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SYSTEMS AND METHODS FOR GROW NG MONOCRYSTALLI NE
SI LI CON | NGOTS BY DI RECTI ONAL SOLI DI FI CATI ON

WERISSIREFERENCE TO RELATED APPLI CATI ON Thi s PCT/US2009/047395

application clains the benefit of copending
application U. S. Provisional Application Serial No.
61/ 061,826 filed on June 16, 2008, the disclosure of
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crystallites are bounded by grain boundaries. The crystallites of a multicrystalline material

can be intermingled and interspersed, whereas the atoms within a crystallite or a
monocrystalline structure are symmetrically arranged. The numerous defects at the grain
boundaries of a multicrystalline structure can reduce the efficiency of any device which is
formed relative to a device formed from a monocrystalline material.

Monocrystalline materials such as silicon have important industrial applications,
for example, in the semiconductor and photovoltaic industries. For example, in
semiconductor applications, where microprocessors operate on a quantum scale, the
presence of grain boundaries can have a significant impact on the functionality of field

effect transistors by altering local electrical properties. Similarly, when using materials
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sem conduct or applications, where m croprocessors
operate on a quantum scale, the presence of grain

whounges7pes can have a significant inpact on tPET/US2009/047395

functionality of field effet transistors by altering
| ocal electrical properties. Simlarly, when using
mat eri al ssuch as silicon for solar cells,
nonocrystalline silicon solar cells generally exhibit
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silicon solar cells. Because grain boundaries
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Bridgman growth technique involves heating crystalline material above its melting point
and subsequently solidifying it at a controlled growth rate and temperature gradient. The
heat exchanger method (HEM) is an example of a Bridgman-type technique. According to
this process, a seed crystal is placed at the bottom of a crucible and feedstock is loaded as a
charge. When the charge is molten, the seed is prevented from melting by forcing a
coolant gas through a heat exchanger, which acts as a cold finger. Solidification of the

charge is achieved by increasing the flow of coolant gas through the heat exchanger,
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and subsequently solidifying it at a controlled growth
rate and tenperature gradient. The heat exchanger

woreilboes70HEN) i s an exanpl e of a Bridgman-typePCT/US2009/047395

techni que. According to thix process, a seed crystal
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multicrystalline structures, and can result in non-uniform properties in the silicon ingot. In
addition, impurity contents in the material contacting the crucible can be high depending
on the type of crucibles used, and sometimes, portions of the bottom, sides, and top surface

of the ingot must be discarded. Thus, the primary tradeoff of current directional

solidification techniques is lower cost at the expense of solar cell efficiency. For example,
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top, so the solid/liquid interface is subnmerged during
nost of the growth cycle, and secondary
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In contrast to monocrystalhne structures formed from a plurality of seed crystals
arranged on a common substrate or otherwise provided in a matrix form, the
monocrystalline structure according to the subject invention preferably is formed from a
single seed crystal placed in a crucible, which facilitates both vertical and horizontal
growth of the ingot, and can prevent cross contamination between multiple seeds.

The subject invention can provide additional heat extraction by incorporating a
gas-cooled heat exchanger for controlling the meltback of the seed crystal and extracting

heat during the growth and solidification process to achieve monocrystalline growth of the
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i ncludes insulation arranged al ong the sides of the
furnace, and insulation arranged under a heat

wezxabaoges bl ock. Other |ocations and confi gurBCT/O809647395
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orientation will form pyramids, and wafers having (111) orientation will form triangles,
where the (100) and (111) orientations are known to those skilled in the art. For smooth
surfaces, at least part of the incident light is reflected, whereas for textured surfaces, at
least some of the reflected light can be redirected, and thus end up recaptured by the
surface. Therefore, in general, more light is trapped for textured surfaces. Reflection off
pyramid structures is generally recaptured to a greater extent as compared to triangle
structures, and thus pyramid structures are generally preferred over other orientations. By

contrast, in multicrystalline wafers, different orientations are formed at different areas of
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undergo multiple reflections and thereby enabl e nore
light to be trapped in the solar cells. This

w@bemoaendon al so can nake nonocrystalline waf ePGI/DB2089/047395

efficient solar cells as conpared to nulticrystalline
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na%ure to nove relative to the cha
gdidificap

dthg ginglgis¢egdichgtathe seed crystal in or der to

T gr Mfhe Qﬁ LY &b ﬁlﬂ%@ﬁvéx{l&ﬁ# ;Fl!l}ﬂlei: fn‘dﬁh@L roBé Sxf tﬁérﬁBl:é/uple to
pl ace inac rnace. ng t

mheite W) redting efvlenfeedstock theriplmd nad thbadk of am Sb@ ﬂéue mdstmk

rlngt\é@arllelsd typically a polycrystalline silicon feedstock. The system of the subject

invention may form a monocrystalline ingot such that the upper surface has a slightly

convex or planar shape. Additionally, in case of perturbation during monocrystalline ingot

production according to the subject invention, if grain boundaries are formed, the grain

size will be larger than multicrystalline ingots produced by conventional processes.

