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Rl BBON CRYSTAL STRI NG FOR | NCREASI NG WAFER YI ELD
PRI ORI TY AND CROSS- REFERENCE TO RELATED APPLI CATI ONS
w0 bios/opesent application clainms priority from PCT/US2008/074731
provi sional United States patent application nunber
60/ 969, 263, filed August 31, 2007, entitled, "STRI NG
Rl BBON CRYSTAL AND STRI NG W TH | MPROVED EFFI Cl ENCY/ '
assi gned attorney docket nunber 3253/106, and nam ng
Christine Richardson, Lawence Felton, Richard
Wal | ace, and Scott Reitsma as inventors, the
di scl osure of which is incorporated herein, inits

entirety, by reference, This tent application also
is related to tlﬂgﬁ(gNl GW{ g%‘gggﬁﬂ ,FpQ:%ovmed pat ent
applications, filNERIA WARERXIEWP: h, cl ai ni ng
the sane priority as noted above and i ncor porat ed
herein, in their entireties, by reference: Attorney
PN ARG D CROYSLREFERINCESD RITEOPEEPAYRLIENFTONS
STRI NG FOR RI BBON CRYSTAL/' and Attorney Docket Nunber
32534id patere ppiplitdon ¢RIBBON oY Hlodh pBIRsNaaWWUHited States
EXTRUDED REFRACTORY MATERIAL/' " FI ELD OF THE | NVENTI ON
patgneapplicaionanirgeeicd(y969, 203 fled A ugist S HY7r emiitderd, “STRING

RisfiN} RS AL ARG BN Wi vy Wl ERCle Y

t I St d :
oS e R Re T (e Dl e DB PR Rgrtson
Lawh @8 FER8n (RizBERUW 411218 Sh BSebthREit$19a BFamueltoM, theadidslosure
as the sole inventor), can formthe basis of a variety

of whichligttoospoiatelbheisds, infisrendivatyp by refevenagr een Sol ar

! ncThi(s)fpatent application also is related to the following copending, co-
owned patent applications, filed on even date herewith, claiming the same
priority as noted above and incorporated herein, in their entireties, by reference:

Attorney Docket Number 3253 /172, entitled, “REDUCED WETTING
STRING FOR RIBBON CRYSTAL,” and

Attorney Docket Number 3253 /174, entitled, “RIBBON CRYSTAL
STRING WITH EXTRUDED REFRACTORY MATERIAL.”

FIELD OF THE INVENTION
The invention generally relates to string ribbon crystals and, more
particularly, the invention also relates to string used to form string ribbon

crystals.
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Mar | bor ough, Massachusetts forns solar cells from

conventional string ribbon crystals. As discussed in
w@e@aneg7sdetail in the noted patent, conventi oPel/US2008/074731

processes formstring ribbah crystals by passing two

or nore strings through nolten silicon. The

conposition and nature of the string can have a

significant inpact on the efficiency and, in sone

i nstances, the cost of the ultimately formed string

ri bbon crystal. SUMMARY OF THE | NVENTION | n accordance

W th one enbodi nent of the invention, a ribbon crystal

has a body with a width di nension, and string enbedded

within the beycKtROUNDOFNAREINIEERTADN €l ongat ed

cross-sectional shape. This cross-section (of the

st r1Strigy ritdorecrgetady, atitlyad drge diktivnsdd axUsS. Phadnt No. 4,689,109

diverges with the width dinension of the ribbon

(isseeq &7 APShaye naweng EgeraehMSachpas e salg imemget ueimigrm the

b axis il stra{iéglz ;S .not parallel wth theﬁ¥ﬁdtr ¢

At P Sty &F Sl OBBACViF R Jrod e r RIS nioai MmOl e ©

MahBBﬂSdg‘lg IVIsa @l tts $oHO SSIAPLAIR Ar¥rmP &I ReAHLAAI AfinkRibbon
the wdth dinmension of the body. Mreover, the

crysta3ss- section of the string nay be generally

irregularly shaped. The string may be one string, or a
pl hatliscyssetl istgriatgs dethildndhyg siotdd pateot wapvaatiend ayosesses

tri. dd i,thin the body, wh th d
o R B SRl R i PR RS SR e
g R L L

on GHeadiigientnand ABGvinShstince9nhe cbst AehoLtanaRYWdrined string
anot her enbodi rent of the invention, a ribbon crystal
ribbon crystal.

SUMMARY OF THE INVENTION

In accordance with one embodiment of the invention, a ribbon crystal has
a body with a width dimension, and string embedded within the body. The
string has a generally elongated cross-sectional shape. This cross-section (of the
string) has a generally longitudinal axis that diverges with the width dimension
of the ribbon crystal body.

More generally, the string longitudinal axis illustratively is not parallel
with the width dimension of the body. In preferred embodiments, the
longitudinal axis is substantially perpendicular to the width dimension of the
body. Moreover, the cross-section of the string may be generally irregularly

shaped.
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has a body, and string enbedded within the body. The

string has a generally concave cross-sectional shape.
w@awng2osher things, the string may have one oPCHUSI08/074731

shape, a "C' shape, or a crdbss shape. In accordance

with other enbodi nents of the invention, a nethod of

formng a ribbon crystal provides a set of strings

that each have a generally el ongated cross-sectiona

shape. The cross-section of each string has a

general ly |ongitudinal axis. The nmethod al so adds

molt.en ,material to a,crucihbl nd passes t.he set, of

ot LR e sfte Bt b B g PR o P FbtaP biso
ma{Rheé k&ondt ﬁﬁ%g%%%%d&dt @ﬁhﬁpﬂ{ee&bds%ﬂﬁér@ lihd Qecfoh%%%ﬁng also

above an interface to forma sheet.” The sheet has a

haswi jeltulalétiyragssiings. t Tiad strisgg énizs ahtigupaeptivtisCrilagrcatise thee
given direction of the set of strings. At |east one
crosgeichgniod te beqy éethave amgek with o &wglgn@ﬁ&ithaﬂ is gxeafer than
b dig@é%gs with the wdth dinension of the sheet. The
abouf B LMEEANS: onal shape of the set of strings can be

COMKEX Qb RO GAUE an Sier @ﬁmliﬁen%&eth%riﬂ§éﬁt§(ﬁ£tai 25 crystal

shape of the set of strings nay be a genera

hasel bods @ind, stang; eeitakigled, whiratheddddyof THed dtringshals ﬁﬁenerall
effectively forma concave string. BRI EF DESCRI PTI ON
conTiEe ORAYENE®Thelsapeski |l ed in the art should nore

ful appreci at e advant ages of vari ous ephodi nents of
the%wgrﬂtﬁ%@v%ﬁn%%trw MaYitageope e pr i dpsfa " C shape,
i ve Enbodi nents,"” discussed with reference to
m”%%égﬁégﬁ%%gs summari zed i nmedi ately below. Figure 1

s charnRtodRinky willo¥ehed estfddithehtdbthe GhYStadn, hhabthoaof

be formed fromstrings configured in accordance with
foriining)s tibdvoinvcey grbjodi viider & setfof tshiéngsnthaheadnhave a generally
elongated cross-sectional shape. The cross-section of each string has a generally
longitudinal axis. The method also adds molten material to a crucible, and
passes the set of strings in a given direction through the molten material, thus
causing the molten material to freeze above an interface to form a sheet. The
sheet has a width dimension that is generally perpendicular to the given
direction of the set of strings. At least one string is oriented so that its
longitudinal axis diverges with the width dimension of the sheet.

The cross-sectional shape of the set of strings can be convex or concave.

