RI BBON CRYSTAL END STRI NG W TH MULTI PLE | NDI VI DUAL STRINGS PRI ORI TY Thi s
patent application clainms priority fromUnited States patent application
nunber 12W038108E3399f1 | ed Oct ober 16, 2008, entitled, "RrBBON2OR¥ETAL END
STRING W TH MULTI PLE | NDI VI DUAL STRI NGS, " assi gned attorney docket nunber
3153/ 178, and nam ng Scott Reitsma as inventor, the disclosure of which is
i ncorporated herein, inits entirety, by reference. FIELD OF THE | NVENTI ON
The invention generally relates to string ribbon crystals and, nore
particularly, the invention also relates to string used to formstring
ri bbon crystals. BACKGROUND OF THE I NVENTION String ribbon crystals, such
as those discussed in U S. Patent No. 4,689,109 (issued in 1987 and nam ng
¢|e basis of a variety of

Emanuel M Sachs as the s @/&%@ f
el ectroni c devices. Far Eﬁ%ﬁl ne.. of Marl bor ough,
Massachusetts forns soWeﬁ IN] BAVERY; TRQ?I&ISng ri bbon crystals.

As discussed in greater detail in the noted patent, conventional processes
formstring ribbon crystals by paslskngi or nore strings through nolten
silicon. The conposition and nature of the string can have a significant

i npact on t heTkikpateheapplicaive, claiims poioEty fichdnded Stdttepatas ipplicatibe ul ti mat el y

formed string rihhaon_c tal . SUMVARY OF THE I C ance with
one _enbo’&‘?’ﬁ%ergﬁtlzgggtsgg’ é%agﬁqbﬁﬁ%{?()&%egr @gﬁgwmﬁgﬁmﬁ d end string
wi thin tyerpQeYWIMH MAASTIIANE ISDIVED UANISTRINESIENSLALd MdtROCRN Ret
crosssectional shape and is fornmed fromat |east two iIndividual strings.
The not enurhbgy 31A31VE.dodnaging Sapst hatsrbes spaotd, thpdistlogenef adhigh ial ong t he

10 incorporated herein, in its entirety, by reference.

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.

15

BACKGROUND OF THE INVENTION

String ribbon crystals, such as those discussed in U.S. Patent No. 4,689,109

(issued in 1987 and naming Emanuel M. Sachs as the sole inventor), can form the basis
20  of a variety of electronic devices. For example, Evergreen Solar, Inc. of Marlborough,

Massachusetts forms solar cells from conventional string ribbon crystals.

As discussed in greater detail in the noted patent, conventional processes form
string ribbon crystals by passing two or more strings through molten silicon. The
composition and nature of the string can have a significant impact on the efficiency and,

25  in some instances, the cost of the ultimately formed string ribbon crystal.



t hi ckness di nensi on of the body to generally forman el ongated, concave
cross-sectional shape. Mreover, body material (e.g., silicon) may be

bet ween twWe 201ww453%di vi dual strings. In alternative enmbo@®Cwrarse&9/06G780 not ed
two individual strings are in physical contact. In accordance wi th another
enbodi nent of the invention, a ribbon crystal has a body and a plurality of
end strings within the body. At |east one end string is fornmed from at

| east a pair of spaced apart individual strings. Body material is
posi ti oned between the pair of individual strings. At |east one end string
may have a generally concave cross-sectional shape. In addition, the

i ndi vidual strings each NERDA I ]Qﬂ@ated Cross-sectiona
shape. Moreover, at Ieas?gile O%ﬁ?(%ﬂ|&@¥V| @gﬁL rings may have a
concavity tham acSo@&ﬁt%ﬁﬁﬂtﬁ ynsSotb@limeaalf thdauentionea wobbhcrgbtaEmS iadddy The

i ndi vidual strings of the at Ieast one end string may be spaced generally
al ong t ha'd dekiiEsyithininkedyn Al e%Sh@n%@Hiystﬂ%haé@o%?pa@HwowfVﬁ Cstrer

enbodi meq 60,00 s} hYERLON o HRLBAG Shaf, R Adnd i bbon crystal provi des

a plurality o strings east one ‘strings has at |east
two spaced ap@hd notodiiwo thdalidisd strings maybe spett aparapeerdlgddomgtht en mat eri a
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materi al between its individual Strin ove the interface. BRI E
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schematically shows a string ribbon crystal that nmay be fornmed from
from at least a pair of spaced apart individual strings. Body matcrial is positioned
between the pair of individual strings.
At least one end string may have a generally concave cross-sectional shape. In
addition, the individual strings each may generally form an elongated cross-sectional
15  shape. Moreover, at least one of the individual strings may have a concavity that is
generally symmetrical about the width dimension. The individual strings of the at least
one end string may be spaced generally along the thickness dimension of the body.
In accordance with other embodiments of the invention, a method of forming a
ribbon crystal provides a plurality of end strings. At least one of the end strings has at
20  least two spaced apart individual strings. The method also adds molten material to a
crucible, and then passes the end strings through the molten material to cause the molten
material to freeze above an interface, thus forming a sheet of molten material. The at
least one end string has frozen molten material between its individual strings above the
interface.
25
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 Illustrative



strings configured in accordance with illustrative enbodi nents of the
invention. Figure 2 schematically shows an illustrative furnace used to
form striwg@ 2nidglassyocrystals. Figure 3 schematically shomrsTaSee0096673@cCt i onal
view of a portion of a prior art ribbon 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

ei ght cross-sectional views of the string of Figure 4A along line B-B in
accordance with various enbodi mrent of the invention. Figure 5 shows an
illustrative process of formng a string ribbon crystal using strings

confi gur i Qe of wit.h el | ust i i t i.nvention.
Fi gures E%Pogﬂggﬁhdﬂ%%gggﬁ@#g¥$%gcfﬁggﬁﬂﬁﬁgﬁlsggéggﬂf%kgﬁnéﬁgﬁg'of ri bbon
cryst al sbdlgwaccor dance with an enbodi ment using strings with an el ongated

cross-section,. Figures 7A and 7B schematically show cross-sectjonal views

of ribbon crySeurcs! wihemadedysheyhg sroertgor cokiakihat My scifercdiferral strings.
Fi gures gﬁ)n/gmn RARIBLEALL i i Atd BRAGIGENS LRt hdBnSt T NG havi ng

a genera concdave cross-sectional shape. | LLUSTRATI VE
EVMBODI MENTS | Figust2 sthemetistllyishgws bbb dbstritader fuocate osedpo éesgasg tibkompl ur al

i ndi vi dual sérings for each end of a ribbon crystal. For exanple, each end
string n&yS®B& fornmed froma pair of individual spaced apart strings.