The subject invention also provides a method for producing a monocrystalline

ingot. The method of the subject invention includes the steps of: providing a furnace
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relative to the crucible in order to control radiant
heat | osses. Optionally, insulation can be provided

waedenosoheat exchanger bl ock, such insul ati onPEl/E82009/047395

bei ng configured to nove up’ and down. The heat
exchanger of the subject invention is operable in a
plurality of stages to control a rate of nelting of
the seed crystal in the crucible. In one stage, a gas
is forced into the heat exchanger to prevent
substantially conplete nelting of the seed crystal. In
SNl (Sired6te nfonbéPMa1Bhe dgrbﬁthg@%lﬂealdnEl%oh&iﬁ&ati%ﬁcﬂ]ﬁﬁkgged
is Increased to pronote directional solidification off
tipgle supifleet 8 desired poopeiic shaprecogipitingy vagle sred siypjpleapd feedstock
fn@t\éﬁﬂ% QHea‘FE(yne of Eﬁe%{naéenﬁéaﬂﬂga@ a‘?[e‘agga Rla}‘l%&%ﬁ aRUPLE
to nonit ting of the feeds erl and

$t@1bamllcompleteﬂbemsleegithe T¢¢éstf>(éferd§€r@é Romanakip gic qustlble operating
é %&%1% g%h%é 1?%%8}1&[9&% & 11#%/ lilessleizci ﬁg&alfagc? Hl%tfge%lﬁocleggterlal and
pronidogynstvable nmelauasrgmdelsthe brutihztand hethel mmmCe sueh fileec hel@slation

| ightl h . i ti Iy, .. .
B B ST BB B R R s i
privgdelamberin aﬁléﬂfoqmb’tgoté dlr&dﬁenaﬂ it defectatibmRE Hels @, crjfsfal and form
i%rain boundar.i es t he raln size W |

sryarcy AN neql %{;ﬁ/@?‘gw Pﬂ‘@e ?‘1’?@% @V%HHB’&I H@é&lrg’g‘?r indiGde the

QonyaRdHieRRd the hﬁﬁ&?%@&he fdafo8URiedl. i nvention al so
provides a nethod for producing a monocrystalline

i ngotIn oMyfaliGRet B¢appe inadusghjnirihe hepy exAhRREST forf¥eY§aes

§d%§ta§da99 %orﬁ;lﬁlete E’Heﬁ’ciﬂgq}f% sted &&s@a@cﬁ&ﬁ{éf g Roft (Re Qis%{ml{%
nonocrystalline growh by directional solidification;

Irfapeichgnger @ g Insregsaddd blogost digcigog] sobidiligemmetirthesesh arpretal-
TR 01038 R0l SO B UL ARHRARG po o
$0éd£ftcaqmrt| ally melting the seed crystal, and

oL Bl al i TENADR S0 S GRdS RSl TR gf%urcmtgcaorggn%gga%ne
tihe@nredot bsegul Gbr Iﬂlbevsleﬁdap@nwlbﬂd T&ﬁdndtmﬂ ifichetds theciceps of:

nat rial; and ovi di ng novabl e i ulatio der. the
G st ol B R Oy Pt Sorah P g el

s&ldﬁmﬁdngylﬁaﬂ b BrubilercBh@RehgQrsed i@ dnd QliconT@ddstdk AR@rial in
sol i difying t%e nol ten sil | con relative to the chanber

# heap ot ths fynesspcatiog #ndct feat aprtialhy mglfipg haseedfrste apthe
&ﬁl‘?ﬁjet@lgf Yl idndeds@ehiaREamRRAmEY ft tﬁ(lz bﬂuaﬁlel &Qz@a&mg Ilﬂgat

nmet'hod™ of the subject invention may further i ncl

pybangerlp cotrokdsineadingry terreeheysialngd de f@eﬁétocfke@@tgmaé bk
ﬁﬁ%@{?&%ta ab The ﬂ\h(pfﬁg bk 'e)(?dillang%r Qtaascoﬁfril(glleg?até Nhé 99%&1%% rh&tagle

EXC anger to prevent
insulation in the furnace, the insulation configured to be raised or lowered for cooling and

solidifying the seed crystal in order to form the monocrystalline silicon ingot. Like the
system of the subject invention, the insulation can be raised or lowered relative to the
chamber to promote directional solidification off the seed crystal.

In operation, a gas introduced into the heat exchanger can be controlled by
feedback obtained by monitoring melting of the feedstock material and the seed crystal or
from the thermocouple positioned inside the heat exchanger near the bottom of the

crucible. In response to the feedback, a gas flow into the heat exchanger is increased, thus
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substantially conplete nelting of the seed crystal.
Further, the flow of the gas into the heat exchanger

w@anobes7dficr eased to pronote directional soli dPET/TUS100D0M7395

off the seed crystal. The Meat exchanger is operable

in a plurality of stages of nonocrystalline growth and
solidification. The subject invention also provides a

nmet hod for producing a nonocrystalline silicon ingot
useful for photovoltaic applications. The nethod

i ncludes the steps of: providing a furnace configured
nBre iR CexFRARE fb[y/ $tteHehd RBAEQWOPrdiYordl ik @EbAP B dification off
solidification; placing a crucible containing a seed
teyesdarysahd silicon feedstock material in a heat zone

of t hgfdUNaR: aslﬁgég !J.I{-(‘lgld g@g of tﬁ@sﬁﬁa{e@ﬁh@énﬁbﬁ %‘/11[@&!051'11@ thore

the seed crystal, and conpl ing t eedst ock
ryadibrappdre dronathe édlowmgtdtecrmnqmofdhepre@ped embetgmenthi@kg¢n in

n the nelting of the seed crystal
@35@ gh Bt tg‘s(Ehoa“}uggn1att eri al

tock by introducing a gas into
t he heat exchanger at a controlled rate; and providing

cont i gar ed to BT AMSS B REEH: PBRVESE Rg' and
sol i dsb yHan@odehRills@ BCtheE hiry &t \alhlch the Quitgkex intvention rapjbdrtla&ls will
crystalli il I ke the t he

ine silicon in syste
E"E‘:‘E}fyé’é‘fiefﬁtﬁ(t‘lelilﬂvt orfrakepd pigd t’tP%a“é‘ét‘?“B%ogtE? %‘l[?péFCb‘PVenuon
WM& 8Rliue ek SdrinéBtation, hRgerfdd @MPBEdintefts HeRTP WAl BH de8Gibe® NAdetail
solidification off the seed crystal. In operation, a