For example, the cross-sectional shape of the set of strings may be a general

ellipsoid, a rectangle, or a pair of strings that effectively form a concave string,.
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Figure 2 schematically shows an illustrative furnace

used to formstring ribbon crystals. Figure 3
waelenoed7szal | y shows a cross-sectional view of PEr/us2008/074731

portion of a prior art ribbbn crystal with a prior art

string. Figure 4A schematically shows a string forned

in accordance with illustrative enbodi nents of the

invention. Figure 4B schematically shows eight

cross-sectional views of the string of Figure 4A al ong

line B-B in accordance with various enbodi nent of the

invention. Figure 5 shows an illustrative process of
formng a string ribbon crystal using strings
configured in accordance with illustrative enbodi ments

of the invention. Figures 6A, 6B, and 6C schematically
show cross-sectional views of ribbon crystals in
accordance with an enbodi nent using strings with an

el ongated cross-section. Figures 7A and 7B

orystal s wHBERPESGRIPTIPR H TR SRAGIRGS 1t e
f ungtds@RiAfeddinSthp %heslﬁ)tlﬂdi E‘ﬂoregfhﬂya r%t@%v%ﬁtaﬁes of

schematically show a ribbon crys wth a stri
varlvasiengb@digesnes af the inoocaye (1ono sise Bﬂl@twrmga(ﬂ)eshﬁp&on of
DESCRI PTI ON OF | LLUSTRATI VE EMBODI MENTS || lustrative
Hlugirpidee Ferhosisenthedisauesed withusterenqe taghe diratyings
non circul ar .cr S84 sections to formribbon crystals.
?&%NW%ﬁ-¥f ¢loWent or di scovered that certain

S R N TSR AR e
fromdiihpoaahfigietienaatortdaheéd wath I(Dlrﬁlsﬁ‘@tiVQ ﬁﬁ{Hodmﬁ‘éna; of the
invention.

Figure 2 schematically shows an illustrative furnace used to form string
ribbon crystals.

Figure 3 schematically shows a cross-sectional view of a portion of a prior
art ribbon crystal with a prior art string.

Figure 4A schematically shows a string formed in accordance with
illustrative embodiments of the invention.

Figure 4B schematically shows eight cross-sectional views of the string of
Figure 4A along line B-B in accordance with various embodiment of the
invention.

Figure 5 shows an illustrative process of forming a string ribbon crystal
using strings configured in accordance with illustrative embodiments of the
invention.

Figures 6A, 6B, and 6C schematically show cross-sectional views of ribbon

crystals in accordance with an embodiment using strings with an elongated

cross-section.
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result, ribbon crystals should be nore robust, thus

i nproving yields. For exanple, sone enbodi nents use
wa@toobog7t t h an el ongat ed crosssection, where POEUSINgG074731

di mensi on diverges fromtheswi dth of the ribbon

crystal. As another exanple, related enbodi nents form

ri bbon crystals with non-circular strings that are

convex or concave (regardl ess of whether they are

el ongated). Details of various enbodi nents are

di scussed below. Figure 1 schematically shows a string

ri ghon crystal -30 confi. ed in accordance . .
TS R e PR ENET ol RSt RBRT vigws ofaihher
cry St W AR thQIRIDSHiHIsRRAA t6 6P toRSthetihstish BPQ@n%lé/%ﬁ{ .
10 has a generally rectangul ar shape and a rel |velf
| arljgusagrdraard 8Beahematitsllyf slosw aatsbdrack sfadeesh a koting
exanple, the ribbon crystal 10 may have a w dth of
having atgeseialiyrensnicasharogsisestistial shapghout 6 i nches. As
known by those skilled in the art, the length can vary
significantly. For exanple, in sonme known processes,

the | enggbcdapaiesN mﬁ)ﬁmévr{t S rsrﬁlﬁggﬁmﬁ'mNTs

di scretion as to where to cut on crystal 10 as

it IJustativé Brdddimbnts, oftthe invedhtionCase stdhys detrensh-agcular

upon the separation of its two strings 12 (see Figure
crogysectipns hylareHbbbberysétlge BRFciliFallh the imdatoldiscovered that

s
cry&gp@gﬂﬁ%? 1%e hER fR Rl O, Gl %ﬂf&?k%ﬁ% UquliBseht. RO
crysta may vary ané e very sna repaﬂl toits

reshigN@Boradry skl sl o di irRNBbaNSbUED thex afpt&sing eelds.r i ng

ri bbon crystal 10 may have a thickness ranging from

abdiar eg@mpilersons ¢mbaduent32Be strennithaar eongatest cross-
seci e eqats 40 ob g COREY HORBEG idHAS (oA e spistal
s A ELERGPRL P55 RS P g Rt
strings that are convex or concave (regardless of whether they are elongated).
Details of various embodiments are discussed below.

Figure 1 schematically shows a string ribbon crystal 10 configured in
accordance illustrative embodiments of the invention. In a manner similar to
other ribbon crystals, this ribbon crystal 10 has a generally rectangular shape and
a relatively large surface area on its front and back faces. For example, the
ribbon crystal 10 may have a width of about 3 inches, and a length of about 6
inches. As known by those skilled in the art, the length can vary significantly.
For example, in some known processes, the length depends upon a furnace
operator’s discretion as to where to cut the ribbon crystal 10 as it grows. In

addition, the width can vary depending upon the separation of its two strings 12

(see Figure 2) forming the ribbon crystal width boundaries. Accordingly,
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materials (often referred to generally as "ribbon

material” or "crystal material"), depending upon the
wa@ppbiozest on. For exanpl e, when grown for a  PCT/US2008/074731

phot ovol tai c application, the ribbon crystal 10 nmay be

formed froma single elenent, such as silicon, or a

conpound, such as a silicon-based naterial (e.g.,

silicon germanium. Oher illustrative ribbon

materials may include gallium arsenide, or indium

phosphi de. The ribbon material nmay be any of a variety

. of | L) Lti- al i i nal
ctis ey P B es YRR R ol ROk bl B8 o

lim &8 Hr it st dibR@its AR ikDeMRoRY those skilled in the
art, the ribbon crystal 10 is fornmed froma pair of

st rilegthidéegeoetial diyp@nhigdtd d) nencapsudrad bel vbyy $rhell relative
ribbon material. For sinplicity, the ribbon crystal 10
to i{sdengdarybwdd hsdivesnsiprico rtins @xppgte gbe yhing tbhon chtssal 10
terial. It neverthel ess shoul d. be reiterat t hat
mafiRathadhisknbss 130E) I PEDTbT AR R Rt o 2D i ong qeross
: di thidl b ' i
R s A R e S S BB
conaileidto e biefigg WhiekBessMet€ssSpdenfitcahd yor widtr e 2
schematically shows a silicon ribbon crystal growth
f urfecdblan ciyatal Fympe ba seuned froon any leéa syidiengrietbbbn

ST BBl IGh o AHETALY AncHoRaN Fase Tahnsig corehmateral”),

Chi . ‘ ; . O o
e8P R SRAR L RO SEL B AELPE
appiRAREAL theHbHomsdroad] 00 naXysefbrnidderrbit £5ingle dlasenOFich as
concentration of " another "gas, such as argon, or a
silicowbi papimgrowfd, gasls es a sithenHmmsed myateninbfe. @y sikiteo
cont ai ns, among other things, a crucible 18 apd ot her .
gergsmiamentshergi Usiiptya pibbanmyaterials man sl uds sailisun agsenide,
faur silicon ri-hbon crystals 10, feed inlet 20.in
or iy s R0 Rl BTt Bay B BT aN Rl €0 Hsie!
typbgedsh as knit1f-dristal M 5irRle crystalline, polycrystalline,
microcrystalline or semi-crystalline.

