ﬂ@ﬁﬁg@gﬂé‘ﬁ%lsﬁ;Q@@Eﬁé@?ﬁa@‘{?gﬁ&cf@@@ﬁgmrme method

also convectiveireapitaygivendpod bt someshiibberaciysity: thikheggardially formed

ribbon crystal W4T EABETAIS myﬁgﬁ@M@g@Wé&n@%&ﬁﬁm@mn spaced

from the edge, angsiha giveA porti the inwakglpartiea. When

convectively cooﬂﬁgm@mon mkﬁ?lwmsg%ﬁﬁé%éwmwmater than the
thickness of the mwggrd,pgl;upmﬁgsggm aueciivieconling Aay ingiyde varying the

convection coohwgte; mmﬁt@ﬁthesmérm?rér Hey wempemoth@owmyﬁas a thickness
that is a functiof} OB SRR TR o N AT SRR LBt VB cooling is
accomplished bylimemugg\ aa&mdfstri;slnfmwanﬁthe onmlﬁ@ttsxanmi@ra fluset-delivery

apparatus maygﬁgmﬂ%’&m§§ﬁﬁg‘gﬁﬁ;§fﬂg€ﬂgﬂkjg@@n yMgdet. TREMIFISRRATT also may

contact a secong-porinnmidke parialisforseed vbbemayatalC aller-soniacting ke given portion) and

also cool the seﬁbﬁ*@i@&tlg‘ﬁ“ﬂﬁ éd?ﬂgl@ﬂfg%ﬂ?éera%r ¢ mngﬁmﬁg}g@@ﬁ‘tﬁﬁm the fluid
delivery apparaaigmwag{ ’iyd;aglt e glven portion.

SUMNMARY OF THE INVENTION

In accordance with one embodiment of the invention, a
method of growing a ribbon crystal passes at least two strings
through a molten material to produce a partially formed rib-
bon crystal. The method also convectively cools a given por-
tion of the partially forimed ribbon crystal.

The partially formed ribbon 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 inward portion. When convectively cooling,
the method may canse the thickness of the given portion to be
greater than the thickness of the inward portion. In some
embodiments, convectively cooling may include varying the
convection cooling to vary the location of the interface. The
given portion consequently has a thickness that is a funcnon
of the location of the interface.

In various embodiments, convectively cooling is accom-
plished by directing a {Iuid stream toward the given portion.
For example, a fluid delivery apparatus may direct the fluid
stream to sirike the given portion. In fact, the fluid stream also
may contact a second portion of the partially formed ribbon
crystal (alter contacting the given porticn) and also cool the
second portion. In addition to convectively cooling the grow-
ing ribbon crystal, the fluid delivery apparatus may radia-
tively cool the given portion.

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



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. 02 In accordance with another
embodiment of the invention, a method of growing ribbon crystal provides a crucible containing molten
material, andepasses at least two strings through thg molten material to produce a partially formed
ribbon crystal. The method then directs a fluid to a given portion of the partially formed ribbon crystal to
convectively cool the given portion. In accordance with other embodiments of the invention, an

apparatus for o ETER LR REI BRI P NSRBI AL crucibie forms

a string hole forpassizg stikp4rouwgatha mpltendngienaldor growsaga tbhonersiak The apparatus

also has a gas [BERIEn QRN racREmNHiToPaRelfif 8 gl FiErly toward the
! . | HheR i

growing ribbon sasiain Jif 8es mesiiss degasishisheszaniallyspasediireny the crucible.
Moreover, in otiecertbediterrspiEipparatus has a second gas jef. The first gas jet directs gas in a
first direction, agg:ﬁé‘asgccpgor ﬁa%&ﬁ@t&ﬁéﬁﬁaﬁeébﬁﬁﬁ% % 'gﬁﬁf@é’f@gﬁd@ﬁcond directions
illustratively ar@%ﬁ%ﬁaﬁg@a@%@?ﬁmﬁmﬁm ?@fil[igtv@idsq& and second
gas jet may profiiE TESABETA Ua%, EEE MAT AR T LR 2R RS ER Eitidiments also
may include a sting through thevetringhofeand@egrongne riblsoreerystal IBRIEWBEBEZRIPTION OF

; ( g
THE D_RAWINé‘gﬁ”ﬁﬁhﬁéﬁﬁ%ﬁﬁeﬁ%ﬁ‘ﬁ@ﬁ@%{é'jguy_igpﬂ@q@z,en@gyep g8.9§ various
embodiments ofithednuentiondiom:treriotioiowingrilbebenptioiaidiustatvethmbogiments,”
discussed with [RIRIBRAS® AREAAAPYS Anha BashmsdatAy 1Rash e  Tio S AtHematically
shows a partial@sesssestioml&igwar apaosaddibhonicesiabns F%ﬁuztsalaamaﬁcawa shows a top
view of a ribbo(gé% gt fey herptatindeg r acetidanecaldn] i kiswaerre eipbedihients of the
invention.  FlGorASeRRniag i@@mﬁ%q&?@sg’gﬁjéﬁgfv@ﬁo ‘the ribbon grf/stal%? FIG 2 across
line 3-3. FIG. 4 s‘éﬁemﬁemlycshbwgla:e(ﬁﬁw Waxibm1@$mWn$éIMMMQ of illustrative