bpaein below o thcrelgrengg (9 cetvan Hewes a%esdager can be

cont righl £ R¥osk SEABRA K HRRLAL BEF oBY afiRRbAREHIRGHXRLE fuRGice
of the feedstock material and the seed crystal or from

hdvengtdveetanse burphapedhayéible ypddl Ihngeriaing Nenprsgstallined hgatgaeeording
edat{dr%t?gﬁelpéﬁtetr%hﬁent &%hé%u"dlfeﬁt% enul)ﬁ‘ if %ERH D€ ufsﬁ?la&&h

a gas ow into exchanger
pmeildeda@etctlostchwiﬁgunawsl ng heat extract| on by the heat

te Eghgﬂggeﬁ is a cr(%s sectuﬂl];ﬁ sc‘::ile é \Illgﬁ%f theS l rlgg ! folf %ﬁE llourl] w%{c]h the

adanamﬂag;eSs plfmtlétemsugen@ﬂty Opﬂhl edtfigontiva;| | becorre m)r e

r eadi ent frontt e foll ow desc tio

o o B S B a S KRB By ihes Rt MG 1
ﬁt@maﬂﬁgof B&E&@E&Q@&TI ON OF THE DRAW NGS So that

those skilled in the art to whi
i nvenfiPofP Bgars é?%lenwthenta%%lwﬁwf ﬁﬁ@e%tép%ﬁf& TG4 giter the

oRke 1£§ﬁgltéhs§1dttﬁéemémzﬁ Rad _adsdeyidga safe; t he subj ect
I nventi on
IFIG. 3C is a cross-sectional schematic view of the heat zone of FIG. 3B during an

initial growth phase of a monocrystalline ingot;

IFIG. 3D is a cross-sectional schematic view of the heat zone of FIG. 3C during a
second growth phase of the monocrystalline ingot;

IFIG. 3E is a cross-sectional schematic view of the heat zone of FIG. 3B during a
final growth and solidification phase of the monocrystalline ingot;

FIGS. 4A to 4E are cross-sectional schematic views of a heat zone of a directional
solidification furnace having a conical-shaped crucible, during various stages of loading,
melting, and growth according to a second preferred embodiment of the subject invention,

where the various stages depicted in FIGS. 4A-4EF correspond to those depicted in FIGS.
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wi t hout undue experinmentation, preferred enbodi nents
thereof will be described in detail herein below wth

WO edienestee to certain figures, wherein: FIG 1P¢BHUS2009/047395

cross-sectional schematic Vew of a directiona
solidification furnace having a rectangul ar- shaped
cruci bl e useful for preparing nonocrystalline ingots
according to a first preferred enbodi ment of the

subj ect invention, in which side insulation is

provided in a closed configuration; FIG 2 is a
SABBSregRelivednal schematic view of the furnace of FIG

1 in which the side insulation is provided in a o
gene G y51§) Epeﬁ»E e ﬁqopsgqyptgmabfﬁhemqtgwqgvp\ of g hgat zone of a directional
&)ﬁi‘aff&ét?&l%f'ngaﬁlavﬁlg Q%%Eélghﬁﬂeg Wu@ifble?inhﬁﬁ&h %&Jh%s&fhdi‘hg §upport
furnace of FIG 17after |loading of a seed and a

ghatugels pRivided 3B hattom o thessuatde far eddeld sedtemkinicgrity jandvoof

L e A0S PP AIE B 30T o

third predered smbeditniennd thessobjecratveatian, ehesfthet was olveadgez dapeted in

Ao ekl e s gl P S LB REE R ona

schemaGR oA tetk £t cloheseb@dial shéatiofvidwsGf a Béatdoiid dTg dectional

second. growt h phase of th nocrystalline ipgot; FlIG
%T?:‘d}f’sca%o Pyace hagiog adapgredsasns W@Y%W@W %?Fg t”ﬁ@ %ﬂfé‘ﬁ’[‘ for
ZRienoQhe feb@in pIBeduiirind JarPouk kA @ds o IRAWNE, B&Eng, and growth according
solidification phase of the nonocrystalline ingot;

wladgurtiypreieged Embadement g5 %e seect Bnentios cHate Fari e Hisest

Geplt@alin FR9E oAl srac el gl kOMdle RPicledif FERL BANE HLNRGR1y; and

havi ng a coni cal - shaped cruci ble, during various

st agddGof7A ati arg cropreseciiongl scherdatigrvesmsiof abea reeny atdgreeiional
o . . ; e ; L an.

b R L e R S

sounresposedd tnopladeois evhilehpi atreghonding-Hu@EBo1B AxBRire is provided at a

lg()%ﬁ)%eocft tlllfy cerlllc}{l;)le lf:Ar%?dedSSﬁuétora ilrzltegltite a%crl Po}%hégﬁflé hoers}lF how, during
schenhatic views O a eafl Z0n gf a I Tectrona

saondithdes at loadingd, uiehigeandaydwng ascoedinyd ©al sisihppegred embodiment

cruci ble, in which a corresponding s tructure
BB T A 5, TSRS FREE ST bIng Sy s Eemespond to
@bldtiebidtedlin FIISSIRIFY redpidiivedy.control the heat flow,
during various stages of |oading, nelting, and growth

according to a third preferred enbodi ment of the
subj ect i nvepiiran.EIVEKSERIMGOXEDT PHE 18V/R8GSONEPI Ct ed

‘N Preferred embodiments of the subject invention are described below with reference
to the accompanying drawings, in which like reference numerals represent the same or
similar elements.