As known by those skilled in the art, the ribbon crystal 10 is formed from
a pair of strings 12 generally embedded/encapsulated by the ribbon material.
For simplicity, the ribbon crystal 10 is discussed as being formed from
polysilicon ribbon material. It nevertheless should be reiterated that discussion
of polysilicon is not intended to limit all embodiments.

Iustrative embodiments grow the ribbon crystal 10 in a ribbon crystal
growth furnace 14, such as that shown in Figure 2. More specifically, Figure 2
schematically shows a silicon ribbon crystal growth furnace 14 that may be used
to form the string ribbon crystal 10 in accordance with illustrative embodiments

of the invention. The furnace 14 has, among other things, a housing 16 forming a

sealed interior that is substantially free of oxygen (to prevent combustion).
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cruci ble 18, while an optional w ndow 22 pernmits

i nspection of the interior conponents. As shown, the
wa@emgiokd7e2 18, which is supported on an i nteri oPCT/US2008/074731

platformw thin the housing’ 16, has a substantially

flat top surface. This enbodi nent of the crucible 18

has an el ongated shape with a region for grow ng

silicon ribbon crystals 10 in a side-by-side

arrangenment along its length. In illustrative

enbodi nents, the crucible 18 is formed from graphite

i stively heated bl e_of
trs Rt SREny BrimeBR Boaben R b RBRIRA G RRRS G buch as

argbAPSOY EorhBitltioP of (d28s ! UM dish; 1Asrir heBIbAtAiRebhnichg
much greater than®ts w dth. For” exanple, the length

otheif thihgs, aranatiblee1 SL8ndrashdre ohippeents formubstantieBy gr eat er
than its wdth. O course, in some enbodi nents, the

simgiitgapendy pBowvingurailicagatiblon arystils 1mArfeed irdet 20 in the
exa e, the crucibl.e 18 may have S at . squar.e
houZHEnEe Bigvidle it dig etk ShEsn e RIS e ilaliRs -
i ' i I ) .14
crufe 8P bR R 0L ekl d Ot
confi ingé.ng string 12. Specifically, the furnace 14 of

igure 2 has eight string holes 24 for receiving four
paiAsshoiwst thermgecible 18zadhiclid supforstd pmgs interivagdatsorm

.t hrough nolt silicon in the crucible 18 to fqrm.a
with{Tedoei B 415 St S%él.ﬂai}arﬂﬁté%é@#ﬁ?eoﬁ%e ment of
| e ..

e USRS BERIESSR3pL RN £ LA 6L LELR MU fovon
cry§thBUIeinG S689Fadite allangEheWs aRngiesieng et tinaNabtriiiey of

a portion of a prior art ribbon crystal 10P having a
emlpodiorerds, tthe truailgle 13Rs faitmesd fonogragpttiterdrishmsistivebt ladated to a

10P has athin neck portion 36 between the stri nngzP
tempeHatar LAl 8F Madptaggngsiliqen aboysdts meljdegpoing T fmprove

res%l?{;‘ %]%l]e: ?rlilf@E ?lrgg‘lgs glqeﬁgg’thtt%gt Mhlen tgllje(:"ar’%elI {801 iILON. For
example, the length of the crucible 18 may be three or more times greater than its
width. Of course, in some embodiments, the crucible 18 is not elongated in this
manner. For example, the crucible 18 may have a somewhat square shape, or a
nonrectangular shape.

As shown in Figure 2 and discussed in greater detail below, the furnace 14
has a plurality of holes 24 (shown in phantom) for receiving string 12.
Specifically, the furnace 14 of Figure 2 has eight string holes 24 for receiving four
pairs of strings 12. Each pair of strings 12 passes through molten silicon in the
crucible 18 to form a single ribbon crystal 10.

Many conventional ribbon crystal growth processes form ribbon crystals
with a thin neck portion near the string. More specifically, Figure 3

schematically shows a cross-sectional view of a portion of a prior art ribbon

crystal 10P having a prior art string 12P. This prior art ribbon crystal 10P has a
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very fragile and nore prone to breaking, thus |eading
to yield | osses. For exanple, if the coefficient of
wo b@ooed7sexpansi on di fferential between the stpeTySZas/o74731

and ribbon material form ng the ribbon crystal 10P

(e.g., polysilicon) is sufficiently large, the ribbon
crystal 10P may be nore prone to breaking at the neck
portion 36. To increase the neck thickness, those

skilled in the art have added equi pnment to the ribbon
growm h process. For exanple, one such solution adds

. i . h h 14. Th | et.
iRl SRR ARG Rhnt bl &S st pEREREaH BE AT Boon
cry&Sal 0.0 tR6 neélbg&tﬂﬁf:g@ﬁstba Fhitnh endrEHRES B IH éarly:bﬁl tNjﬂa“inay be

area to increase neck thickness. O her solutions

very i leexnaldgliong p sgrectioddre Zleichghenisdeadingtape¢ls. lossat hEor
than use such additional external neasures, _
examplest tha ¢opéliciphbefi therms! efpansion gifenentéd betigeere tie sthiag 12
r.0SS-sect . | _di mensi.on of t ring 12 in a. .
and 883 TR FRRRBINE TR IGRParPET dRbJBB it Fra is
s g TP O i PR B e & Bkt the
necRe@itipaBbi on 36 of the growing ribbon crystal 10. For

exanple, the resulting ribbon crystal 10 with an
av ekraigeredse thepesk dficlainsstthogdskilled omshayay hasveddedeck

ti 6 with i ni t hi_ck f about 6 60 .
eqﬁ%ﬁéﬁg‘z 3\%&@94@@"&@4%@% L?%%??% e/é)gl&%%elatsphﬁgqn adds
Ci-0l . t . c
oo R ) AN RRLEE, kSR K ARGl o

streQeiserioRtdraaht neslb pvhich 86,th08 dédeh$iak tH@Yetﬁ?elfa@ﬁf@ﬂ thBt area
accordance with 1llustrative enbodi nents of the

to inereesd nark thitkniess ghthdrissldtiguriavebpealdng spetializel meniscus
general ly convex or rounded cross-section, it should
shapgrs.

Rather than use such additional external measures, illustrative
embodiments of the invention engineer the cross-sectional dimension of the
string 12 in a prescribed manner. Illustrative embodiments then position the
string 12 within the crystal growth furnace 14 in a manner that increases the size
of the neck portion 36 of the growing ribbon crystal 10. For example, the
resulting ribbon crystal 10 with an average thickness of about 190 microns may
have a neck portion 36 with a minimum thickness of about 60 microns, which
may suffice in certain applications. This innovation consequently should reduce
yield loss, thus reducing production costs.

Figure 4A schematically shows a string 12 that may be formed in
accordance with illustrative embodiments of the invention. Although this figure
appears to show a generally convex or rounded cross-section, it should be
considered merely schematic and not representative of any specific cross-

sectional shape. To that end, Figure 4B schematically shows eight different
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consi dered nmerely schemati c and not representative of

any specific crosssectional shape. To that end, Figure
wdBosokesnti cal |y shows ei ght differentpossi bl BCT/US2008/074731

cross-sectional views of the string 12 of Figure 4A

along cross-line B-B in accordance wth a nunber of

di fferent enbodi nents of the invention. For exanple,

some of the shapes are generally el ongated, such as

the irregul ar shape of string one, the rectangul ar

shape of string two, and the sonmewhat elliptical shape

PosBiblS b T Sed T it O el in o of B AR SbBER Fre BB im
acc@l‘cfal?l%é waeg El%llnllB/erW Qﬁﬁt‘—:‘l‘aen@ En%a@ﬁ@h{syoﬂﬁg Yﬁ@‘entﬁ&% usgd
herein, a cross-sectional shape is generally concave

examyes, samye pothic shaped aiet gerpedliyrelodgafeol; sclahs ﬂeasﬁegom shape
non-negli gi bl e concavity. Thus, string one is
of stidng prertbe regfapgulge Abapd pf steingdanee andgpe semendhageHintical

hcon\é ﬁgf éFlonS Conversely, a cross-sectional shape
Shapg OL ST ET €Y to be general |y convex when its