Ceonetric andrfphRs TRheRPLRREN hews @tro3bleltdnaltvin 8 § POMioH of ApEBY &t CT yst al
properties, such as by form ng thicker neck regions. Details of various
enbodi menbonargstaliveidug peer dsestung. Fi gure 1 schematically shows a string
ribbon cryst ai:iggil(r)e £R Qc]:chiegl%‘[igﬂlyi o a3 rgnagnf%?med in accordance with illustrative
10  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.
15 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.
Figures 7A and 7B schematically show cross-sectional views of ribbon crystals
with end string formed from multiple individual strings.
Figures 8A and 8B schematically show a ribbon crystal with a string having a

20  generally concave cross-sectional shape.

DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS
[Mlustrative string ribbon fabrication processes use plural individual strings for
cach end of a ribbon crystal. For example, each end string may be formed from a pair of
25  individual spaced apart strings. Geometric and thermal properties of such a string should
improve crystal properties, such as by forming thicker neck regions. 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,



illustrative enbodi ments of the invention. In a manner simlar to other

ri bbon crystals,this ribbon crystal 10 has a generally rectangul ar shape
and a relwOi2oslos539ar ge surface area on its front and baekTfisec@s/06Fo0
exanple, the ribbon crystal 10 may have a wi dth of about 3 inches, and a

| engt h of about 6 inches. As known by those skilled in the art, the |length
can vary significantly. For exanple, in sonme 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 dependi ng upon the
separation of its two strings 12 (see Figure 2) formng the ribbon crystal
wi dt h boyndari es. rdi ngl i i ciflc ngt hs | dt hs
are 1ol R i I0H Rt Bl REURR RN Bhs REC b MR st

i nvent i osn itd ient dhiddscle fgef Fdri@amplebte ribbys taktal 00 Ay hudd y wadid ofeboter y
smal|l relative to its length and w dt h di nensions. For x%ggle, the string

. . €
ri bbon c? yshes anda kepgthehabort § Pickesn @ssknoxgngoss tiledyn the &b ths lspghs to
about 32 1.Cr : ' Lt h. ' ' [ t hi t he
atring TrBne g s A L B o
acr 0ss i ¢ furhsngiphrasorty discreticitds.to Wherertd lobothe cibyei edysthD10vasyit pevisorlmed from
any of a w.de variety of materials (often referred to generglly as "ribbon
ot er i al P0dgon Bl copryag fenging aﬁp%ﬂm Sﬁ@a_ra%hofﬂﬁéwa%mgéitzi%ﬁ For
exanpl e, Fl‘QHFéWZ)%QHYBgEl%ri@ooﬁ@%s@él%&ﬁ'%uﬁ@ﬁle‘s? alcb@inghN@ischaRprerystal 10
may be formed froma single el ement, such as silicon,” or a conpound, such
as a si | speorfiichersatles andtvedihalarq dlugfrativsiani oonintpadedatol limit vai@yusembodinoents at i ve
ri bbon teria¥s may include gallium arsenide, or indium phosphide. The
ri bbon eNAM°Nay be any of a variety of crystal types, such as

nul tig cryst al Tho@ickabRBfehChidtondidtd18.0 sl wey ¥ed B Lérhemalirgleed wstsal | i ne or
sem -crystalline. As known by those skilled 1n the art, the ribbon crystal

10 is folensl and oyidth dympnsiers. doF pxagaple.2he steiag Fbpes erystah Himpghaye 4 i gur es)
general | ‘ch%@sesq'gﬁ@ﬂf ﬂ8@1pasold{1%(?glé?gnsttgedb&!lt%lﬁe Thicrons across its width. Despite
this varying thickness, the string ribbon crystal 10 may be considered to have an average
thickness across its length and/or width.

15 The ribbon crystal 10 may be formed from any of a wide variety of materials
(often referred to generally as “ribbon material” or “crystal material’), depending upon
the application. For example, when grown for a photovoltaic application, the ribbon
crystal 10 may be formed from a single element, such as silicon, or a compound, such as
a silicon-based material (e.g., silicon germanium). Other illustrative ribbon materials

20  may include gallium arsenide, or indium phosphide. The ribbon material may be any of a
variety of crystal types, such as multi-crystalline, single 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 (see Figure 2 and later figures) generally embedded/encapsulated by the ribbon

25  material. As ascertained from the process discussed below, the pair of strings 12
effectively form the edges of the ribbon crystal 10; namely, they define the width of the
ribbon crystal 10. Accordingly, the strings may be generally referred to herein as “end

strings,” or simply as strings 12. Moreover, for simplicity, the ribbon crystal 10 is



material. As ascertained fromthe process discussed below, the pair of
strings 12 effectively formthe edges of the ribbon crystal 10; nanely,

t hey defiwo 20toe4pd9dt h of the ribbon crystal 10. Accordi RGITUS2a0@6@B0 | NgS
may be generally referred to herein as "end strings,” or sinply as strings
12. Moreover, for sinplicity, the ribbon crystal 10 isdiscussed as being

formed from polysilicon ribbon material. It neverthel ess should be
reiterated that discussion of polysilicon is not intended to limt al
enbodi nents. Illustrative enbodi nents grow the ribbon crystal 10 in a