. ng hole and a owing ribbon ¢ stal.
embodiments of th& AvErtd A Br B akd
BRIEF DESCRIPTION OF THE DRAWINGS

Thaose skilled in the art should more fully appreciate advan-
tages of various embodiments of the invention from the fol-
lowing ““IDescription of IHustrative Embodiments,”” discussed
with reference to the drawings summarized immediately
below.

FI1G. 1 schematically shows a partial cross-sectional view
of a prior art ribbon crystal.

FIG. 2 schematically shows a top view of a ribbon crystal
that may be produced in accordance with illustrative embodi-
ments of the invention.

FIG. 3 schematically shows a cross-sectional view of the
ribbon crystal of FI<G. 2 across line 3-3.

FI1G. 4 schematically shows a portion of a ribbon crystal
furnace implementing of illustrative embodiments of the
invention.

F1G. 8§ schematically shows a ribbon crystal in the process
of being formed.

FIG. 6 shows a partial process of forming a ribbon crystal
in accordance with illustrative embodiments of the invention.

DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

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

FI1G. 2 schematically shows a ribbon crystal 10B config-
ured in accordance illustrative embodiments of the invention.
In a manner similar to other ribhon crystals, this ribbon crys-
tal 10B has a generally rectangular shape and a relatively
large surface area on its front and back faces. For example, the
ribbon crystal 1083 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 opera-
tor chooses to cut the ribbon crystal 103 as it is growing. In
addition, the width can vary depending upon the separation of



FIG. 5 schematically shows a ribbon crystal in Me process of being formed. FIG. 6 shows a partial
process of forming a ribbon crystal in accordance with illustrative embodiments of the invention.
'DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS lllustrative embodiments or the invention form
a ribbon crystal without a thin neck region, such as3hat shown in FIG. 1. Accordingly, the ribbon
crystal should be less prone to breaking in that general region. 'To that end, various embodiment

use convection cooling technlques to Iocally cool one or more speC|f|c areas of a growing ribbon

crystal. Details L vaTeLS ERIRIT RS ETe s oS TR v o2, SENETRll Rhows a ribbon

crystal 10B conﬁguredfmra@osrdanﬁeqlmsm erhisodimenta iofiihelinvertibini dma mrexner similar to

other ribbon criSis ARSI fﬁ;%gﬁm sk fRE SR AR shapE i d R Ylatively large

surface area on itavreptasg €Bs. Fakexamplenibarhbom tyysinlchos3 anaybayve a width of
about 3 inches SR8 AANNTLCAES LTSRN ANEL I hEAee el can vary
significantly deﬂeﬁddﬁglumn be;rze:an npeiatal Che Qmﬁiﬁf eaestal 48Beas it is growing.

In addition, thermg mﬂﬁﬂ F@'sl%ee FIG. 3).
Accordingly, d|§g1g§£@c ;%g ngnae]ymfﬂ\_s,n & ﬁi)str ﬁ@fém;ﬁ;o mtegd’ggﬁto limit various

ernbodiments thfeumg[twﬁdw Iwmmﬁh@tmem&e efyfethiblomi st&hl(}&@r@aﬂesfand is very thin
relative to its lepgta AR mdtR dFREITEBhS, “Widte Bse ity CFIE S SLRBARIEEN ¥ows a
cross-sectional vielibef #ibhbloorrcyyttal M0AB oh G . ihasross lineds&idsegiptelilaraey matter, it

should be notel AT FIE 3T LRSI RIS AN, S A SR B, ?ﬁﬁlﬁé’@@ﬁ%‘é@e'naﬂe

drawing for dess#ptivel puipgosest partitulars thecinhbansor Qtl:kﬂﬁal&:fomlleii fromt a pair of
strings 14 enca;ﬂé‘g%‘@‘bﬁ‘éﬂ@méfgc M’Q@»:F@ﬂﬁﬂ@h"ff& AodRIGHDY I, the string 14
and the silicon esweasdly @ftha-sisi 4 geassalbsieantiba edgeioiiba sbhaa aystahilddB. The
ribbon crystal TH? ﬂ&gﬁ%ﬁﬂﬁé@@ﬂ@%@ﬁ?ﬁ%ﬁt%@@% first end
section 16 having A fisksing dd! b Biddie sestinnl8podia seeopd-gad.sastion 20 having
a second stnnq&@tﬁﬂ?@gnwﬂﬁlﬂlme gimeHis ?Fégmdzﬂébecﬁﬁﬁtlmmup about

seventy-five pefiaitaE SR SR HEaR HAnH e VAEL RO TR A 38h iR sections 16
and 20 thus togetkerimbkegpaboat twenty-fivef péreent o tHe totat tllstthedbbmvcrystal 1013.