DrNIBHES o o0 AN Ak LR ARSI Pomalilis.

string two an rrng t Figure 4B

catepniRy. asfednyf 8ithEr gdiensllacondalvelor @enetali§rconvex. As used
cross-sectional string shapes that are generally
hereion g avess-sentidraadtshape iregermyalbe conrrgiedehetary pnglmre df @sd
conca For. exanple, string four is gigera

e. " )
Pergﬁ%fﬁé ISR ONE PN BHE Pl ONRAY It P?/@ﬂ%g\?@eil%

ed.
con%%!%?&ﬁté ¥e %FI%?H? %gﬂ?l e cﬂ(’sﬁ%‘égs %tﬁ ex o‘%ﬂ%ﬁg.
Cordle@bdat &drd@%@&ﬁﬁlau bhajSe BROAERIkdd WB@?élﬁérﬁH roh%ﬁwhen its
the horizontal and vertical portions of the ctross are
perabetet ferimes samensiegtigilile gendivigeupbinus, syiggtwalknd string three
di mensi ons, string eight, which is generally "T"
‘ﬁfgﬁﬁﬁéﬁ3aﬁﬁ9@@ﬂYﬁ@VVﬁbt be conS|dered el ongat ed. For

Gonmaafty he"F aREbb AR e (st ro RPAT - FER s ave
generally concave. In fact, some may be considered elongated and concave. For
example, string four is generally “C” shaped, concave, and elongated, while
string five is generally cross shaped, concave, but not elongated. The shape of
string five (cross shaped) is not elongated because it is generally symmetrical--
both the horizontal and vertical portions of the cross are about the same size.
Depending upon its actual dimensions, string eight, which is generally "T”
shaped, may or may not be considered elongated. For example, if the portion of
the “T” shape extending downwardly is longer than its horizontal portion, then
string eight may be considered elongated. In either case, string eight is
considered to be generally concave.

Some embodiments use plural strings 12 to form one edge of a ribbon
crystal 10. Strings six and seven show two such embodiments. Specifically,

string six shows one embodiment where the individual strings 12 physically
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string eight may be considered elongated. In either
case, string eight is considered to be generally

W@ eeares2 Some enbodi ments use plural strings BRCT/US2008/074731
formone edge of a ribbon dpystal 10. Strings six and
seven show two such enbodi nents. Specifically, string
si X shows one enbodi nent where the individual strings
12 physical l ycontact each other in the final ribbon
crystal 10, while string seven shows anot her
enbodi nent where the individual strings 12 are spaced

h f | |
contBraPiibeRat B iRt et ARl & RS Bt ritlypgunoter
emBEdifRht Yol rERAE 1ﬂ&l@[ﬁda‘%@tr§ﬁ$s' Macre]s acéc{‘ﬁ%ﬁgé&dkp&her in the

I ndi vi dual strings 12 of s plur string enbodi nment

fnuﬂ&ﬁk@&lﬁyﬂhbl@aHBhOﬁkﬂbéﬁe&fhhaﬁé@$®dﬁﬁeﬁkﬂmﬁh;phﬁabﬁnngs

(e.g., afirst elliptically shaped string 12 and
12 map e metiedban swostiiegd b ﬁ‘n@cbbaost indiyidua) stringsdRmiithis

Plugﬁé?fgﬁgﬁmtbg g Ry i o BIer o of R UGS eERpT 8PS
(e-ggd i eBRARSRY A5 & H% 12 PRRGHRI LSy e RF sfbed

ﬁnh QZﬁcope of various enbodi nents. Figure 5 shows an
lustrative process of formng a string ribbon
c r yi§ sladultidbennaetd shat thgspedfic shipepofddgiire 48 omrdarare
with i|llustrative enbodi nents of the inventio
eXagiRift Picd Wﬂeftm?fﬁ P EROE SEOSeqtiQralsidns whapes dhicosniogly

tho% sihE ﬂgtl{lél\é)rt %ET@' c?%réﬁ Yt o&ee‘i?%ﬁ%‘gg ?}iﬁe@é%‘?faﬁ AR the

e on ring |gure exp sho

Scop@bfog§o§§éhmgdh§yﬁﬁs di scussed in this process. It
hevert hel ess should be noted that the di scussed

pr iigiupd 2shapphy illestsdtivengocd dfdorminge biging 1‘1be1’1 crystal 10
crosssectional shapes, or other strings fornmed

witBsHERg ey iyed thacgrdapse Wikdglinstrative ﬁe}bosleeeagﬁ of the

invE QSR Eo P ﬂ%l%h%éty, His %){‘gctess 81is M5 S8 VAR Peference to string two of

Figure 4B only-- because string two is the only string 12 in that figure explicitly
showing various string layers discussed in this process. It nevertheless should be
noted that the discussed principles apply to strings 12 having other cross-
sectional shapes, or other strings formed by other processes.

The process begins at step 500 by forming a core/substrate 28, which acts
as a substrate to receive a refractory material layer. As discussed in greater detail
in co-pending US patent application having attorney docket number 3253 /172
and entitled, “"REDUCED WETTING STRING FOR RIBBON CRYSTAL,” (which
is incorporated by reference above), the core 28 can be formed from carbon by
conventional extruding processes. In other embodiments, however, the core 28
may be a wire, filament, or plurality of small conductive fibers wound together

as a tow. For example, post-fabrication processes could form a monofilament
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as a substrate to receive a refractory material |ayer.

As discussed in greater detail in co-pending US patent
wa@ppbiozerst on havi ng attorney docket nunber 3258¢TWVR20a81074731

entitled, "REDUCED WETTI NG1S8TRI NG FOR RI BBON CRYSTAL, "

(which is incorporated by reference above), the core

28 can be forned from carbon by conventional extruding

processes. I n other enbodi nents, however, the core 28

may be a wire, filament, or plurality of snal

conductive fibers wound together as a tow. For

ex e ost-fabrication processes . could.forma
R N LB Gh PRSERD R B PN ER B S ELER n B
infifsatfyl dation, carbonization, or infiltration. The core

28 may have the desired cross-sectional shape. For

exarp @re a8 rshohvé theFdgiree c#Bss-idreional ¢ha8. Bbr otamplg, as

two is generally rectangular. Alternatively, the core
shopgn ivelighse éBathgicprel®at steingsavaisgensrly webpgulami | e