ri bbon crystal growth furnace 14, such as that shown in Figure 2. Mre

nect 1 ool OR, B ORIR ol by HIBR il | GARCLBRRN LRt or 0wt

furnace € use rmn on Cr

accor dan&eewddhhatldlmssi@t d)ﬁ/[ﬁ)lﬁﬂﬂit@ﬁllﬁﬁdiﬂlﬁteﬁﬂed1b&1nh1ﬂ§(l(13Bﬁlbadlmeiﬂf@e furnace 14
has, among other things, a housing 16_formng a sealed interior that is
subst ant i al | yllsEaivsengodiasnty gr@Wptrlerléh?n earBLIER inghybbon rsysid @rgrthoxy gen,
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conmponents. As shown he crucible 18, which i's supported on an interior
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As shown, the crucible 18, which is supported on an interior platform within the
15  housing 16, has a substantially flat top surface. This embodiment of the crucible 18 has
an clongated shape with a region for growing silicon ribbon crystals 10 in a side-by-side
arrangement along its length. In illustrative embodiments, the crucible 18 is formed from
graphite and resistively heated to a temperature capable of maintaining silicon above its
melting point. To improve results, the crucible 18 has a length that is much greater than
20  its width. 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
25  plurality of holes 24 (shown in phantom) for receiving string 12 (i.e., the end strings 12).
Specifically, the furnace 14 of Figure 2 has eight string holes 24 for receiving four pairs
of end strings 12. Each pair of strings 12 passes through molten silicon in the crucible 18

to form a single ribbon crystal 10.



manner. For exanple, the crucible 18 may have a sonmewhat square shape, or a
nonr ect angul ar shape. As shown in Figure 2 and di scussed in greater detai
bel ow, t hwof2orvmas®914 has a plurality of holes 24 (showrcCirrusptvansony for
receiving string 12 (i.e., the end strings 12). Specifically, the furnace
14 of Figure 2 has eight string holes 24 for receiving four pairs of end
strings 12. Each pair of strings 12 passes through nolten silicon in the
crucible 18 to forma single ribbon crystal 10. Many conventional ribbon
crystal growh processes formribbon crystals with a thin neck portion near
the string. More specifically, Figure 3 schematically shows a

Cross-section Vi . I .or r n al . havi ng
a prior art S?%ng&ﬁ%ﬁﬁm$ﬁﬁgﬁ%#§§§32$§“5$%%8%§%$§§¢§ﬁ%fﬁﬁﬁ%§%?gﬁ%%fn neck
portion &en hekweeion dar gierstrivg. MbtecapekificaMyd Bigupo3 sdhemaBlalgfshbRe ar i bbon

crystal 10. If the neck portion 36 1s too thin, then the ribbon crystal 10P
may be veEPy-fectgRal ¥icanef mpttionpbhRriehHkhay Giygstall9h hay W di T eE sYig d
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i 11 usg r apérvien 8gbodi nents of the invention engineer the cross-sectional
di mrension of the string 12 in a prescribed manner. Illustrative enbodi nents
t hen positi onTe Heregse thediealo thighngss those slaHgdmghe it baxhaddgd gaeisment to

the ribbon growth process. For example, one such solution adds gas jets (not shown) to
the furnace 14. These gas jets direct relatively cool gas streams toward the neck portion
36, thus decreasing the temperature in that area to increase neck thickness. Other

15 solutions involve adding specialized meniscus shapers.

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.
ustrative 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

20 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

25  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 possible cross-sectional views of the string 12 of

Figure 4A along cross-line B-B in accordance with a number of different embodiments of



in a manner that increases the size of the neck portion 36 of the grow ng
ri bbon crystal 10. For exanple, the resulting ribbon crystal 10 with an
aver age twpckmess3sef about 190 microns may have a neck pOTitSeenIB&7sth a

m ni mrum t hi ckness of about 60 m crons, which may suffice in certain
applications. This innovation consequently should reduce yield |oss, thus
reduci ng production costs. Figure 4A schematically shows a string 12 that
may be formed in accordance with illustrative enbodi nents of the invention.
Al t hough this figure appears to show a generally convex or rounded
cross-section, it should be considered nerely schemati c and not

on, - X rel y schem ik
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the stringgllr sHapEio@uriag dhc,ahOngtappalasshabaef Bril two,aaa dickanevhat th a nunber
of different enbodinents ofthe invention. For exanple, sone of the shapes
are genefliPticpl shaps @hsteag tigeh as the irregul ar shape of string one, the
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string three. are el ongat ed, e various strings 12 may
be cat egbeing eitheagelealhygcarichveaor ggecrelipkdnywves oAcased wrememeroas-bactiomivex. As
used herein, . a cross-sectional shape is_.generally.concave when any portion
of its pURPHESERCREY fRnye MRS AR 1HBHB&§P?T§PT}F 0@8&6’3@??9@ BMlis, string
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portions. Conversely,” a cross-Sectional shape IS conSidered to be generally

convex whtber ¢ansexppertiney. eforfversety, Acrasencatioghli shiuhd ie conmdaed to tesgenditally, stri ng
two and string,th%ee of<fiﬁyre 4B an% nehgllﬁ cqnveg, Figur% 4B ahoms a
nunber of TSERENCR R BEIEIEE O5WE RO SPP gh% FRUCHHLS dPus ER& PR concave.

I n faﬁt,gﬁﬁgﬁu&ﬁwﬂhggﬁam5ég@kﬁmbeﬁag@ted and concave. For exanple, string
four is generally "C' shaped, concave, and el ongated, while string five is

general |y cr oBiguesrpehpwsconmales of plier eross-wctorpd sl sirpes dhdpee geneigtlyi ng
five (cr Qoﬁl%aéeh aIH?Qc)t, go?ne%lly 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
15  clongated 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
20  to be generally concave.