s shown, the (IERRRSS A %ﬂ@ﬁ%ﬁﬁéﬂ@ﬁéﬁﬁi@%@ﬁ%‘@éﬁJ@&s’rﬁnﬁfront the edge

of the first end sectipmnil 860 thehavadayrostheifinst endseation &manssihawidiée seetion 18. The

thickness then PRAGHE S éﬁéﬁ'ﬁﬁ‘e@ﬁﬁ‘@dﬁﬁ%@é{ﬁeﬁ%ﬁl%@ﬁ@f@ Semm‘%‘égﬂbﬁﬁ and then

increases fromﬁha;geﬁ&rﬁcc obthanidda secioa d & e daiy af dha-mitlslle section 18
and the second‘ﬁwqﬁ%ggtmﬂznrﬁ‘a ﬁbleﬁmﬂa? %FSt’é?ldJEe%ﬂohﬁ*B aHeagieess of the

ribbon crystal 16@?&@%@@*5}9@5&&@&%&@%% b8 adge of the saeead.end section 20 to
the boundary ofdhesseeenéieridisection 1@9@@5‘5%@813%5% <reither end

section 16 or 20 HaR AT GIRNEER ,fé‘ﬂié i AL RIGE B0 G2 Pirin

the rnlddle section 18). 'I'he first portion A-A., which is
between the edge and the inner portion B-B, has a greater
thickness than that of the inner portion B-B. For example, the
first portion A-A may have a thickness of about 250 microns,
while the inner portion B-13 may have a thickness offabout 200
microns. Of course, different portions of the ribbon crystal
103 may have similar relationships similar to the relationship
between portions A-A and B-B. For example, another portion
near the ribbon crystal edge may have a greater thickness than
some more inward portion.

It should be noted that discussion of the relative thick-
nesses, dimensions, and sizes are illustrative and not intended
to limit 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
210B, or the thicknesses may be altermatively 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 108, while the middle
section 18 makes up less than half of the total length of the
ribbon crystal 10B.

IHlustrative embodiments may use the furnace 22 shovwn in
FIG. 4 to produce the ribbon crysial 10B shown in FIGS. 2



As an example, the ribbon crystal 1 013 may be considered to have a first portion generally identified
in FIG, 3 between arrows A-A (i.e., within the first section), and an inner portion similarly identified in
FIG. 3 between arrows 13-13 (i.e., within the middle section 18). The first portion A-A, which is
between the edge and the inner portion B-B, has agreater thickness than that of the inner portion B-B.
For example, the first portion A-A may have a thickness of about 250 microns, while the inner portion
B-B may have a thick bo t 200 micrgns. Of course fferent ions f the ribbon crystal
1033 may hove e B T A NS AT LA % B-5. For
example, anotheripestiomltedriiharisbonogitahesid éanay ﬁmafieatw thickitegsathan some more

inward portion crdi%ﬁpg@&ﬁéféglﬁﬁfg %@éﬁé’%@ BERIAE b ErHRiETSons, and sizes

are illustrative sind mokrintendexitcalisit alembadigenisiohthn inventioncloise l@&he thickness of
the end sector L A A R S TS I PRI, AP AT i Yhcreaces A
another example, subjati e masutasc iokepaneasr theithigerssmay das twwy uniform

across the enti ‘Pﬂfﬁ SCT'Z‘QT DI 1@ Ré’l'f?&ﬁh;’éy & smaller within
one of the sec it nﬁmr%rﬂﬁgﬁm&ﬁ% A LeeiE Bt APt another

embodiment, thaﬁﬂmdssg fiit) egtgﬂlég’@ké“fg s ﬁ]aﬁﬂaipa‘lﬁﬁé?@tal‘?éngth of the
iobon oyetel o T A o e Dol PR 3 i fengt o e

ribbon crystal k98 iﬁlersﬁfaﬁwe’eh‘bbdamﬂsfm iserherfarnacec2P ardwrifl AM81d-to produce the

ribbon crystal 18R SR Ele S A AT %‘@ SHIEMAREE SERNa YN TRNAGR 22 while

muse and thussshevssrriotien siicoiriahd Babbomol alst&@l@ba ptltée:framcielmolten silicon.