The subject invention relates to systems and methods of growing monocrystalline
materials. While the description herein discusses production of monocrystalline silicon,
the techniques and methods described herein are not limited to the production of
monocrystalline silicon or silicon only. A number of monocrystalline materials can be
produced using the method of the subject invention such as semiconductor crystals (for

example, Ge, GaAs, etc.), oxides (for example, sapphire, YAG, ALON), and fluorides (for
example, Mgl,, Cal?,), etc.
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FI GS. 5A-5E correspond to those depicted in FIGS.
3A-3E, respectively; FIGS. 6A to 6E are

w@easmesexti onal schematic views of a heat zoneCDIIST09/047395

directional solidificationlfurnace having a

t aper ed-shaped crucible with a seed well portion for
securing the seed in place, during various stages of

| oadi ng, nelting, and growth according to a fourth
preferred enbodi nent of the subject invention, where

the various stages depicted in FIGS. 6A-6E correspond

t o t hagRnAGRIE t®&niMlerbihEprode donoérfRNBLL hM8fidls su@R s silicon

FIGS. 7TA to 7E are cross-secti onal schematic vi ews of
genpaly eppiae ragfanghegt exaaetionn dihe systeintanglingashadam thegppigeténvention

%\Heﬁhgedato ﬁﬂﬁéeergo&l&g@t?ﬁggg Gis Pﬁloﬂqufllﬂg ﬂle%ﬁ@gwﬂ@l sl)hdlﬁcatlon

pOI‘tIOI’] for securin n p ace,
protese ypoediicn g PHApg @ultstagtmllyot/lmoet grain ;bpumlad@sd watle malntalmng

tt f u nt
Bgz ?tniag% 1{1%5? Fl%(% ﬁlg?él% 1{ tﬁ‘éj nglgtpll ngslé\i(é\v?lerr uaht% lgsg Sptex?we
feeahs@bchg Funtrek tin mjg oﬁp‘ﬁﬂtugmow dlurmg mmndcmgalhme mgmpxdducuon
%) rd gﬁn@cg Vnt fabuge efnveegh be
ey Sy Jes &Y SN RIE TS YR E %%’?"rnesézﬁcYHH
lafpet aSapaep t@@ﬁlﬁcﬂyﬂalﬁhéﬁgot@:ﬁre@ﬁed bﬁ&ﬁﬁéﬁtioﬁﬁlp}locesses In order
DETAI LED DES I PTION OF THE | NVENTI ON Preferr
ersyarHent £ flﬁéu@E‘lefé"d?{‘tl‘?nrﬁf%fﬁrtap]dhls%ﬂaélea%§‘8‘P ?%‘é‘iﬁ‘s of

aslroMedmehtexiedRh engR-chOled R SCEMIBALNI i REIAbRWNTGSred kdbe
which |i ke reference nunerals represent the sane or

BP¥d rglptivg (@ gemele crpiingd il et dirsgiéenal s dilisiandyrmecs

§J)6§t5ﬁ[5‘1"lr @@Qs 1{5? Eonﬁgﬁrb(ﬂfle Qﬁl@‘l\ﬂq{ﬁg iERQEr Yﬁés@tulld Slfer modifications
materi a | e the description herein di scusses

@frtb@@iéqcrlml sﬁhdﬁ@angfteaﬂ ¢ap he used|to achieve givavth elcmerioguieglline
%th E EJ&H q§ Slﬁg(ﬁlc rﬁ&&@blp ﬁfe%(ghlf?er ec‘lfgg&onhf ﬂl&lﬁ?&tfoﬁ I}#J&gis can be

pro uction of nonocrys Ine silicon or si
msech mmeduceﬂargﬂawak; rsyrsblaingotsl en fhetogder af abogall) dnetopn@“d tee dbout
J.ect 1 nv

sem C%dtl%n or s uare F gre{ rre 31zes re%ter%ﬁ]aé;agg%g‘;lg\scm gpae gross
@xtiaefor £o‘lﬁrcel$xpmipdlt®ns SMp@defrmeaﬂ'ﬁ@ana@\ls@f@cas @nkk solid-liquid

LA 88 0 SRRy JE B ey S A Sty

WRh&H kedldgalsueR. as silicon general ly enpl oy radi ant
heat extraction. The system and nethod of the subject

| rverGomi R N5 ubid dMeatosh B atica o BHEE YEBT FHe used to

ARGQL Seeltitig ﬁﬁ’(ﬂbﬁ)bﬁb@g:r}sﬁ@ gl@bv'ﬂ?l‘ﬁta' dﬁ@&ionﬂ%'ohg}ﬂﬁtdtﬁ)ﬁ kRBss, as
process to produce a product substantially without

dasaried ogiaierrdetad] deggibpdbadery . nPrgfepabhyy directional solidification is

controlled so as to grow an ingot while maintaining a monocrystalline structure and
minimizing conditions that may cause the solid-liquid interface to undergo nucleation of
spurious grains.

Referring to FIG. 1, a system for producing monocrystalline ingots preferably
includes a furnace 10 defining a chamber, where the furnace is configured to promote
directional solidification inside the chamber. A single seed crystal 20 preferably is placed
in a crucible 50 positioned in a heat zone (also referred to herein as a "hot zone") of the
furnace 10. A gas-cooled heat exchanger 200, for example, a helium-cooled heat

exchanger, is arranged at approximately the bottom of the crucible 50, thereby acting a
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| ow cost, large ingot sizes, high yield, and the
ability to use lower quality, |ess expensive

wo eadsovek. Further, in case of perturbation deCT/mg009/047395

nonocrystal |l i ne i ngot proddtti on according to the

subj ect invention, if grain boundaries are forned, the
grain size will be larger as conpared to

mul ticrystalline ingots prepared by conventiona
processes. In order to achieve these results, the

subj ect invention preferably uses at |east two sources
Qf1d GRRE bR lHeRELdM@AAIRMfali AGY, iIRRad B HBR-6ORH RSk Qﬁﬂﬁnger a heat
exchanger and insul ation conflgured to be noved
pehangeyBatipwaiererdigridlceoledpandiengetl wi t hin a directi onal