During experimentation, as discussed below, the inventors were surprised to
discover that forming the end strings 12 from plural individual strings significantly
improved neck size. In other words, the end strings 12 may be formed from two or more
individual strings. Strings six and seven show two such embodiments. Specifically,

25  string six shows one embodiment where the individual strings 12 physically contact each
other in the final ribbon crystal 10, while string seven shows another embodiment where
the individual strings 12 are spaced from each other (in the final ribbon crystal 10). As

inherently shown by string seven, the end string 12 using two spaced, individual strings



el ongat ed because it is generally symetrical-both the horizontal and
vertical portions of the cross are about the sane size. Depending upon its
act ual diwerngioasi99string eight, which is generally "T" Pemaseal9d/onego or may
not be consi dered el ongated. For exanple, if the portion of the "T" shape
extendi ng downwardly is longer than its horizontal portion, then string

ei ght may be considered elongated. In either case, string eight is
considered to be generally concave. During experinentation, as discussed
bel ow, the inventors were surprised to discover that form ng the end
strings 12 from plural individual strings significantly inproved neck size.
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Speci f i chdtivgen tht twodhdividusRaimpsone enbodlnent mhere t he individual strings
12 physically contact each other in the final ribbon crystal 10, while
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cross-sectional string shapes. Accordln% those skilled in the art shoul d
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simplicity, this process is discussed with reference to string two of Figure 4B only--

because string two is the only string 12 in that figure explicitly showing various string

15 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-

20 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-

25  fabrication processes could form a monofilament through a known fabrication process,
such as oxidation, carbonization, or infiltration.

The core 28 may have the desired cross-sectional shape. For example, as shown in
Figure 4B, the core 28 of string two is generally rectangular. Alternatively, the core 28

may have a different cross-sectional shape, while refractory material application



strings 12 configured in accordance with illustrative enbodi nents of the
invention. For sinplicity, this process is discussed with reference to
string twsoabioRi4gispe 4B onl y- because string two is thePomus260060730 12 i n
that figure explicitly showi ng various string |ayers discussed in this
process. It neverthel ess 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 formng a
core/ substrate 28, which acts as a substrate to receive a refractory
material |ayer. As discussed in greater detail in copending US patent

applicatjon Vi t . ket,.n e 7z "REDUCED
VETTI NG ééﬁ"ﬁf'ﬁ%tfﬁ %I %%W%@%%}iﬁe,d"to ?é\rlﬁi%ll ! e%‘l%gr?’%dn (lzrésrsasggté il &r{%p 8r eference
above), &henptanie: 28rsn dgeiphhhidy be opactalyonfipyred Ctﬂfbeﬂntth@él@ks sxctiondi ng

processes In ot her enbodi nents, however, the core 28 may be a wre,
fi | ament Shape figm & ere mptestal Bavang 2 pesaperaligd/aoss setianalshiang tlt%gﬂéﬁlﬁé%m%@s a tow

For examyl &rcRASHLAR 6P HaPLORERSEREQMLE shiglem @ _monof [ Tanent. ¢ hrough

known f I cation process, such as oxl dati oR, rboni zati on, or
infiltration. Afthefocming tB8coray 8hthe @radess fdems a &cst coasg/Isgat whichlactshape. For

exanpl e, ,as, shown jn_Figure 4B, the ore of string t IS nerally
oot angultB OO KR RUE et T 0T a by BoRe tier Sghend BT

Cr 0ss- seglakiaRab nphanRQuddilitéh Ea%lﬂ@QE Yen"BE £ERbinARR dGAIARSAM PRt MRy
be specially configured to formthe desired cross-sectional shape. For

exanpl e, tumgﬁerexhlraqlélt@m, él@mfﬁrphbmr maybbiermpe ol ahubaeficpgentonal gvalyer m t he
Ccross-sect onal e fron1 e materi avi a prespecified

cr oss. settehanaitnafterieddt fuf B SISy PR PRI han (hat of the
finalo cross-seghisiBahe &%rdfﬁ&nﬁﬁﬁmchﬁ&ﬁdndf}ﬁ&ﬂ’dﬂﬁh dReic 6 28Vt he process
forms a first coating/layer, which acts as the above noted refractory

mat eri al Plogsserillggratiye embadimentsbivge retetactoyrgaicrialidireetly eato dhsat i ng 30 may
i nclude gl G LT HR mAARISHE bmdHy Andt ARLN AL AR Bloob&O8: K bi de and
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
15 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 core
28 effectively acts as a substrate for supporting the refractory material layer 30.
20 This step thus forms what is considered to be a base string portion 26. It should
be reiterated that the base string portion 26 may be formed from one or more of any of a
wide variety of materials. Such materials may include a graphite fiber or tow, a
refractory material, such as tungsten or silicon carbide, or a combination thereof. In fact,
some embodiments may form the base string portion 26 without a core 28.
25 At this point in the process, the base string portion 26 has a combined coefficient
of thermal expansion that preferably generally matches the coefficient of thermal
expansion of the ribbon material. Specifically, the thermal expansion characteristics of
the string 12 should be sufficiently well matched to the ribbon material so that excessive

stress does not develop at the interface. Stress is considered excessive if the string 12



tungsten. In addition, this first layer may be forned in a nunber of
conventional ways, such as with a conventional (and often conpl ex) CVD
coati ng pwocers433p9 avoi d the use of conpl ex nachi nery aau/Usa@manciyas

chem cals of a CVD process, illustrative enbodi nents extrude the refractory
material directly onto the core/substrate 28. This may involve, anong other
things, a pulltrusion process, or both spinning of a refractory materi al

wi th a pol yner conponent, which subsequently is baked off. Processes may
use at | east one conponent of carbon, silicon, silicon carbide, silicon
nitride, alumnum mullite, silicon dioxide, BN particles, or fibers m xed

W t hap )!hYlg{?sra t%h&] %%r t e%glgikeego tltig1 ri%nr(g%fn%{}/ af%g}lelfbtl{ s cﬂl'en‘;r I%bS nfal SO nay
i nvol ve |conponeﬁi X1 Fusion of ‘& core TROGt 1 east i one 3114 con

car bi de, crlgsaliondlisg hndpocessing seepsigaf the wirinlg 12 dx@ivéts aosirleady @xdude, nullite,
carbon, and/or silicon carbide, Accordingly, as noted above, the core 28
ef f ect | veutyrardly er mavagdly fiost thg rdber PI’Y§’@biﬁqﬂ€‘1 il gthehempedipgts o eyt éhg al

| ayer 3O%OE??ﬁt%iént%tf%ﬂ—@Qt%cpfa&ri&Fomggagesstr@r%ﬁdggﬁr; 861 dbQ Hof é@ne?é’?}ﬁﬁnéttc%i ng