Speciicaly, hE LS 2R e T e AR e SIS (4, TR G Eucibl 26

containing the @-t&dmaltﬁﬁhslhﬁennliaeadﬁmﬁn:ilaexfmcm& amay aenanplasakity of cooling

bars 28 that préviRFSENYe i ﬁﬂNér(fb ﬂg%glfaj;ve g’;@;‘@@gﬁme geaqfiianal and thus, may be

omitted from the:iuma@elze ca n&ws‘,l O1RSS awag%strm@%feséﬁ (sﬂﬁgam of which is

shown) for rec \ﬂ h Iﬂ%ﬁlﬁ‘}g@@uss F@%‘lﬂliqaﬂﬂ fa growing
silicon ribbon cagi f{f mgng%,ﬂ")@ @gﬁﬁﬁﬁﬁﬁ{ﬁgﬂ@g@&r string, holes 30
(e.g., four palrsceﬁst EI@WJNTBH! pleititbon crpstaid 1003 Smaltarieadibiyt  The

crucible 26 ma?ﬁer@fgﬁ@ﬁ’@? g{ gﬁﬁﬁ@fgéﬁy@j si&ffely ekt § S TE%T&rature capable

of maintaining the Thokba siiceh abey peine Hbmveedfmc&jsﬂa&ev%& shewn in FIG. 4
nas a length MR G 1 E\Mﬂi@@iﬁ%ﬁé@%ﬁmﬁ@ﬂﬁ%ﬁ%@? 6 may be
three or more tmeﬁ@fﬂa&eﬁ&mmﬁs‘w gaws&;ﬁbsam&em 26 is not
elongated in thiy' ARt PS ten SRR ‘tﬁé’érﬁgﬂé ‘iR Irrra s sméitarsgiart shape, or a
nonrectangular Gon N1206QK; W luuﬁram/&@m'bgeﬁi&er@ e ‘ﬁ&ﬁ@ﬁ%ﬁi@ the
capability of cotalﬁznghtiﬂfe1 rr?ekté)we ﬁ&l@@ﬁ%m almaﬂrfegma?wﬂstahm%Mhates the
fragile neck 12@{939 o‘%ﬁfﬁ%eg om e With T reg S S BIaS ihglﬁ%C|Pc§ily R fiface 22 has a
cooling apparatus izt costs=sisesi$i Gl't@ Wingdsbon ery shebh33=fe. gh4lte first and/or

second end se&@ﬁ%ﬁ@@é@t‘@ﬂ%ﬁﬁé?ﬁ@m @iﬁﬁéﬁ;ﬁh@é@ﬁ%ﬁﬁ B thatend,

the inventors warasorse g io-disoay ertiba s enyestilclanBinghie chriquesss uid saamployed to

accomplish thig S8l BFERARCERERE e MBS FRAMIs T ATare R Aty high

temperature, suflEas agie&uaefa&&es& ﬁﬁ@fﬁﬁt&hﬁhﬁ&ﬁbﬂiblé?ﬁ:@&gﬂ’ees& leenexample, the
molten silicon rﬁa’ylﬁéjcﬁ)? (;ﬁgfﬁ?o‘ d %EEE’M u%ieﬁgtn\ﬁ_i gﬂm 31 l‘%ﬁp 220, degrees C. As

understood by ﬁ@sngygm{grgl ant,gﬁrug{a‘ﬂ;éﬂlqiﬁ LS PANVES \geﬁoollng to cool
something thatleqaareaei?@s throgetenp etrlaﬁlres:t pateamnvertorbsvesecseiprseti tdediscover,
however, that AR EiG 2oaaN’ ﬁi@‘é“oﬁﬁ‘fg&cg RS “%‘i@af&as sgach cooling
apparatus coolsonlis alveryismatrpdisnobtha growini sl@la.mﬁe tetailmass of such
sl areas col HIILA B SO @Erﬁ@m@mﬁﬁﬁ%gaﬂé@wew arge
surface area. Aeemimg]ypgwa&t ﬁsesc ordiionsidheinusniors discoweyed-thahcemwestive cooling
could suffice f E‘d@sfé AEEearit (grytotﬂ’iﬁté‘ﬁﬂ’ tﬁﬁ’fefﬁb £p?§ﬁ§wn in FIG. 4
1rect nera
has a plurality Igaszjﬁ'i&%ﬂ ﬁﬂﬂ@l&?@f gﬁ&ﬂiazg éi'v &@ﬁl@aa gﬁ&mwa;s asisiiaetportion of the

growing rlbbongr}et% Ul?;lﬁijg) @ 7 fbbb’i;i; a}")ﬁ 3 hasemp azseciated pairs of
gas jets 32. Ong(pa,ch &ts, ‘}(Qb%—% S 'ur it SRR CAATEIE13, while the
second pair of gés 33 yevid th@@écond end section 20 of the nbbon crystal 1013. Each jet 32 in a
pair illustratively, cdits BRRGSHE ST ﬁ%@&féﬁ@ﬁ/}ﬁ'é’%ﬂﬁﬁﬂﬁ 1 SF RERDEE G Atal 1013_
Accordingly, the juts 32 in'each pair shown in FIG irect gas flow in generally parallel but opposite
directions. For example, the gas stream of one jet 32 in a pair may he 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 1013).  To improve control of the cooling function,
the gas jets 32 preferably provide substantially columnar gas flow to the



05 ribbon crystal 10B. To that end, illustrative embodiments use a relatively long tube relative to the
inner diameter of its inner bore. For example, the ratio of the length of the tube to its Inner diameter
may be on the order of 10 or greater. The tube thus may have a substantially constant inner diameter
of about 1 milimeter, and a length of about 12 millimeters. The gas streams illustratively each
directly strike a relatively small part of the ribbon crystal 10B. In fact, this relatively small part may be
much smaller than the entlre sectlon/ portlon mtended to be cooled, such as the first end section 16.