N N T e
refrabQRY i RELLL lic%ﬁ%BeeqauF%e% 1% s&%@%ﬂ‘?@o’hﬁ%ﬁ e to form

equi pment may be speci confrgur o’form™the

the Cledised saskisen@bnARapge.f FondarsplestHidx@risadbn Bqviphgera may be
prespeci fied cross-sectional shape that is the sane as
speoiallgticohéigarad thmmt thetcrofs-sdetohilrdiape foey aswee invatarial

string shape., After fornmng the core 28, the pr.ocess
haviig pYeeRee s g&aﬁ-ﬁ‘?@mg]a%ne A Grihs Sainezs st gy han
fir Qry,. Js er 30 (step 502). Anobng
thaﬂ?%%%i%ﬁ#ﬁg%%%Fﬁggﬁﬁﬁg%ﬁéggﬁ%ﬁg 30 may include silicon
car Rfteiforkiing Shéefore @8, TheCINREGAHOKDB aGirsBeddthRy 8@FrDIvIECch

and tungsten. In addition, this first |ayer may be
actd o tine chbiome anotedhixdractdryconteeial lagreaB0ustep 508 cAmamgthihr
_a caonventional (and often conpl ex) CVD coati ng
thingsethestirst Wta%é(bmawnalé@eéﬂhmr@d%msﬁ@ yrand
coniA8H0YP s FRE S ide Rhd éclungsten. In addition, this first layer may be
formed in a number of conventional ways, such as with a conventional (and
often complex) CVD coating process.
To avoid the use of complex machinery and hazardous chemicals of a
CVD process, illustrative embodiments extrude the refractory material directly
onto the core/substrate 28. This may involve, among other things, a pulltrusion
process, or both spinning of a refractory material with a polymer component,
which subsequently is baked off. Processes may use at least one component of
carbon, silicon, silicon carbide, silicon nitride, aluminum, mullite, silicon dioxide,
BN particles, or fibers mixed with a polymer binder, coupled with
extrusion/ pulltrusion. This also may involve bicomponent extrusion of a core 28

with at least one silicon carbide, carbon, silicon, and a sheath with a least one of

oxide, mullite, carbon, and/ or silicon carbide. Accordingly, as noted above, the
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CVD process, illustrative enbodi nents extrude the

refractory material directly onto the core/ substrate
wQ@83009/07s2 may i nvol ve, anong ot her things, a PCT/US2008/074731

pul I trusi on process, or botih spinning of a refractory

material with a pol yner conponent, which subsequently

i s baked of f. Processes nay use at |east one conponent

of carbon, silicon, silicon carbide, silicon nitride,

alumnum nmullite, silicon dioxide, BN particles, or

fibers mxed with a polyner binder, coupled with

extrusi.on/ pulltrusion., This alsg.nmay inyolve .
corg 8 BlEesRy Biorb auitipdate 0 SuPod i Mhe{Peledy gpatgrial ayer
30.Silicon carbide, carbon, silicon, and a sheath with a

| east one of oxide, nullite, carbon, and/ or silicon

carthidstepAbasfoimginhat scomsidadedbove a Habesoirgy @8rtion 26. It

effectively acts as a substrate for supporting the
shopkd baeeiterptaraihat faa basgypaiing@ortivn 26 sraspbe faumedoirem one or

wh [ i, d dtob , tring. ti 26. It
motf iy pES Fafls SPAF e Al o BADena RIS nT GHe 26
gragﬁi‘ce ?i%ef 8# ’E[Rg, e( Ft C‘P&% ﬁﬁ‘héirﬁl esqu‘t QYn ;teﬁ‘ oWFfifgon carbide, or
a S. y include a

,
riety of materia Suc naterlgls

a cahbiphtiva theker. Di facgwonk drebodich@ity nitt Rirhedhe Isige Btrasy
tungsten or silicon carbide, or a conbination thereof.
portipnf2ecvitheohe cered®di ments may form the base string

IR R A e
coefiR& q%ltﬁgﬁngc%xggﬁ%@ thgféﬁl?é?gﬂa%ﬁ{ é%?erl‘?ﬁg ?Iﬁnagcfr:ﬁlg the coefficient

generall'y ma e coefficie expansi on

of tRérrhAleexiaRbion dTehe Fibdon reRReiaf.i SEddiffcal i end fRfRl expansion
expansi on characteristics of the string 12 should be

chasarftérigtiosmif Ithe siging Ihshohedd becutfidentip el matahedab tberibbon
t hat excessive stress does not devel op at the )
mafefind pe bt exepssbisstiess gors nakrlevrleRr skl ipgerface; figess is
arate fr he
T

corpldshaetiefity it ka2 SR qeRieR Dl rffefin the
ribbEH@hHRE réSnRbRERBIEAEent ribbon crystal handling and processing
steps, or if the string 12 exhibits a tendency to curl outwardly or inwardly from
the ribbon crystal edge. In other embodiments, however, the coefficient of
thermal expansion of the base string portion 26 does not generally match that of
the ribbon material.

Some embodiments of the invention may have one or more additional
layers, depending upon the application. For example, as discussed in greater
detail in the above noted incorporated patent application having attorney docket
number 3253/172, the string 12 may have a non-wetting/reduced wetting layer
32 to increase the grain size of the ribbon material. In that case, the process
continues to step 504, which forms an exposed non-wetting/reduced layer 32 on

the base string portion 26. In applications sensitive to coefficient of thermal

expansion differences, this layer 32 preferably is very thin so that it has a
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steps, or if the string 12 exhibits a tendency to curl

outwardly or inwardly fromthe ribbon crystal edge. In
wordwen2esbodi mrents, however, the coefficient ofPCt/sr008074731

expansi on of the base string portion 26 does not

generally match that of the ribbon material. Sone

enbodi nents of the invention may have one or nore

addi tional |ayers, depending upon the application. For

exanpl e, as discussed in greater detail in the above

not ed i ncorporated patent application having attorney

! nber ,,3253/ 172 .th g h
negBBELBrnoT o vad! St erisisBP oo TR iV Esdon e
exafiitbNheiréguadd @v@ﬁiﬂé RReP3 8L SlIdHe mhiPh tRfnef @Sfh tHaRSf the

process continues to Step 504, which forns an exposed

refractoryendterigl layedd@ed | ayer 32 on the base string
portion 26. In applications sensitive to coefficient
of Inieenbedimentansingrthisi Horerstides layende, theywent®p angle with

e BB Bt b R B o cov
e RIS o S AT e Lo Sty L gtgin o

the ibRhi @ sthBY®T In3-plldationb adinganbiet Polgilidurs for example, it is
non-wetting |ayer 32, the contact angle with the
anticijprided thatteontadt aoglestvweitle gsilisph@f bstwéercebatddl ahdB20° degrees

carefully controlled to cause the [ten rjbb
shofd BF?%rcyetsaﬂa try regplis -531%%9%%5? g'Rates et 28 degisgs may
PFOE@F%EH& eisaﬁign crystal 10. In applications using

n polysiTicon, for exanple, it is anticipated

t had mopBthbr Wagh abe WohbweitidgClane0d2 ke vredrakawy €YD
and 120 degrees shoul d produce SsatisfaCtory results.

proSershs, aliglcesting ogodetrenethiods. Pbr degnpkes thaserstidog @ortion 26
better results. Among ot her ways, the non-wettin

may 2o &rVBzonker ieappiyin elﬁytr@abC%?taeféég és@!epaﬁsgi%%%%er
whi§ it% Befng RUMRAugi e IR 2 ml0FBARS 1 DAQSHRRE Holon
26 itself. Alternatively, the base string portion 26 may be heated by induction
heating through the chamber.
Related techniques for implementing this step include:
e asol gel dip for silica or alumina oxide or silicon oxycarbide either at the
end of a CVD furnace or during rewind,
e a CVD nonwetting coating deposited by heating quartz from the outside
and induction heating the base string portion 26,
e spray-on deposition with a polymer binder that subsequently would be
burned off,
e shaking particles onto a base string portion 26 or tow and then baking the
into the base string portion 26 or tow, and
e coating with base string portion 26 with refractory slurry (e.g., silicon

carbide/silicon dioxide) or liquid and then burning off residual.
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may be CVD coated by applying electrical contacts in a
deposition chanber while it is being fed through the
wa@ b@oiozg752 t hus heating the base string porti onP@BUS2008/074731
itself. Alternatively, thellpase string portion 26 may
be heated by induction heating through the chanber.
Rel ated techni ques for inplenenting this step include:
a sol gel dip for silica or alum na oxide or silicon
oxycarbide either at the end of a CVD furnace or
during rewind, a CVD nonwetting coating deposited by
heating quartz fromthe outside and i nduction heating
the base string portion 26, spray-on deposition with

a pﬂ*&éfﬁhﬁﬁ?@&f n{a?q{av%mg{%f ei"@&'l‘ﬁ:hgﬂ BUFREE of the

of f shaking particles onto e string portlon 26
refrattotrpwmeﬂal lagar Batd ngiritad th’etlﬁtdgﬂﬂﬁhﬁﬂ@e bidel diging portion 26.
portion 26 or tow, and coating with base string