portion t shou reiterated that se string portion 26 my be
fornmed fthemofcheribbormmeteriefl any of a wide variety of materials. Such
materials may_include a graphite fiber or tow, a refractory terial, such
as tungsten or®8FFREEHTE Pl die InYFNUEN BRHIE OB AT PRET BfionL s | some _
embodi megd3n Y upos meta?ﬁli&@i%ﬁ. $5F LD pPAOTL URBuEd W JrBAM dcfai LRI tRe AfdveAl thi's
point in the process, e base string portion 26 has a conbi ned coefficient
of t her nmedtedingarpsrased pdieitt appledasipmbhyingettemey fgcketnwhles 32h¥ 1806h¢ stohgnt  of

t her mal ansion of the. ribbon,material. ecifically, .the thermal

expans! ol FRAPAG &Pyt ey PR el FialByer 3708 Gl eSSl e sh il el |

mat cied fiBbdnBateHADIA tHERESE] Bk pEfRelsRntiBXBEa8 Sicy 808 WIESH fHHARSnRRpodevel op at
the interface. Stress is considered excessive If the string 12exhibits a

t endencynemwsiipgiredused fayai $hen Michisemsting pogion 8fs dhamilisatsensseesifévattor i bbon
crystal NRIALLIR ALY BSORSITR LSRR, B L HORALIADR I8, BEPLAES,
ot her enhadi negligible IgwenV®@T the bherall string coefficient of thermal expansion. For
example, the reduced wetting layer 32 should be much thinner than that of the refractory
15  material layer 30.

In embodiments using this non-wetting layer 32, the contact angle with the ribbon
material of its exterior surface should be carefully controlled to cause the molten ribbon
material to adhere to it—otherwise, the process cannot form the ribbon crystal 10. In
applications using molten polysilicon, for example, it is anticipated that contact angles

20  with silicon of between about 15 and 120° degrees should produce satisfactory results.
Such angles of greater than 25 degrees may produce better results.

Among other ways, the non-wetting layer 32 may be formed by CVD processes,
dip coating or other methods. For example, the base string portion 26 may be CVD
coated by applying electrical contacts in a deposition chamber while it is being fed

25  through the chamber—thus heating the base string portion 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,

10



coefficient of thermal expansion of the base string portion 26 does not
generally match that of the ribbon material. Sone enbodi nents of the

i nvent i orworeyidas®Ione or nore additional |ayers, dependCmgSa@oicd7de
application. For exanple, as discussed in greater detail in the above noted
i ncor porated patent application having attorney docket nunmber 3253/172, the
string 12 may have a non-wetting/reduced wetting |ayer 32 to increase the
grain size of the ribbon nmaterial. In that case, the process continues to
step 504, which forns an exposed non-wetting/reduced | ayer 32 on the base
string portion 26. In applications sensitive to coefficient of thernal

expansi on diff ces, .Lhis l.ayer 3 eberabl is.very thin so that it has
S hagti gi bive 1 myab ot SsyRE Brno'Ge SRS Baus BhE ts SPNeRR expansi on
For exanpl e, fidgctigadicagsl Webhid@rih@y&tioB26shoul d be much thinner than that
of the refractory material |ayer 30. In enbodinents using this non-wetting

| ayer 32, tehespeeypadepasiipnevifli a holymer binderohatraabsaquentlyoiould de bumed jodl;
surface shoul e carefully controlled to use th |ten ribbgon material
Co' adner o Co tekBERRr S BN Bissrtigh SR But i R DB R ) 10

I 'n applicati opge YgingPoIn B omelvysid i con, for exanple, it is anticipated
that contact angles with silicon of between about 15 and 120 degrees should

produce sate séatingmythriasastting pSiioh 2éngittersciottogr datrefe.ghsihc@b degr ees may
produce better results. A of. her, s, .the nopn-wetting | ayer 32 may be
Formed by CvorpaseLisan dioqisd eblie il ghEiRp hefng e rotitiel For axarpi e, ¢ he
base string portion 26 may be CVD coated by applying electrical contacts in

a deposition chanmber while it is being fed through the chanber-thus heating
the base stri hec pong il dalsoendythasp p handlinglmenri3d endially prtwinedses the rafiggtopor t i on

25 T B ST PO 08 SRR R o ALK
included, the handling layer 34 provides a small compressive stress to the base string
portion 26, thus improving robustness to the overall string 12. Accordingly, if the base
string portion 26 develops a crack, the compressive stress of the handling layer 34 should
reduce the likelihood that the string 12 will break. Among other things, the handling

15 layer 34 may be a thin layer of carbon (e.g., one or two microns thick for strings 12
having generally known sizes).
Accordingly, prior to performing step 504, some embodiments may form a
handling layer 34 that is separate from the produced nonwetting layer 32 (e.g., see string
two of Figure 4B). Thus, in such an embodiment, the nonwetting wetting layer 32
20  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").
25  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

11



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
deposi t edwbyotvdasiong quartz fromthe outside and i nduct iPom/use@vionay3e he base
string portion 26, spray-on deposition with a polyner binder that
subsequently woul d be burned off, shaking particles onto a base string
portion 26 or tow and then baking the into the base string portion 26 or
tow, and coating with base string portion 26 with refractory slurry (e.qg.
silicon carbide/silicon dioxide) or liquid and then burning off residual.
The string 12 al so nay have a handling layer 34 radially outward of the

por 1 on ISR R0 o Sind? sh e TR At A bt s ER S aPiul e 88RG S 2 "
smal | conpfeeachviebisinr@gsaltedgd ez bagRgssdix hDsepon bf Ellgul%fﬁB)t Mhis termpr ow ng

robustness to the overall str|%%:12 A(:cordlng[t if the, base string
portion 26 ijfeyelspexalicitlymodifigito NHEEY (P21 188 2V08ds “SHEIN &I i ng | ayer

34 s houl ?ﬂ{él‘ﬁﬂléeg wtht%ﬁ n{lénlﬁghécg\gﬁg réfg'%ﬁcé ﬂaefﬂﬁﬁﬁlk B%ohAda /IVJIth o?%?rb_b@ﬁm ng other

t hi ngs, l'ing [ayer eat ayer o car g., one or
two m cramgstak Hl, gkndralty sitansrogs oiﬂldnasrtrmgs general |y known sizes).