For example, ¢, d3A AL oA BTl oM AREAIR AT R ST REANAR the ribbon
crystal 10B abdeitemiliine tex aenidslly thenr Hhecerpstabed denantt abbubeneihdomzdrtally above the

interface of theﬂﬁ@éﬁﬁﬁbﬁﬁéﬁ?ﬁﬁﬁ@@%%i&?i@ﬁé@ﬁ%@ﬂfﬂ identified by

reference numbes3d}. Conittidth-thisrelativielp gmalbpait, dowanriaiinetease the temperature

of the gas to som@mﬁgﬁggﬁ@%m%%ﬁ%hq%b@f@@w@@e@‘%cordmgw,

after striking this-seéadlaarhnf stahdB; 1gasm@rﬂta&te.ﬁm%a§éaﬂamer part of the

ribbon crystal 198 exag@q’@@‘ﬂﬁigq tht qherpd nt“ggg %}a ifiggagditsipates and/or

the remaining gas tﬁlaetam e elbatine SRRt yﬁ%@cﬂﬁa&r’bbon crystal
1013. The gas tmyng% d@?é?*t orm dkeok ﬂ graéh 23- |tit'eﬁ iﬁ@m‘e ‘ﬁbb’on crystal 10B.
Accordingly, by aay o exan ﬂferﬁgc;ﬁg%@f ovﬁ&éﬂ@fﬁﬁ%ﬁyﬁg Zsiend section 16 of
the ribbon crystah@Oi@wmfb@m Hus prifiga nreoidgary 2odlifgeffeect Wh@ltdﬂai-‘s,lze of the area
being cooled d§fieRth t@ﬁ%@ﬂé‘é’@i@ﬁé’ﬁﬂﬂ@% &ﬁ’@ﬁ@ﬁtﬁ% R Ac D anay include the
gas flow rate, gas yeh 82 sizelspe ngEhngidy .l GiBeiempdldioge dhtke molten

silicon, and the ﬁ@ﬁﬁﬁ@%@g@%ﬂ@mm@ﬁiﬁhﬂéﬁ@e@x@Umbe'f of

types of gases aobd fiews ratea tateﬁsﬁra.letheiﬁ,zahéedghlclmesﬁaeﬁme}grmmgﬂbbm;@rystal 1013. For
example, some@mﬂéﬂﬁﬁ?’ﬁ%ﬁl% ﬁ)oﬁ\ﬁcﬁ ?ﬁ@l E ‘EEW Eﬂ iite. The flow
rate should be r{mﬁe&hage HRab: faseer iatanae deom the outlet of
the jet 32 to the‘@mﬂ E‘t‘aPlGEWHe% ql%flt'he‘?ﬁf)b‘ef?é‘r §’tﬁ| 1073, the

mass of the graiiagd aﬁrx% R AE eﬁ’pps?é (iEoth (e gaS, Oie AQILHe mindful
however, to ensumhattﬂesﬁmmmwnmgbhgrﬁmtcould damaji;e the growing ribbon crystal

10E3. Accordingly 2R if & BEGeRlcl fa&%ﬁ%@?ﬁ@%&qgfgg 57 8adage the ribbon
crystal 1013. iereovertirctheaboveexamplethernigon esﬁ@eﬂfrommhe jet32 at a

temperature beﬁggq@g@gﬁas&p’gﬁ;é@%égtpcgg“Mﬂ Fé%é“(‘f’)“@‘f‘c?dﬁ’rgé’notﬁ‘é’rcbases having
other characterlstlaslﬁay xts us&@w{ﬁr@f)a anskspedifeteppasatures should
not limit vanoué’&* r’iﬁéﬁs tcl’r?%ig{falh%@blfﬂ?ééf rrh‘grg‘?ﬁé f Pg ribbon

b on Crvys al 1
ry ,m illustrative

crystal 1013, thﬁ’r s@rge Q’flrag“@magfgo
embodiments, megas%tmmmmeﬁremﬁbﬁwthm@ﬁee fivel detsad ateztsink. For

example, the gah Bteg 24BaY Do el u‘f@?@ﬁﬁ%‘glsmﬁ% e RasNEl Firelatively close
proximity to the<gs Fg%mm yhial 1013 theryas jat Wi idhéocaly absbtbs gatythus furthering