S_O| ' dﬁfe cﬁﬁhﬂl@ﬁf inldrtﬁ@s“egd %E%&ééat\blﬁhﬁ Mle ‘Qflﬂ’n?c% 109 Joﬁtalned in the
di sturb the so [Tquird interface. These and oth

ehodibe ds:ﬁn‘ixbln@noﬁtetnbre)f therfempieolfaivhgo Ithec¢hambeaipre<ﬁ@1ably is a water-
AP % R Im e? &ﬁlCH& g(?ntltoﬁe gtﬁllo re% L9 % %talned A rectan 1ar—
NONOCTys e ma erla as silfcon. “Preferab y
$Hapedmmtiilﬂe éfdh @nbe dliadﬂh\ajlth smledwbcki% at tlongepfoocemplcan be

]g(agcg¥sttaglfrfe§§%§§ ?efl 1 feg%% e3éAS) thE?:]P %sg{]%%bgbgrgaﬁigecﬁ to be heated

)déit&fﬂi@ﬁ@f—: heartmg qleﬁfeﬁt) SOV xich widhf (R fugxtheS1E eMelgng at ¢ fdediddrk 90
e cross section for solar

%rﬁ F%beyd{" F‘B}’i@ lecbﬁgré%‘%}%tfng hreRey tOp‘P%\?‘Fal?aS%‘?Pthﬁ?f% clsmeph), and

ﬁl@itﬁadk bi @&lkedd RORTefcRG e BY cdiBroR@h b @VIRAy Whdugh tR!He@Wxti8ger
gromm of larger, heavier ingots substantially w thout

s iPafamrblyt hepever i s heting cleBientRY isieaylaiet s¢ fvespmplatclyanelt
983:.890lem, hirab o §1§/ GRRARGEMeE AR &1 WS RHild Qb@GRHaBY Svoiding

seeding and pronofe crystal gromh in a directiona
@Emﬂﬁﬁﬁmb@gpﬁwegﬁé@@ss as described in greater det ai

descr 1? t}gecﬁt\ﬂck 54 ﬁfn%h%fl) %Hd hdLdef Sh I1 fR ?elast \Bal’tlall?/ melted the

SO|I ication 1s controlled so as
i bEgavalrnt g the Imgt acchmgelc?t()jbsst ableased t(Bmmatetamd euswmdgrowth

K‘I‘ter sn‘lifz meng%rowﬁld% r{hgrnss(’)hglg at10 1§/ ac%1e ¢ F}; hehr‘E’é)tlhe crucfbfetgoqay

ea
Qﬁ&ﬁnymmgmmﬁgEMﬁhﬂkmﬂamsysnﬁmmhﬂﬁmmﬁBﬁumwm@tmnnmﬂmmn14

nocrystal | i ngot s r I n¢l udes furpace .
OGS pbl Shshae CHErE Eralinu Rartelet P iPutne
in otp rAOHBEh@niSkh Tf&ﬁ'rh(brﬂtﬂﬂhg &e hﬂeﬂbick%@iﬂe%bdbtﬂ@d gtemiy@so be
nber. A single seed crystal 20 Ereferably i's placed

PfﬁVlée%Wd]&‘? sgptgmg@mb 8% prlobe]%rdherﬁlo%loqg dRotABeE( AN (glger means
mrlfl af a&to dh%é e MAScr§stalRL 1n%& Refom&, tHehﬁ%oft lealf/‘ A6Rin8 the

A gas- cool ed heat exchan er 2 for exa

Fenace R @r@anefcbew@awecbtf@@nm@g@ﬂ copkwigffin ﬁlﬁ?@wlb&t 30 el
R R e e A
inmgttiead Waiile thegabjed amleadoneiditbe ek ehberhmiow a thmatof the formation
and growth of monocrystalline silicon, the subject invention is not limited to the
production of silicon, nor to the exemplary operating parameters described herein.
Referring to FIGS. 1 and 2, to produce a monocrystalline ingot according to the
subject invention, the furnace 10 should be capable of carrying out directional
solidification processes. In a preferred embodiment, the furnace 10 has a cylindrical or

square heat zone 12 defined by the area located inside of insulation 14 provided within the

furnace 10. The heat zone 12 also includes the crucible 50, and optionally a retainer 70,
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exchanger that is water or liquid cooled can be used.
The cruci ble 50 and the seed 20 received within the

w0 naes0l0 are contained in the chanber defi nedI/Dy20891047395

interior of the furnace 10,12where the chanber
preferably is a watercool ed chanber in which a
control | ed at nosphere can be mai ntained. A

rect angul arshaped cruci bl e 50a can be | oaded with a
feedstock 90 or charge, for exanple, polycrystalline
silicon feedstock (see FIG 3A). The feedstock 90 is

RhicANgRL el 6n PReANERNLEhePYoat 29 HATHNIIEANE 81U MG @LEHIBHY in the
80 fixed within the furnace 10. Melting of the

hespgge dk Thocrpeible 8P a#71 Be hadeob apar|or sidicsh yoreaguplatans gan be
Eﬂﬁdl@%‘gﬁf gheﬁe Eﬁl@e(ﬁtan& %@ﬁl al%am%khtggtoﬁr%{&a&% o@ﬁfé ingot

el he seed s "det’erm ned by contro

gus sdlldolwation. olighetiner Hgat texeanduns2bbdck 2 efpmaébmy made of

é;gh power to the heating elenment 80 is regulated so as
conpletely nmelt the feedstock 90, and to only

par t i Blelggs-oalldd Itehlﬂexslﬁmger%() pmfﬁr:ibéy supsh@din @b fuynace 10 such

vai di ng co ete t th
FughieBte 8 Rl tvie 16 8500 heated i S0 i ne
par tdnallR yTl'BE‘lhdaE&.chzhiger b 5qhefgasly it w the hbue aichanger
%ﬁfhan % is i.ncreased to initjiate and sustain
aAf‘tt gqst %Bﬁrfui)rb(i)féﬁq he&[, W&ngerf tlshlgFelved within a recess of the
§Q{@Qh&g&ﬂh&gﬂ5ls achi eved by cooling the crucible 50
by gradually i ncreasing radi ant heat |osses. This is