Accordingly, prior to perform 0 so nbod nts may forma
handl i ng Iayeﬁm%@”PW%PﬁP%ﬂ?éﬂﬁﬁ%@é%P?%ﬁ% W@“Bg AXEFti ng | ayer 32
(e.g9., s&fb&ifkRd nabRin@lor Eb&qlrc%néz@lty Jtti‘;lfhsmuhdlbdsd%%lﬁle@gtﬁnemﬁg LERM4lly the

nonwetting wetting layer 32 substantially covers the handling |ayer 34.
Mor e specdnivix alring, 12t Recomdimgdy, thagjringy 2 magdbedomnedsbyt dthergnetbods.

ovever - may T CURSCE R R IR En 45 B TAG RANBIT A ayer a4,
I't then in@re@lﬁsQlﬁéﬂh[t%ﬂes’é%f%&%tﬁﬂ@r%&alh@@k $&abRJ6 SFbI &Gmble, Fasurd dament s
extendin through the nonwetting |layer 32 (such filaments are referred to
her ei n ag 1§ ghow cross-sectional views of three ribbon crystals 10 with strings 12
having elongated, generally elliptical, generally convex cross-sectional shapes. To
increase the thickness of the neck portion 36, these embodiments orient their respective
generally longitudinal axes 42 so that they diverge with the width dimension of their
15  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,
cach of which is shown as double-head arrows in Figures 6A-6C. For reference purposes,
20  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
25  crystal width dimension should increase the neck size.
For example, Figure 6A orients the longitudinal axis 42 substantially
perpendicular to the width dimension, while Figure 6C orients the longitudinal axis 42 to
form a shallow angle with the width dimension. Figure 6B orients the longitudinal axis

42 between the extremes of Figures 6A and 6C. Either embodiment should increase the

12



This can occur, for exanple, when a tow of filaments forns the core 28. If
the coated string 12 has whi skers, then the process shaves themoff at step
508. The woaomsssid9hen may | oop back to step 504, which PeTAESRI0MEITBHE
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, soneenbodi nents provide a single
string 12 for each ribbon crystal edge, or nultiple strings 12 for each

ri bbon crystal edge (e.g., strings six and seven of Figure 6B). The term
"string," unless explicitly nodified to the contrary (e.g., by the words

“single" §i%0\§ %ﬁtﬁy %ékgéo%tu%) 38080, E?ﬂafjelr (3?0dth¥\'1af>g'v I’n[eoftee(f’ rén%%%rt e e

boundary on cry enera one of hore stri ngs.

Rat her thaf siuiingeish eomq{mdlsy shbadecduot bf@kmgen thuk hi@pstvingngeld2, sone
enbodi ments nmachine_or bore a concavity into a rounded_or other otherw se

general |y conlighoudd pg ﬁgteizhat%@aam%gat@ﬂr thanghase shayn 1 Fiagyes e\ -p6rked by
ot her m&@%ﬂﬁprobl'dk ‘ééﬁs@c&c}{gﬁeﬁﬁ’goﬁbﬁ@a eoﬁhﬁﬂﬁqgttﬁgl gthﬂgél a:lxl% Ninthe

f ur nace a nanner t I NCr eases ness on crystal
neck Por mianmer 36 thaForroexaingbloet 9Figuesseifnr clhcksshematuntatloyksiseprom

cross-sectional . views_of three rﬂoélgcﬁn cr sta s.10 with strings 12 having
el ongat edy *§ shayr i Bigprehh glae s Bk eyne@ Mf€x cross-sectional shapes.

To increase tﬂ@tﬁe@tﬁr@%@%nme th%gﬂ%&kfu%"c& 'l@r{hgﬁoltkﬂﬁ%orﬁﬁﬁféﬁh%@t s orient

their respective generally |longitudinal axes 42 so that they diverge with
the wi dt éncliripbos contabd Ox fleans a mesppeet iDwing thismg, thueymteat@ disgovdred tiaher wor ds,
to diverge, the.longitudinal axis 42| not I W th i dt h

i rene of i PE 2atERE RS BigIse BN rabenstaly e e ikt REHESHE it er sect
Mor e @ pegdrtibf3b] Yo thdd@nd RS firve@6tsi rOsboRize@ A tifet frindepal Aadi T tide dradsgest

di mensi on, each of which is shown as doubl e-head arrows in Fi gures 6A-6C.

For ref evsheral pumgobenss shoudd hayrgortatn majcriaed propertigs. each of these el ongat ed
Cross-sect| Onﬂoré gb%@%%aﬁ%%ﬁe f)r%ssure difference across the static interface between the

gas and molten material is defined by the Young-Laplace Equation, which is set out as
follows:

15
oL L

where:
P; is the pressure of molten material,
20 Py is the pressure of the gas,
rl and r2 are principal radii of curvature of the meniscus, and

o (rho) is the surface tension.

The inventor determined that the meniscus height should increase if the pressure
25  of the molten material is less than the pressure of the gas. To accomplish this, the
inventors determined that the principal radii of curvature of the meniscus should be small
when they are positive (i.e., when the cross-sectional shape is generally concave).

Conversely, if the second radius of curvature r2 is negative, in which case the cross-
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considered to be co-linear with the |argest dinension. Prior art techniques
known to the inventor orient this |ongitudinal axis 42 generally parallel

wi t h t he wiodbtv/dsasensi on of the ribbon crystal 10. Cont PaTyUSR@91061730
explicit teaching in the art, however, the inventors discovered that
orienting the longitudinal axis 42 so that it diverges with the ribbon
crystal wi dth di nension should increase the neck size. For exanple, Figure
6A orients the longitudinal axis 42 substantially perpendicular to the

wi dt h di nrension, while Figure 6C orients the longitudinal axis 42 to forma
shall ow angle with the width dinmension. Figure 6B orients the |ongitudinal

axis 42 . t t 0 I 6G. . FEi i ment shoul d
i ncreas eg)ets héé%aﬁgléapgﬁ S %ggaﬁfrg%n\é%(r’ Ellie%#ﬁg%c\g\ﬁae%ﬁgugr?gg}l%é@%bt %re&% g ove not ed
prior arlardeechni que. This neck size increase consequently should reduce

br eakage, thus i nprovi ng yield. 1t _should be noted that orientations other
than those shB#Y iChilg deaskriglmeraridy eanfums dicte sorplisirnss MerspvEtWel resul ts.