e cooing efteLLer TRATENTARIEN AHE QP IR EVA AT RO 0T R heretor

may be conS|defedvagnrﬂwd|mgéwomwaasaéeaﬁmgrmammg covweciivegeaing amd radiative
cooling. In alt@ﬁ‘ﬁ‘ﬂy ’é}’s@@q@ﬁgﬁg‘ s gﬁg g_}g};ét§§?é?€ﬁrpg‘lﬁ@ﬁ€d’ frem e material

capable of radlatlveﬂgzcﬁmhng HhenOa 1&43 sieadpthe jeis32u8ay be fanned
from a materlal d ﬁémg & hegiyi E'd@ﬁféﬁé%?&n‘tﬂ gf@%\/ﬁ‘l Ybbon crystal
1013. It shou mgm%?;z (Z% gg&gaéﬁgél’gi@ hesRlaces] ﬁfan&?? tRLdifferent

locations. For eﬁmﬁplewatheﬂrrmaw ggnm adﬁﬂeﬁ?o}ﬁpommﬂgtthemh@eéél pert tﬂnaliltof the first and

second end sechiths TR AN T8 WS ICESRARD Thawhapositiened teeal pais ekl of the middle
section 18. As anotherledamipletithe frmsade122 Iray-llave mere gastjeis 32 eronesiderof the ribbon

crystal 10B thalj 3 g&@g?g@gﬁgtﬁgm@?yﬁgﬁg%emﬁ@@mma@ thus dictates

the number anchposmm?is)sahﬂee gas jetsaddple, the gas jets 32 may be formed
from graphite. A(,cordlngly, when positioned in relatively
close proximity to the growing ribbon crystal 108, 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



The crucible 26 may be removable from the furnace 22. To do so, when the furnace 22 is shut down,
an operator may simply lift the crucible 26 vertically from the furnace 22. To simplify removal, the gas
jets 32 preferably are horizontally spaced from the vertical plane of the crucible 26 to facilitate that
removal. Forexample, if the crucible 26 has a widtlg of about 4 centimeters, then the gas jets 32 or a
given pair are spaced more than about 4 centimeters apart, thus providing sufficient clearance for easy
crucible removal. Moreover, the vertlcal osmon of each gas jet 32, |m£acts ribbon %%stal 1013

thickness. SpeBIE3I:Sa DG LHEA b PRe HiE Honia ARbomGy SRLeTE meets the

molten silicon mM%qefehegteﬂsmedhnmgeés&smgmmﬁl@rﬁsthe M!@face 34 effectively
forms the top q&ﬁ%ﬁﬁ@@éﬂ?@VW@@ﬁmﬁ@ﬁﬁiﬁo'ten silicon.
The height of tlg?efmnlsauﬁumpaemr Blasso &:ﬁalltlﬁkﬂaf <a-tallineaniscels has a very
thin thickness &t5&d g%ﬂffbl?&fﬁ ﬁ'ﬁl&l@s%‘ (R oGt 83NoRET ARiAdEfls.  As known
by those skllle&@&ﬁﬁéﬁﬁs pess alardmatd alasga??a%élgﬁs@ eﬁﬁl%agisszof the growing
ribbon crystal 131 siferaworts, ltﬁe‘-‘tmélmexsteﬂt}’lé'gréhmgl fAbsdrecy mtﬂ)‘}@ &fa function of

the location or Ralait. SR e intart ﬁq%lgﬁa%a&gsﬁ Dy Sioas Skl Bieant tha%8rriperature of

the region aroundmmscbswmmmmmmt&rfaueﬂéhegm Iﬁp@anﬁcemy, [fthe temperature

o that region S, VRTRIBAIBAEE ST IR URISITIBEARYS warmer

Accordingly, thelﬁaﬁhm@eﬁeﬁﬁe ga6 |8tss3 act\peeriaiathe hnig hbeﬁﬂaﬁmﬂmscus which
consequently RS n@,@@w@gmmwm@é@%@%@mq rpEiousin
configured to caﬂ.usal?ws yeleinRAERNLBISHSUS gaﬁgﬁ‘amwtartangieam flow, spacing

of the gas jets azﬁ C;chgéhm %gﬁt%?t?@m%: Eeazzqu‘@*eahtbm%&gelther during

growth, or beforé C HOWD, PTOGE S5 10 i B JORAHAILAr jhe injerfage.34. In some

embodiments, mbgagjetsfsﬂamapbetmmlab@d:cﬁpmmmlm ab etk dramadhetikedly

positioned, butPRATAIAS #@Wﬂ%@ﬁ@%ﬁ%ﬁ ﬁ‘f %@f Wéﬁ’éd to move

horizontally alosg the:fiumace22 3H @ shaws1y pastiah ssitnglifieg pracesswefaeaing ribbon
crystals 1013. Pﬁéﬁﬂfiﬁ@ﬁu‘gﬁﬂéﬁf@@ grepifer 96 R mnﬁrpénssfﬁé‘eqerﬁgghﬁess thus

SCUS 1

begins at step 629 svdlchaasaes SINRgsSd4 ug-hﬁh%ﬂtﬂﬁgbiﬂ&S;SQmﬁst%t&IHﬁQG As they
emerge from tﬁé‘ lﬁbﬁ%ﬁege%ﬁﬂgm%#emW&W thd granwivry Fiodem €P¥stal 1013.