achi dbadrtgy 1iinaragdedmdong g gides |06Wefummlatan%pttoaalimaced

foYe hMl& unferSi c"'i‘§01l§19t50 tchIfjthﬁtth’é' ﬁ%mﬁﬁﬁm%@ llé &I)nh rEd QolHeQalsed
Interface of the growng ingot. A mechanism for

mmrﬂ@frqrﬁﬂgretahee trehe diacikle 9. Forexfeplddhopkulg®nngyaminglyde side
19&091"1'6%3? bJ)tEbrﬁ ngul ¥0§1t %”%vhéf&‘ﬁ@ SRR affd RO ingtflatioln r?re

ernncoup or other neans known t he
emﬂﬁgurah mdoetﬂwedmgommy st atei’naneely mgtobe mgvekloepaedely thdesired. The
ur nac

%e%gfg%:lﬁag%%r blo EBQCS &o?fgraé el u %13% arlthOél %lprovg%\é dtlrectszfadj algen(ii to and

uelehibd hedt e;fc(hﬁlligeﬂgloék m mhelreylsd iabdldtioa 36 msg@hﬁglﬁrecatlosbe moved up
rovi ded bj i nve ntiqn. Wile, t e

R i 11 BES o TR TBlsh s P siined e o ents.

f or matiGonswg tlil’f&wt An0f2 mznﬁ@w&bl@lsb lvﬁﬁh Bd inkQdn 1uhea
subject invention is not limted t producti on of

%finle]iagb losedpnligyratioe. aagd dilfp Zitlystafse Fl}ftl}lfﬁlbmﬁ%rlék}’e% gmerally open
gﬁﬂa@&g AR RInBuy, %i‘ih%%'u{‘gld 0 kb %latlolﬁj?)dprg\ud&lcbeneath the

uce a rmnocrysta i ne |ngot accordin

gﬂ&bf)@bfengﬁrrh)@qkt%dws bgeandvad peaerong ths rheﬁt}le&gweg% AlssbPe of
carr y]blﬁglg%lé&t uﬂ'aﬁ& ﬁlteitﬁlg @1“ the feedstock 90, the configuration shown in FIG. 1

(closed insulation) is used so that heat losses during this stage are minimized. During the
growth stage, the insulation is gradually opened to increase the radiant heat losses to the
water-cooled chamber, eventually resulting in the configuration of the insulation shown in
IFIG. 2.

The crucible 50 useful in the furnace 10 of the subject application will now be
described in greater detail. According to the subject invention, the crucible 50 may have a
number of different geometric configurations. In one embodiment, the crucible 50a has a

rectangular shape as shown in FIG. 3A. In other embodiments, a crucible 50b has a
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solidification processes. In a preferred enbodi nent,
the furnace 10 has a cylindrical or square heat zone

wda2o1debi7oed by the area | ocated inside of i nsuPEr/Usw0Le47395

provided within the furnac4310. The heat zone 12 al so
i ncludes the crucible 50, and optionally a retainer
70, which is placed on a heat exchanger bl ock 25 and
configured to hold the crucible 50 in the heat zone
12. The cruci ble 50 can be nade of quartz or silica,
for exanple, and can be cylindrical or square shaped,

&{hﬂcapﬂlfapém%h&\yn mGRes £ oat £d h el RboGaeK | aNGucHile 50c has
the ingot after solidification.” The retai ner 70 and

1 Heerpdaapesschariy 8y FgS otk aph7 Ay bhechppaof dpcecryailele S@fs selected
&{S@(pgﬂ 4 §e31rg-chl€ea9@1§tnﬁl§’cﬁ)ln§ e Q’&hef‘e)ﬁg ﬁ?%tﬁ&lnt%p?lg RREIHR! 2 Qéﬁ{

i's nounted 1 n the furn suc
e ostitivatethy swéase ef e topipatt of thsgarcible W inleedeato fresest complete
n ) n t

AL Skt OB ShRMD Ll By BBy FE 0Pt B O e
ekt hflageed P0@mestrs khdvrain FdG. 1 é(a‘SBkaraplp oAtternativefy, thherucible
heat chan
HeRre BN RSP St st MG e bRy LSEFSTnaeabiton
alrimaghd digst s Igﬂﬁ&h pﬂ‘océsh &et,krgnat@s. i\ aad gpt i onal |y
pl aced aboy nder the crucible 50, such
Phe §eRattie ) T e e g B bt e te
fcoNRIcRY0 hed @b |sﬂ'1@orf Rgdthemfet Urd dok B Bfdet oRfactONBRE Quart, NBlica,
i nsul ation 14 can include side insulation 16 an .
totles material gtahg @veitlg S0whsy @atingerragegealyridn e picdite substantially
Hidgdht LR @ife SROLEQYE Atk L QiR IBY efhelBSE Bﬁ&ble% is then
alternatively, can be noved separately as desired. The
leadad vashohaprysrystellioe kiligon ysedfk rpsﬂé@rgbly cIprsEnAtels (e Apilon

| I t .
A N e A R e
monthe Gunaed 10,¢hdi@rmoy Bimeypbeaavdcwdadnand beit stndwapplied Bl GS.
&ng 1he kgéulatlon 35 is not required in al
WHOUT Rt FIG 1 shows the heat zone 12 and the
cr uci Adcerdd} taiah bBxeintpdary agbddahérn rﬁéndcfysallge giéic@d inyot can be

| osed configuration, and FIG i1 lustrat t
oG e Romese TR L JumBnss byousp Brpvemir g daat e under
Addiih | D0 hamBE iShuRMIddRwithl dmondas hitBthé PEsbuatik 6htBBed at a
prOV|ded beneat h t he heat exmg)ﬂg]%)‘al bl ock, 25 has been