For exa - OF | i t . i i j i that is
r ot at edn{a%%)tgal% %ége%glgt{r&gglé %#?Eg?&g %Q%C?gag ’4%%{?%? %ro c o%%gmtlzeg) fromthe
angl e shmenis¢us riismgphetBnaloadyghstihgltwanokeadel seiaks §2 theoughsthe heltshri ngs 12

N LN T B
rai sing fibgonelaht 1@]}‘0&1{&%@@&@&&1@&?@‘ general ly increased the thickness

of the neck portion 36. To that end, the inventors recognized that the
princi pal radThe ofenthealsr netewd enptberadurismgugsyhapesths nadividuiblatengsd2t ai n

Prescr e OB ee LS Rl Hhe ol aLie B eRur 8, O LSUIRRLICT 0%
Youngy Lagtiagel EpuatigsindB et WereS6par@bd bpabdiR700 Waeronk emeiddRionits t he
pressur eth(i)c]ckerqitr)ligttl(laennergﬂtpgll:tlio?ll 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
15  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 oriented
so that their concavities either are oriented completely toward or completely away from
the wafer width (i.e., in the X-direction). In particular, the concavity is generally

20  symmetrically oriented, ¢.g., the concavity forms a mirror image above and below the X-
axis. This orientation is preferred because the inventor believes that it will shape the
meniscus in a manner that promotes appropriate crystal growth. Significant rotation from
these orientations (either clockwise or counterclockwise), however, may impact the
meniscus shape to impede appropriate crystal growth. Those in the art can apply this

25  concept to a string 12 having multiple concavities or concavities on opposing sides of the
cross-sectional shape (e.g., a cross-shape).

At this point, for each ribbon crystal 10 being grown, the process passes two
strings 12 (together forming the ultimate ribbon crystal width) through the furnace 14 and
crucible 18, thus forming the string ribbon crystal 10 (step 512).
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Pn is the pressure of the gas, r | and r2 are principal radii of curvature
of the neniscus, and s (rho) is the surface tension. The inventor

det er m nesot2beo453ve nmeni scus hei ght should increase if wrheE/yse@s®w7a0 of t he
nolten material is |less than the pressure of the gas. To acconplish this,
the inventors determined that the principal radii of curvature of the

nmeni scus should be small when they are positive (i.e., when the
cross-sectional shape is generally concave). Conversely, if the second
radius of curvature r2 is negative, in which case the crosssectional shape
is generally convex, then the second radius of curvature r2 should be

| arge. Early t i 0 ns
Vor cover - sucheradneng HunGRE AR EAPO! 4 iR BRorh SiRRUSREERRRCS |

t he i nvegtings Moiwithiad Iﬁmnrmyytasqwo tmr@s@geqkhﬂlmli)mmoa1tbmaﬁea§,i didnt wo

i ndi vidual strings 12 through t he l.ten material for, a single edge of a
ri bbon ctdfktien. swiallyicgphigee Nﬂélﬁ%i13/811%6‘6%Hﬁghfc%ﬁthi/%ﬁléwsrw%ﬁﬁhecr ystals 10
formed u t i t |, rising
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7B). 4n matttple:mldamduail ptriopembe sdise thbeméniacus pdrtmndmadzeesteacln@slivm;aﬂ ormng a

singl e edge wer ted by about 700 m crons. dd|t|o o thlckenlng
Che neckSBEELT Aidiggh %PB@ et A HEHIGH PFVRR e %@bﬂ&%ﬂ% | ar ger

gr a! ns n&?ﬁtalsrl Otéi‘@«kn ﬁﬁﬁg %s@te"cﬁ&ﬁhés thfiford@outPhPlesd ﬁrbb{e Wéﬂ@&é %hs( t hese

i ndi vidual strings 12 did not have the above noted nonwetting |ayer 32). As

such, t henpraviegtyeldsbel i eves that such a techni que, and rel ated technlques
al so shoul d i oV electrical ,efficiency of t bon cry

i gur o6 8 antTBBihE Rty TS0 vERoRoeP e BPBSRefR YR i gs 12
havi ng aingemeinaltlsiol@Be Ay aréit @5 11536 bkilB@in hBap@an AmksRoMsys the strings 12

are oriented
modifications that will achieve some of the advantages of the invention without departing

from the true scope of the invention. For example, some embodiments may use more

than two end strings 12 to form a single ribbon crystal 10.
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so that their concavities either are oriented conpletely toward or
conpletely away fromthe wafer wwdth (i.e., in the X-direction). In

parti cul awQ 2btv4639ncavity is generally symetrical ly oriPemiusdgoom®say3) t he
concavity fornms a mrror imge above and bel ow the Xaxis. This orientation
is preferred because the inventor believes that it will shape the neniscus
in a manner that pronotes appropriate crystal growh. Significant rotation
fromthese orientations (either clockw se or counterclockw se), however,
may i npact the neni scus shape to i npede appropriate crystal growh. Those
in the art can apply this concept to a string 12 having multiple

concavi t{ r necavities on opposing sides of the cross-sectional shape
(e.qg., a“gﬁggéwﬁﬁ%%e' At this point, for each ribbon crystal 10 being
grown, the process passes two strings 12 (together formng the ultimte

ri bbon crystal w dth) through the furnace 14 and crucible 18, thus formng
the string ribbon crystal 10 (step 512). Accordingly, illustrative

enbodi nepts o i i -ari.ent specially configured strings 12 within
a ribbonpcrys%gpm§80ﬂ§E?%@§ aggéheck t hi ckness. Alternatively, or in
addi ti on, specbadiynd¢onfi gured strings 12 raise the height of the nmeniscus

within the furnace 14.to further jncrease, neck. thickness. For exanple, end
strings 12 fof b it ﬁ?fry af it opeload StEpg PAYEE Ay T ANSERY neni scus