The process CONtinUeS RER “@,tiﬁa@b CROIS NGNS ROAN I IRE gLawing. Fibbon crystal
1013. As notedr&kmvmihea ayiccr/ eotvai mole(wéﬁﬂb@téreﬁnmtwbw@ool and

radiati-vely codf, ﬁ&g@% ﬁ)‘%ﬁ}ﬁg ﬁ@qﬁ@ﬁtﬂg 89, 1thdh hﬁﬁt}lﬁl@ illustrative

embodlmentssuhﬁam yanitigate dreakrgeprob maieats&e iba nac sofibaskabove. This 07

should increaséJRRISHIGL Ai%?lﬁ%@%ﬂﬁ@“ mﬁé&é@@m@‘im@ﬁ%f that were

added for smﬂa&pu&easesg, B@eab(ﬁeed ﬁ@b
embodiments ditesinvbatipif ithsh deidaive pppareristhvatthosaskilled in the art can make various

modifications t@;@ﬁ%ﬁfﬁﬁ@%@%ﬁﬁ%ﬁdﬂ@ﬁ&%bﬂﬁ@?@é@@qﬁ@@@ﬁg@ﬁg from the true

scope of the inventi®rnthe thickness of the growing ribbon crystal 10B. The
furnace 22 thus is configured to control the system param-
eters, such as gas flow rate, temperature the gas flow, spacing
ofthe gas jets 32, etc. . . , to control the height of the interface
34. This can be varied, either during growith, or before begin-
ning the growth process, to vary the location of the interface
34.

In some embodiments, the gas jets 32 may be movable, For
example, the gas jets 32 may be fixedly positioned, but piv-
otable. As another example, the gas jets 32 may be slidably
connected to move horizontally along the fumace 22

FI1G. 6 shows a partial, simplified process of forming rib-
bon crystals 10B. Prior to the first step, the crucible 26 is filled
with molten silicon. The process thhus begins at step 600,
which passes strings 14 through the string holes 30 in the
crucible 26. As they emerge from the molien 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
coal and radiatively cool.

Accordingly, by conveclively cooling the growing ribbon
crystal 108, illustrative embodiments substantially mitigate
breakage problems caused by the neck described above. This



08 What is claimed is: 1. A method of growing a ribbon crystal, the method comprising: providing a
cooling apparatus; passing at least two strings through a molten material to produce a partially formed
ribbon crystal having an end section and a middle section, the end section including one of the at least
two strings, the one string and middle section defining a given portion of the partially formed ribbon
crystal; and convectively cooling the given portion of the partially formed ribbon crystal with the cooling
apparatus to control the thickness of the given portion. 2. The method as defined by claim 1 wherein
convectively cooling comprises causing the thickness of the given portion to be greater than the
thickness of the shigtitdsiuteiense gigkb wisloy ticaatinbamhirhaminteneivm gledirtally formed
ribbon crystal folg &Hﬁféﬁéﬁéﬂﬂtﬁé’hﬁﬂ?@ﬂ%ﬁ’éﬁ%ﬁ&?%ﬁé‘r@h pee\rsL il TEBIRY comprises
varying the com@l’,‘ﬁ‘&?ﬁﬁﬁhn t ar the location of the in | e the g |ven ortlon having a thickness
iscugs ées
that is a function qf 1?(?8%%]%1 ﬁfa ‘I‘?fé ly %@ E} wherein
nyvention
convectively codfiRiFOTIBITRER GIEAlIG, o.Ml M@Q&t% Ewa he method as
defined by claim %ﬁéﬂﬂa@ w SRR AERES 1@iﬂ§3§%ﬁ0ﬁ§@ﬁ%me given portion,

the fluid stream ﬁq}ggaﬁggﬁq@,@qm &k ey erragitlon crystal after contacting the
given portion, the fluid stream cooling the second portion. 6. The method as defined by claim 4

wherein a fluid delivery apparatus directs the fluid stream toward the given portion, the fluid delivery
apparatus radiatively cooling the given portion. 7. The method as defined by claim 1 wherein the
partially formed ribbon crystal fonns an interface with the molten material, further wherein convectively
cooling comprises directing a stream of gas to contact a specific location of the given portion, the
specific location being spaced from the interface. 8. The method as defined by claim 1 wherein the
partially formed ribbon crystal has a ribbon width, the given portion having a width that is no greater
than about half the ribbon width.