TRIVIER alvaPeeehione’ (aaar asd I phieRatiyely. qipgrigaggs such as
ﬁ‘i?r@%enl'&fﬁd 80finRh{ bdeke@f Tﬁeﬂﬁesfsﬁ% %ﬁlﬁﬁlﬂe &me@:p&? the furnace 10 is
configuration shown in 1 (closed insulation) is

conggllesipyirpeitlating ghe Argpngas s@ph@cﬁg themhgmgqraé@atmges then increased
M H&rﬁ%&i unti4d fggla&bﬁ) LAY fhofit 596 tch?ls eat é:ltai tgltﬂgézﬁture to

gra ual ly opene to I ncrease the ralant osses
aahievh enelting of silicon feedstock 90. Silicon melts at 1412 °C so the furnace

temperature is maintained between about 1415 and 1550 °C. When melting starts, the
furnace temperature is gradually decreased towards 1415 °C. During the melting phase,
helium gas flow is initiated through the heat exchanger 200 as shown by the upwards
arrows in FIGS. 3B-3E; the pressure and flow of helium gas is controlled separately.
Helium preferably is used because of its high thermal conductivity and heat capacity; other
gases such as argon, nitrogen, etc. also can be used. During the melting stage, helium flow

can be about 50 to 100 SCIH at a pressure between about 5 and 20 psi. This helium flow



10

15

20

25

30

wat er - cool ed chanber, eventually resulting in the
configuration of the insulation shown in FIG 2. The

w@euoioidzes 50 useful in the furnace 10 of the sPI/E81009/047395

application will now be dedé¢ribed in greater detail.
According to the subject invention, the crucible 50
may have a nunber of different geonetric
configurations. In one enbodi nent, the crucible 50a
has a rectangul ar shape as shown in FIG 3A In other
enbodi nents, a cruci bl e 50b has aconi cal shape as

f?,l?@ié\f@vénﬂcd:ﬂl e nfbRin@ e (1B Aeed! dBysk@L0. O REThENBPRLSYRBLISed £hd

crucible 5 has a tapered shape as shown in FIGS. 6A

aalkpaginof ﬂrrmeeé RApeigyrd thedelyr Epw|tarosgh the hepepxsbnggr saded
d@all kerag‘eq t(l;] Bt éFIPH) r&ﬂot@ R)f\x}tlll &6 sﬂmﬁ QQMe Itngl?ed back

otto of the crucﬁ% le is Kept cooler relative to
sud fosel 20f the top part of the crucible 50 |n order to

pr evelp s d&s ﬂ?fe% fhidl llztelsglg%o%g H‘Séﬁl 113§ 8% gtpfe th CF @ﬁb m8vement

various contigurations e crucil used
ol thhcracibleat) aseed hpdtiag elvebt 8s /shovdult en:ccﬁ’dﬁg td.l;hefs;letem and
ex I A te nat|vel
GBI Es Skl PRGHEE Mot iR RofelB i RO E s p e
auyiBleal ahdithp @satfrng eRndhir SONGitHeh Bak My $ing thegh@lh SEit@ess

see, . 0., GS. 6A and 7A). uci bl e o
‘éf“g%ﬂe E‘BE&;IPSF@ (OB 2team EnAY ?]P‘WP g E%h 2fﬁ>y ihe aﬂ@wé?g PLNREFVEY
F6mtieeat i Endne@ bRk, ROuRDE hrbfoIdifk& Rl sﬂg&hcfftl@ﬁ ARE the
are not in direct contact with the quartz lica, or

braheychapgeedl0dps benuped fer sgeding @dal)owthwémwh% P%@Hp?fdhfe%fgmble

ﬁﬁ%ﬁa%ﬂﬂmﬂ%xﬂﬁ%@nkﬁt%HQﬁ&ﬁ&&b?&L%n&k@%@ﬂJa&&éﬂ%bﬁﬁcﬁLMmr
the silicon ingot after solidification. The coated

cruci Fsﬁf@’rlsm Gt harduring o edding slage theonaneesysielding soaé 20 is loaded
@'td th& Pelgtaﬁ sﬁ%&ed Qﬁ%fb?er 5"'bg| 11 b&e?eeml&%hgﬁgc%lﬁeédgtgck 90. In this

otton1ce Ccruci the seed
gageeasstiown tﬂFléh Litcomsdlgmd It acin a@Onerdiyt @osed qmiiugmgtwmtﬂle

é}eag{lg %igrﬁelbg() é%drg alnt&gm—i];)thJ tl%eﬁfc edﬁ %E % Ys Q]e BuR ?ﬂgg%dwﬁﬂe a flow of
A aabakibge hat amhmgemﬂoaf mum@odl rrent a

nmonocr yst.al | i e dinthe

TonoGE ALl Bt hoal o BOShsR Rk R et o
{260 Derou bl e hb’é;!‘é%lﬁhge@ Q@b folpeeveNanbREd b@stb@c)lﬁdrﬂ tbletely

wi th argon gas_and the Eressure is contralled

Bishiae alfong DS HET e meRBe 6Nk OUTe oot Grs 20 can

ﬁé ﬁl@ﬁlﬂﬁéd' \f%k é’xarr@ieh g quag@srsép@y@& tﬁém@b&uﬁﬁﬂﬁﬂ b@&?p&ﬁhﬂouﬁe
be used The pressure W th nber o

me periadicatly.j As @elﬁtlg ol th@&ewocw@ ahdthesgrdtNerearesen. yas
t%H}BBJa{u?Qnglee &1@ ?urﬁe&@'f@ & gradﬂgﬁ’}; feﬁtgceh.s V&tﬂéﬁ‘ 9 résﬁﬁf fs%%ﬁlgged such