é@fttendmfmcluﬁeqi» tb@fl"ra@dilﬁgylaxeruﬁ%mocfed@ a stypllicempressive
bj dth b
stregf o Hihasd sl Botigh 26 thu® ppbSVing rARGuhES ot {5'9{896111
. I
strin@A8! ASof ALl AT BELERI poHor R JARI Yo ERLRIUR,

conp®rebdi08 s@Bss dichk hahdéng laydr 3dntloutie ded tideehbaiielih8gd that the
|'ayer 34 provides a snmall conpressive stress to the

trlbgéé veillrbragk pomomgott@r thimgs, thegroviling layﬁnf’ét meg detagthin
1 the overall string 12. ﬁmcorg*ﬂ%! i f ot ase stn
AYFRHPEROD - e 0T BHEVE TRicERS thidkeloF sHESS iy 88 el

dling | ayer 34 should reduce the I|ikelihood
]ﬂuﬁﬁﬁf ?ﬂé string 12 will break. Anong other things, the

hangldoR@irledy &ri ot fdieniaglshi 508 ¥ 8fmedmbadiBRhtd B form a

one or two mcrons thick for strings 12 having
hangkimgrlay ¢34k ihaivis sipaesty from the produced nonwetting layer 32 (e.g.,
see string two of Figure 4B). Thus, in such an embodiment, the nonwetting
wetting layer 32 substantially covers the handling layer 34. More specifically, the
nonwetting layer 32 covers the outer, circumferential surface of the handling
layer 34. Some embodiments, however, may integrate the non-wetting layer 32
into the handling layer 34.

It then is determined at step 506 if the coated string 12 has filaments
extending through the nonwetting layer 32 (such filaments are referred to herein
as "whiskers"). This can occur, for example, when a tow of filaments forms the
core 28. If the coated string 12 has whiskers, then the process shaves them off at
step 508. The process then may loop back to step 504, which re-applies the
nonwetting layer 32.

Alternatively, if the string 12 has no whiskers, the process continues to
step 510, which provides the string 12 to the furnace 14 as shown in Figure 2. To

that end, some embodiments provide a single string 12 for each ribbon crystal

edge, or multiple strings 12 for each ribbon crystal edge (e.g., strings six and
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Accordingly, prior to performng step 504, sone

enbodi nents may forma handling layer 34 that is
waepanzd762 from t he produced nonwetting | ayer 3RCT(/@ST0$/074731

see string two of Figure 4By. Thus, in such an

enbodi nent, the nonwetting wetting |ayer 32

substantially covers the handling |ayer 34. Mire

specifically, the nonwetting |ayer 32 covers the

outer, circunferential surface of the handling |ayer

34 Sonme enbodi nents, however, nmay integrate the

er 32, into,the hand

oo BB R0 AN b DR A B B opyary

(e.ghasy fHel\aBRAL ’%1 Lepgi Hﬁﬂ’@l?feoy Phd 15 RABWEY 4 ifY rdfaMice to
327(such filame ts are referfed to herein as

formwiy 8 beuadary /Miidsh ofia riswm cry$tal 16 xmmel#ly mieens ané owmore
of tfilaments forms the core 28. If the coated string
strings.has whi skers, then the process shaves them of f at

ot 9,08 The prqcess Lhen, tmy. doph, gk, L9510 50
embbdiBEaL hya%h}he of b &)tr{chvf%% %?toré?xg)h S owr??ﬁérsﬂthtep\?vise

process continues to ste

gertdllyn@rib@xtsorihfe2f chaﬁﬁnglf}z alse sthiown 2 a¥ibgdoemed by@ther
that end, sone enbodi nents provide a single string 12

methodseach ri bbon crystal edge or nultiple strings 12
for_each rlbb% crystal str s Si X

and{B5¥AtiYs em Qd&l@e%fe orien gh% éﬁrmgssl@rmﬁ urireddina
maﬁﬁ(@r] dfh%’; fr{c¥e%£8§l ld(é t%&clgr}%tsg Bftlfe)%mgr)/s?al gérttumf ]3]6. For

n-nmen

exahﬁﬂ@ rﬁ?ﬁ%st@-%@ﬁheﬂlaﬁcﬂw QH@&M&O&W—QEHOQ&I AeisI @Rree ribbon
crystal 10, generally means one or nore strings.

cryﬂalsrﬂ@rwtthamugs h@gha‘i’mgmmgmsdagmweaﬂ}oeﬂﬂp@caﬂl ggnetady
string 12, sone enbodi nments machi ne or bare
cony g SERFSISGCHioND Shapesunkricarassthe thigkmess §1ée @@%Peuuqn 36,

theeceg nnr}éad%}lerntts %ri]é%t tHSF 1Qersd LON Y geﬁel%gﬂ}‘?’ i()rrllgqg.lcﬂinal %698 <o that
they diverge with the width dimension of their respective ribbon crystals 10. In
other words, to diverge, the longitudinal axis 42 is not parallel with the width
dimension —instead, the longitudinal axis 42 and width dimension intersect.

More specifically, the cross-section of each string 12 has a largest
dimension, each of which is shown as double-head arrows in Figures 6 A-6C. For
reference purposes, the longitudinal axis 42 of each of these elongated cross-
sectional shapes thus is considered to be co-linear with the largest dimension.
Prior art techniques known to the inventor orient this longitudinal axis 42
generally parallel with the width dimension of the ribbon crystal 10. Contrary to
this explicit teaching in the art, however, the inventors discovered that orienting
the longitudinal axis 42 so that it diverges with the ribbon crystal width

dimension should increase the neck size.
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methods. Illustrative enbodi nents orient the strings
12 in the furnace 14 in a manner that increases the

wo biogkeeess of the ribbon crystal neck portion BEr/UEmNNS/074731
exanpl e, Figures 6A-6C schasatically show
cross-sectional views of three ribbon crystals 10 with
strings 12 having el ongated, generally elliptical,
general ly convex cross-sectional shapes. To increase
the thickness of the neck portion 36, these
enbodinents orient their respective general ly
Io tudln Xes

e SO O saierty B gbabtudineF bR b sbifiaty
peré@ndllcﬂlaQttBQﬁe \’)ﬁﬁ%dnﬁ&qs‘%f{ S Be F%glﬁ' elbengiididisnalo T inal

I's not parall with the wd di mensi on- i nst
axig 4etd fngi 4 sleklad aﬁgleSwﬁB thadvidtidtihmengtens Fggure 6B orients the
intersect. More specifically, the cross-section of

longi4edingd pxisg2brtivaen the extersses of lﬁtgnsersfﬁA aedcﬁﬁi oEltbm’ i ch

bl d Fi g
em b3 BIaNEBOpls Fcuse Thag s Shar bekar T © WheR foptpered to
the %Eo%‘ er edg[!v %Ietefg%ﬁ"{ és?ﬁfs'r{e@]?lshz%qﬁa%ﬁsé %Big; ﬁéenﬂy should

consi Fnear with t ar ges

1edﬁt¢bﬁmaag@&hghnhpuﬁ&ng@@ﬂﬂ_to the inventor orient this
| ongi tudinal axis 42 generally parallel with the width

di rfeplsowdd bxfnathe thatxyaentatigss athet tharChwise ahywmntfhgeres 6A-
expljcit, teaching.in the ar owever, the inventors
6C B eboutcbar gt %ﬁf%ﬁ?%e sulfs rlh*sﬁef%faa lengriealing the so
longﬁéalﬂai oy 1ﬂ%§h%ﬁ& goht%ag L%ne e raé)lfﬁzlgb Weg}ée% |(rp ither

I'mensi on shoul I NCr ease

clodkivilidé Br Bourtck@BEIwisBefrofN et 4@ ghowxiif Fgure 6B also should
substantial ly perpendicular to the w dth di nension,

increlasd Bedl ggme.e 6C orients the |ongitudinal axis 42 to

forma shallow angle with the w dth di mension.
6B of thatenghd2 mmgﬁ tma%lantheaﬁureaszﬁz% dhouaait Wbbon material

(o EgLRB A Envs 0T Ry By DR SRR S8 e
diséREPed %ttrlemg the height of the meniscus also generally increased the
thickness of the neck portion 36. To that end, the inventors recognized that the
principal radii of the cross-sectional string shapes should have certain prescribed
properties.