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

convectively eooling the given portion to control thegthickness of 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 artiaIEI)y formed ribbon crystal also having an inward portion spaced from the edge,
i

the given portion b atnlerimmeddBe and the ipward portion, directing comprising causing the
thickness of the gj gohesl st et paA ﬁ:kg %Rr%@és&?lhéi}m%&ﬁ&‘g .nq'll. The method

as defined by c%ﬁ?ﬁ’@lgvhgrein directing com riseslpro_viding a jet that directs the fluid to the given
porion, e o racBETUNB LS (URAIBN =12 The Dlhoras iy gam 11 where
e jet drects the RIS AL U SURAREAREOMER (AR S Socond porton
of the partially forme(igg AL alf}ﬁr faclpg e 9N tighe (e it 3tierAcooling the
second portion. 13 o The peinod pfedeineddyciain: nhetsiutediid sanpisasirgas blown from
a jet toward the giverypeijomn therpambeingaladgpaieiaide pihetwaefialigurdfhdao degrees C.
14. The method as defiBBdAYEHTaY; whrdein the partially formed ribbon crystal forms an interface
with the molten majensiefithelywheselitpe filie gontacts paapdoific datimn githidagilpen portion, the
specific location beindepasd fibindhecirystateyithithaneppargtap fonfatmmiy £¢ibbon crystal, the
ribbon crystal having troktlis¢biickaessaatfithie geetgonpiwetisna.section including a string, the string
and middle sectior2d&fhmgrethnd perdefiveddpariaiyichneberpionepysrgctiecdyparatus
comprising: a c%l%ﬂ%ﬁ%%@%ﬁ%ﬁlﬂkghﬁ: 756 |© Fsi g ARG HARYor passing
string through tf@ P\%I&Wﬁfﬁ’éﬂ&ﬁf&ﬁbﬁ)ﬁﬂ%ﬁlﬂ@ﬁﬁﬁ%ﬂ?ﬁsf&}%ﬂ&" section. —
- 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 deliv-
ery apparatus directs the fluid stream to strike the given por-
tion, the fluid stream contacting a second portion of the par-
tially formed ribbon crystal after contacting the given portion,
the fluid stream cooling the second portion.
6. The methad as defined by claim 4 wherein a fluid deliv-
ery apparatus directs the fluid stream toward the given por-
tion, the fluid delivery apparatus radiatively cooling the given
portion. _
7. The method as defined by claim 1 wherein the partially
formed ribbon crystal forms an interface with the molien
material, further wherein convectively cooling comprises
directing a stream of gas to contact a specific location of the
given portion, the specific location being spaced from the
interface.
8. The method as defined by claim 1 wherein the partially
formed ribbon crystal has a ribbon width, the given portion
having a width that is no greater than about half the ribbon
width. '
9. A method of growing ribbon crystal, the method com-
prising: _
providing a crucible containing molten material;
passing at least two strings through the molten material to
produce a partially formed ribbon crystal; and




a gas jet having an outlet port facing inwardly for directing a gas generally inwardly toward the given
portion of the growing ribbon crystal to control the thickness of the given portion.  16. The apparatus
as defined by claim 15 wherein the gas jet comprises a radiatively cooling material.  17. The
apparatus asedefined by claim 16 wherein the radiagively 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 direcﬁéﬁer,i by ;g‘é t%@}ﬁﬁgﬁ@%ﬂfgﬁ%ﬁ&ldgo o) :ﬁ,h?ﬁt?ﬁn d second
directions being diffe ggépﬁ'@oqmgﬁqﬁ@ﬂmgs éﬁ}#g%p‘p&q%[yﬁﬂﬁge‘ﬂned by claim 19
wherein the first gag e RRONREAMIAS R RINES I eIRRRIYE Gafcskaamisd i atagenerally coaxial.
21. The appardiosras:defibdcbloy atgisnaalI3fastber edppnisingasdiing ¢fineghtilrestangthole and a
growing ribbonta?gtgrjngs, 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 compris-

ing causing the thickness of the given portion to be greater

than the thickness of the inward portion.

11. The method as defined by claim 9 wherein directing
comprises providing a jet that directs the fluid to the given
portion, the jet radiatively cooling the given portion.

12. The method as defined by claim 11 wherein the jet
directs the fluid streamn 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 cocling the second portion.

13. The method as defined by claim 9 wherein the fluid
comprises a gas blown from a jet toward the given portion, the
gas being 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. An apparatus for forming a ribbon crystal, the ribbon
crystal having an end section and a middle section, the end
section including a string, the string and middle section defin-
ing a given portion of the partially formed 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 the ribbon crystal; and

a gas jet having an outlet port tacing inwardly for directing
a gas generally inwardly toward the given portion of the
growing ribbon crystal to control the thickness of the
given portion.

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

jet comprises a radiatively cooling material.

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 compris-
ing a second gas jet, the first gas jet directing gas in a first
direction, the second gas jet directing gas in a second direc-
tion, 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 compris-
ing a string through the string hole and a growing ribbon
crystal.