por tion Betu&eRoRAShpcRAN YEMYFO MR at leRst@08iddiGAudIQuid8. portion of the
meni scus between the end strings 12. Ri bbon crystals 10 grown using these

techni ques therefore should be | ess prone to breaking, thus inproving

yi el ds. t hough .1 he above di scussi gn. di scl ose ar,i ous ex | ary

tbod: meht s of 1§ HESTT 2 et ShUry! BAeRbe ey bhiat RGNS ski f1ed i n
the gt @iﬂfbn@i@h,ethé’_@trl'eéﬁﬂfﬁwé’fﬁﬂﬁ\_fiti@zﬂtstrﬁlg§ spdead apirt endfdliy@ydhotREBi&nethe
advant ages of the invention w thout departing fromthe true scope of the

i nvent i ofimeppien ek tiepiody. the pelcesibuainabriteal whiipss senarglbeforming anvidongatedst ri ngs
12 to fo&mcgv@s&rggl_s%c%&?%pg‘rystaI 10. What is clained is:

3. The ribbon crystal as defined by claim 2 further comprising body material

15  between the at least two individual strings.

4. The ribbon crystal as defined by claim 1 wherein the at least two individual

strings are in physical contact.

20 5. A ribbon crystal comprising:
a body; and
a plurality of end strings within the body, at least one end string comprising a pair
of spaced apart individual strings; and
body material between the pair of individual strings.
25
6. The ribbon crystal as defined by claim 5 wherein the body material comprises

silicon.
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1. Aribbon crystal conprising: a body; and end string within the body, at

| east one end string having a generally concave cross-sectional shape and
bei ng forweadofwmsivat | east two individual strings. 2. TireTrisb@wonewsystal as
defined by claim1 wherein the body has a thickness dinension, the at |east
two individual strings spaced apart generally along the thickness dinension
of the body, the at |east two individual strings generally formng an

el ongat ed, concave cross-sectional shape. 3. The ribbon crystal as defined
by claim2 further conprising body nmaterial between the at |east two

i ndi vi dual strings. 4. The ribbon crystal as defined by claim1 wherein the

at |east,two *rﬂedh‘é{l&o% q.%st%t 'd@ﬁ@e lhlﬁlﬂ K}%ﬁ?e%f he a?[‘eta?} ong eﬁds rin 'th)ﬁh e body

crystal conpr|5| {0 & end string

at Ieastg@ﬂﬁM@ndn&ﬁ@mﬁgs@aﬁnmaﬁmagaa pair of spaced apart |nd|V|dua
strings; and body material between the pair of individual strings. 6. The
ri bbon crystal as defined by claim5 wherein the body material conprises

silicon. g Thent hbhan-eiuskabaas LAY MGl BB Ghil g at. | east

one end strlng as a g neral |y coricave cross-secti onal The ri bbon
crystal agscddlfyifoed abyloaga@tdrswheetional shdpe. i ndi vi dual strings each generally
form an el ongated cross-sectional shape. 9. The ribbon crystal as defined
by claim5 wherein the body forns a wi dth dinension, at |east one of the

i ndi vi dugl stThOgebde 8 B dERRGAYY E¥int Bathelctn BRHBER KNS a width
dimension, at least one of the individual strings having a concavity that is generally
symmetrical about the width dimension.

10
10.  The ribbon crystal as defined by claim 5 wherein at least two end strings each
have a pair of spaced apart individual strings, body material being between the individual

strings of the two end strings.

15 11.  The ribbon crystal as defined by claim 5 wherein the body has a thickness
dimension, the individual strings of the at least one end string being spaced generally

along the thickness dimension of the body.

12. A method of forming a ribbon crystal, the method comprising:
20 providing a plurality of end strings, at least one of the end strings comprising at
least two spaced apart individual strings;
adding molten material to a crucible; and
passing the end strings through the molten material causing the molten material to
freeze above an interface to form a sheet of frozen material, the at least one end string

25 having frozen molten material between its individual strings above the interface.

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

silicon.
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symmetrical about the wi dth dinmension. 10. The ribbon crystal as defined by
claim5 wherein at | east two end strings each have a pair of spaced apart

i ndi vi duavosbrovmg®9 body material being between the i ndiPeirdisadsnseBngs of
the two end strings. 11. The ribbon crystal as defined by claim5 wherein

t he body has a thickness dinension, the individual strings of the at |east
one end string being spaced generally along the thickness dinension of the
body. 12. A nethod of formi ng a ribbon crystal, the nmethod conpri sing:
providing a plurality of end strings, at |east one of the end strings
conprising at |east two spaced apart individual strings; adding nolten
material {fo Lhl.e: assi. h rinNgs t | ten
nateriaJl%auz?ﬁéHgﬁgd%%F%@%ﬁnﬂéﬁ#&ﬂé §m‘@gg%%K%ﬁgvgggﬁﬁ?ﬁ¥éﬁ%§ggﬁyo forma
sheet of fdrhezg blongited t@ks-sdchiendltshieast one end string having frozen nolten
material between its individual strings above the interface. 13. The net hod
as defined by claim 12 wherein the nolten material conprises silicon. 14.
The methed asTASHMEA aDYcAA P HAm IS AL eul oW lAtncS LTS  gach
generally forns an el ongate ross-sectional shape. . e nmethod as
defi ned plyratitpofwpiedrpartendivaiial sdsds. t wo end strings each have a plurality
of spaced apart individual strings. 16. The nethod as defined by claim15
wherein the at |east two end strings each have frozen nolten nateri al

bet ween {fiei r ThesRaeH aY Befitding MBI 1 SHHERBShARN¥E! tWS ch{tBhEAGEH hdve The
met hod as defined by claim12 wherein the sheet has a thickness di nension,
t he i ndi rbduwaholsmrmatggaldetwden thdir fespestive meliadenl strinign gbdei thg indgréeced
generally along the thickness di nension of the sheet.

10 17.  The method as defined by claim 12 wherein the sheet has a thickness dimension,
the individual strings of the at least one end string being spaced generally along the

thickness dimension of the sheet.
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