More specifically, the pressure difference across the static interface
between the gas and molten material is defined by the Young-Laplace Equation,

which is set out as follows:

11
oo ()

where:

P is the pressure of molten material,
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the above noted prior art technique. This neck size
i ncrease consequently should reduce breakage, thus
wo aori7ey yield. It should be noted that ori ePCBUSING074731
ot her than those shown in BFfgures 6A- 6C al so should
provi de satisfactory results. For exanple, orienting
the longitudinal axis 42 in a manner so that is
rot at ed about 90 degrees (either clockw se or
countercl ockwi se) fromthe angle shown in Figure 6B
al so shoul d i ncrease neck size. As the strings 12 nove
t hr ough urnace 14, .the nolten ribbon material (of

h.
each ri6%b§t%?$£?%ﬂ“?ﬁﬁthF§Pﬁs a meni scus. During

testing, 1tfel e MBI $6aN &F edridiate 6ALSIAGhENR, and
hei ght of the neniscus al so generally increased the

t hi ckness (dfo)tihtheokacpaetdion. 36. To that end, the
i nventors recogni zed that the principal radii of the
cross-sectional string shapes shoul d have certain

1 bed ties.., Mo ci fical the. .
b b R S e AR S
> : L apl
R S e B e e
accoim@liph esiste il enirs dotefmieed Hat hle psinthRl pidsstic@vature of

the gas, rl and r2 are principal radii of curvature of
the rhenismrsi shoudd bamthadl v haio fhéysaretséived @ee wimrsiterrroshe
seci R e 15 By GRRE) o SRHE o Hahe Ree BT or
e G5 LATGAPE LGN 8 P8R8 TSR L3R LA
con&Ek MAkH e 88cond radius of curvature r2 should be large.

Early testing at least preliminarily confirms these conclusions. Moreover,
such tests yielded additional, surprising results. Specifically, the inventor
noticed the meniscus raising phenomenon by passing two individual strings 12
through the molten material for a single edge of a ribbon crystal 10. Figures 7A
and 7B schematically show ribbon crystals 10 formed using this technique.

The inventor also noticed another surprising result when the individual
strings 12 for each edge were separated (Figure 7B). In particular, in one test, the
two individual strings 12 forming a single edge were separated by about 700
microns. In addition to thickening the neck portion 36, a close examination of
this edge also showed larger grains near in that region--a result that was
completely unexpected (these individual strings 12 did not have the above noted
nonwetting layer 32). As such, the inventor believes that such a technique, and
related techniques, also should improve the electrical efficiency of the ribbon
crystal 10.

Figures 8A and 8B schematically show two ribbon crystals 10 with strings

12 having a generally concave cross-sectional shape. As shown, the strings 12 are
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t he meni scus should be small when they are positive
(i.e., when the crosssectional shape is generally
wa@oengarey2 Conversely, if the second radi us of PCT/US2008/074731
curvature r2 is negative, 18 which case the
cross-sectional shape is generally convex, then the
second radius of curvature r2 should be large. Early
testing at least prelimnarily confirns these
concl usi ons. Moreover, such tests yielded additional,
surprising results. Specifically, the i nventor noticed

.th ' b
oriqie o7 M FP g s PR GR Pisttsrb e Bk el dPrarct g,
congaBlé’gégﬁ éﬁz ?Cf%‘mocﬁe %ve[fbpmdi‘tkpglésﬁﬁ'thelﬁ dféc@ﬂéﬁ?slr? Paddlar, the

ically show ribbon crystals 10 f usi ng
contavisy isegdergjliesy hheetricalgnodentalise. gr) @hé c@ttaaigtibems a mirror
surpr|S|n%_resuIt when the individual strings 12 for
imaggethordga \M@Nébp draxiad Thisiqgigrdati@) is priefersed beaiuge the

inveflog bEli ok g sap ?%%'rr%%%%&% L
ap;ﬂ‘gghta{eo& £Q1 g#ﬁ&ﬁ‘? nfklgglffclaﬁ ﬂﬂﬁﬁ (ques%%rlé%t&ﬂl&%e(elther

m nat ge a S0 sh l'arger grain

clodk@@ike bR cbﬁ@t@rﬂ@@tﬁﬁep Hodsdtlet, ﬁlby’flﬁm\pﬁSt ﬂ@ﬂﬁél@i@@hs}/shape to
unexpected (these individual strings 12 did not have

impedle apovprintt @ystabgueeyth. nfheseyinthgait. caasippliy bhis tchlecept toa
[ ntor believes that, such a technique, and re

,|nv§ A
stripgd maaué%mvéilg Céw%ﬁwale?ebf%w%%s I 8RPP3iagsides o i he
<moﬁf%kﬁb %g rrggpal stal 10. Flgure§ 8A anq 8B

w t WO r| n crystals 10 with strings

12 h@Yh@@xﬁnQﬁﬂﬁk@h&ﬂﬂﬁ@ﬂﬁ?%ﬁl@@Bé gﬁﬁ@ﬁhﬁ@ﬁéyﬁh@&?pmmes
As shown, the strings 12 areoriented so that their

twacgniogsil2 |(’egeehetr Hermargetherilénade ribboplcey srhlywidhiva tld'oough the
conpl etely away fromthe wafer w dt

furnacgi lend irible h8gars fumias, theseing Fﬂ@gﬂ?mcf/}’ﬁt%l 10 (Etep 512).

St T AL L NS B s R RORR K
conPighiEY 8frirfR 1'25wfif1ﬁrf LFb8En RBFANSH foNiicrease neck thickness.
Alternatively, or in addition, specially configured strings 12 raise the height of
the meniscus within the furnace 14 to further increase neck thickness. Ribbon
crystals 10 grown using this technique therefore should be less prone to
breaking, thus improving yields.

Although the above discussion discloses various exemplary embodiments

of the invention, it should be apparent that those skilled in the art can make
various modifications that will achieve some of the advantages of the invention

without departing from the true scope of the invention.
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inventor believes that it will shape the neniscus in a
manner that pronotes appropriate crystal grow h.
w@E2@niotd76ant rotation fromthese orientations PEr/Ubm08/074731
cl ockwi se or countercl ockwi$e), however, may i npact
the nmeni scus shape to i npede appropriate crystal
grow h. Those in the art can apply this concept to a
string 12 having nultiple concavities or concavities
on opposi ng sides of the cross-sectional shape (e.g.,
a cross-shape). At this point, for each ribbon crystal
10. bei.n rown, the process passes two strings 12
VVh@FgéilﬂgFg§Orning the ultinmate ribbon crystal w dth)
t hrough the furnace 14 and crucible 18, thus form ng
the string ribbon crystal 10 (step 512). Accordingly,
1. il | Asibbehicresteantmdprisinigs of the invention orient
special ly configured strings 12 within a ribbon
cr yskedy having 4 widtbadiomanstd; ehdckness. Al ternativel y,

O eSS SR PR EoM S B4 TSR 20
croddidciBhal dRpRaER &Sﬁs&ﬁbﬁ@? fRe stfrﬁ*llgblli’élﬂg F‘Bﬁ‘g@l Sg

grown using this technique therefore s

longitadial axiBrtBakdivgredshuigh ith@nodindinyésliels. Al t hough the
above di scussi on di scl oses various exenpl ary
enbodi ments of the invention, it should be apparent

th those skilled jn t art. can nake vari ous . L.
2. rmgflfq 1daberyHystal 2p O(sfwgiv&ﬁlwﬁ%wew t\f\eﬂenawémaéa@é is
] i i - i . ' t rue scope
subSaniidfly Rt B diSabi R bviGiFRRG R PRy TLE Seop
crystal conprising: a body having a wi dth di nensi on;
and string enbedded within the body, the string having
3. a dBreribbdtycioistrd gatdefined dysclsiat § ivomerkirsthepepss-deetion of the

cross-section of the string having a generally
string is generally irregularly shaped.

4. The ribbon crystal as defined by claim 1 wherein the string comprises a

plurality of strings.

5. The ribbon crystal as defined by claim 1 further comprising second string

embedded within the body, the second string comprising a plurality of strings.

6. The ribbon crystal as defined by claim 1 wherein the string longitudinal

axis is not parallel with the width dimension.

7. The ribbon crystal as defined by claim 1 wherein the cross-section of the

body has a neck with a minimum thickness that is greater than about 60 microns.
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| ongi tudi nal axis that diverges with the width

di nension. 2. The ribbon crystal as defined by claim1l
wok@o®e29751 he | ongi tudi nal axis is substanti al | pCT/US2008/074731

per pendi cul ar to the w dth2di nensi on of the body. 3.

The ribbon crystal as defined by claim 1l wherein the

cross-section of the string is generally irregularly

shaped. 4. The ribbon crystal as defined by claim1l

wherein the string conprises a plurality of strings.

5. The ribbon crystal as defined by claim1 further

B e T T L LR S

convBg shikbon crystal as defined by claim1 wherein the
string longitudinal axis is not parallel with the
wi dth dinension. 7. The ribbon crystal as defined by
claim1l wherein the cross-section of the body has a
9. neck methpd®f aomningm tikbek assaly Hee miethagh ecanprisinigan
about 60 mcrons.8 The ribbgn crystal as defined b
ol dinRer et AT pHineBRy 720 TG ararall ebRvaitls.
e e r st ho e PRt Zh ehPRLARR ARy dinal
axi®@ general ly el ongated crosssectional shape, the
cross-section of each string having a generally
| orrgiding inmalteramiaserid ddiamgueible en material to a
cruci bl e;  passi the set of strinp [ [

di RS InGrhE RFCRIGRTIPRR o i e ?fémqﬁﬁﬁrre]a Phgmofien material
Cauglﬁll;ggcﬁg ntﬁ'ﬁi‘éeerg @Eﬁ% thIFR&ZE aBB\%f/ gn %{i’tekﬁ%@‘éé ﬁﬁ'ﬁwa % Qllmée‘%f fRe%heet

having a w dth dinmension tl
ha\ﬁh%? araidil dpeeRsBHithsl Blgeheral Repdb¥RAicAldrasith€Bivh dif&tion
set of strings,
of the set of strings,
at least one string being oriented so that its longitudinal axis diverges with

the width dimension of the sheet.

10.  The method as defined by claim 9 wherein the set of strings comprises at

least two strings.

11.  The method as defined by claim 9 wherein passing comprises passing two
strings in the given direction through the molten material, the width dimension
being generally defined by the two strings, the two strings being oriented so that

each of their longitudinal axes diverges with the width dimension of the sheet.

12. The method as defined by claim 9 wherein the molten material comprises

a silicon-based material.
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at | east one string being oriented so that its
| ongi tudi nal axis diverges with the wi dth di nension of
wo b@osbgsr . 10. The net hod as defined by cl ai mPOI/US2008/074731
wherein the set of strings2tonprises at |east two
strings. 11. The nethod as defined by claim9 wherein
passi ng conprises passing two strings in the given
direction through the nolten material, the width
di mensi on being generally defined by the two strings,
the two strings being oriented so that each of their
tud a di v S wi_dt h di.nen
13. ¢ el BRI s ST KE FRGD LM S b e T
set M@cﬁ%‘ 1§5'geﬂ&lai er;rlggaf&aﬂ @kec‘%%‘i@é' ses a silicon-based
materral .1 hod as definhed by claim9 wherein
the cross-sectional shape of the set of strings is a
general ellipsoid or a rectangle. 14. The nmethod as

14. defTh?e@eﬂ”}Ddc@%dﬁ?ﬁl@dd\hjé Faim & wheteindhe seseisortianal Hagiee of the

f strln a | on nensj,on
set §LrEPar Py paras Fereliion (baas ESRE barfia 'S atftE The lohgitudinal
ax1i Q:?ésssé’e%hﬁé}@h Q%@?h@gett(ﬂ é s 8o ﬁh& si¥rf Bimension
aving a short nenS|on t genera

thapigrgeaeei Bup@pehdidulie toahe l(ﬁhg‘rﬂﬁﬁelﬁHion tthe shbrdimension being

di nensi on being generally irregular. 15. The nethod as
gendedllynieteghyarcl ai m 9 wherein the cross-sectional shape

of the set of strings is generally convex. 16. The

met hod as defined by claim9 wherein the

15. T Of%s Jﬁlgﬁ{dcf)gsai‘leff’rb&{{gy gf&lﬁlh%@%eéﬁysé Ellrdsg-ggcﬁcﬁqal shape of the

general 'y concave CONpri si ng:

set BP&lYing8MlgSitdrhg cvhtdi.n the body, the string having a
generally concave crosssectiona

sﬁape of the

16.  The method as defined by claim 9 wherein the cross-sectional shape of the

set of strings is generally concave.

17. Aribbon crystal comprising:
a body; and
string within the body, the string having a generally concave cross-

sectional shape.

18.  The ribbon crystal as defined by claim 17 wherein the string has one of a

“T” shape, a “C” shape, and a cross shape.

19.  The ribbon crystal as defined by claim 17 wherein the body comprises

silicon.
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shape. 18. The ribbon crystal as defined by claim17
wherein the string has one of a "T" shape, a "C

W@ b@pm297and a cross shape. 19. The ri bbon cryspel/us®o08/074731
defined by claim17 wherei n2the body conprises
silicon.20. The ribbon crystal as defined by claim 17
wherein the string conprises a pair of contacting
strings, the pair of contacting strings generally
form ng an el ongated, concave cross-sectional shape.
21. The ribbon crystal as defined by claim17 wherein

th bod hasathlc ol the strin .
20. conpit AVRg " aropi o SEREEN TR RR A2 Bneipy By spmprises o
@bP&thEl b e§1% ﬁ@ﬂ@dr{%&tﬁf 1P B0l erafid- foliién
pmflbbon cryitaﬁégs def ﬂned by cl é%n11§ %ﬁe?@i Phe z%%@
elofigaton, conohoé bradb-Bedtiorah shifpe string having a concavity
that is generally symretrical about the w dth
di mensi on.

21.  The ribbon crystal as defined by claim 17 wherein the body has a
thickness dimension, the string comprising a pair of strings spaced apart

generally along the thickness dimension of the body.

22.  Theribbon crystal as defined by claim 17 wherein the body forms a width
dimension, the string having a concavity that is generally symmetrical about the

width dimension.