that all of the silicon feedstock 90 has melted with at least some meltback of the seed
crystal 20, helium flow through the heat exchanger 200 can be increased gradually to stop
the meltback and promote growth of the ingot. According to the subject invention, a
temperature of the furnace 10 preferably is maintained just above the melting point of the
material to be produced in order to promote controlled directional solidification for
essentially all of the feedstock 90. In another embodiment, the heat exchanger 200 and the
crucible 50a containing the feedstock 90 can be lowered at a controlled rate in addition to

moving of the insulation 14 discussed above. Also, in certain embodiments, the
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and continued until the furnace 10 reaches about 1500
OC and is held at that tenperature to achieve nelting

wokoisidi7edpn feedstock 90. Silicon nelts at 1412CDCSH09/047395

the furnace tenperature is1fmintai ned between about
1415 and 1550 0C. Wen nelting starts, the furnace
tenperature is gradually decreased towards 1415 OC.
During the nelting phase, heliumgas flowis initiated
t hrough the heat exchanger 200 as shown by the upwards
arrows in FIGS. 3B-3E, the pressure and flow of helium
Hafatich BRAE POPILQH uRER WA Kehaiedribiidk P @h®TodREM tb Sromote
used because of its high thermal conductivity and heat
rdiphed hopt logehand cgbaee g9wéh as argon, nitrogen, etc.

al so ganoBf ivsed SE,QﬂBétMa%%&)n@été LdHith@SPor bk 90 is
flow can be about 50 to 1 SCFH at a pressure between
ahued By lawdrimOheg emperfirginkide thgfyrhdagvigo fust Yetaawidamelting point

FEPPLALTPLLIR, ) 41 SERALELA 0 AR e

dlitiinavidng preddved,ithenefpowutehs edgded thepphedhatelydhEhYer This is
b [y i . d..to. t .500, SCEH.t
B0 s P R PR P PR S BETER Q. »

cdny st @llidAQuidlifitetfsce deschicadd dirihg grawih of themspotiystillsne silicon
nucl eation during th romh due to novenent of the
‘é‘ﬁ?ntclilﬁltbé thgdeairgic aﬂ%erﬁg(gtafl‘ﬁ gnelp et ergpth thachipvpiggoyer nearly

6 el bBgbnh QurtaBeorsiSIngsn 1300 AB fbah1af sAlib it 86 besulting
invention, the insulation 14 is configured to be noved

ngptakl )y g cotled withje thsheatgoneand t he heating el ement

80, ] rﬁt}b .eéfA—thE%ﬂa dir(ps\!—is&gioﬁh %CI‘E:FIMG& pi'e@s élothé Hi?e%tifmal solidification
Radi ati ve heat | osses, for exanple, as shown in FIG 2

hynachendanensgrysaling giomtth prgccanbayiferatonichleshheedtcruskdhivger
bl , ' i o
oc L(ﬁ'[ § 5A5E ali3 51% c%% tsjrgléec(l?lﬁ}?atl @chg{nréﬁcc %b\%@fIZaO%reﬁ%OSnalb cen

sol i I'cation after eat exchanger

wdiddichigm fgmedi and namdcrgstdimdgraethgsecessimving tatcomrafshdplee
cruci referred embodi ment, .t he. chanmber of
G bR s, o f Bl RLAER SERR lfERis oot ORsRURT RS prPlgeo
&tlaGott3A of theciuethles(bodtt Bgppsit a@eturt Hea iIRPodiCanys hisdvk itieeheat

seed 20 .is J.oaded into the rectangul ar-shaped crucibl e
St iivise 8t i £ R PEp T GoRn A GerBEROgn b
&hasr 50850 &NeWad WiththScrudiblet 308 ahd@uik 7TONTHAupSord drudture 60a
%gnerally cl osed configuration. The heating el ement 80

SHams Mo viey slEIChuR integaidsiodhgysiom veule RyiHNG # gdrdigonaj means

Whivhigh Beat HOWnRK vo@snddne@ugh the heat exchanger 200 is
initiated. Reférring to FIGS. 3B to 3D, as the silicon

f eeddtlo8KODOE Beegiress-secsiona sehemiai¢ viaws glatbe flisectipnad slidification
Fu?l{agygfb r%%ﬁ)}g&%fhn@ ﬁ};op@?%%gesgggiﬁgoa t%e@é’cﬁéﬂ%péd%?uc%ﬁ@ 900 with a

cryst om co
seed well portion 55 for securing the seed 20 in place.

FIGS. 7A-7E illustrate a directional solidification furnace and monocrystalline
growth process having a tapered-shaped crucible 50c with a seed well portion 55 for
securing the seed 20 in place, in which a similar corresponding support structure 60b is
provided at a bottom of the crucible 50c for added structural integrity, after loading the
seed 20 and a charge according to an embodiment of the subject invention. Similar to the
support structure 60a, the support structure 60b is positioned above the heat exchanger

block 25, and has a shape which is designed to complement the shape of the conical-
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melting. In one enbodinent, the nelting of the
feedstock 90 and the seed crystal 20 can be nonitored.

wo-0100030Pl e, a quartz rod probe or thernbcoupPEr/vsavonet7395

di pped into the nelt periodécally. As nelting of the
feedstock 90 and the seed 20 progresses, a tenperature
inside the furnace 10 is gradually reduced. Wen a
result is achieved such that all of the silicon
feedstock 90 has nelted with at | east sone neltback of
the seed crystal 20, heliumflow through the heat

?J&?di‘&%le 200socA Mo RGe IR BOSARa BRI b1 S054naRe thiié:r 70.
t back and pronote growh of the ingot. According to

t he stiHjosgh the sehaert inypntiog haebgsa descriped voth respscip preieed 10
@rﬁl?d(d?rﬁé}@ Mlokéslﬂﬁa'dQﬁ ﬁfe Qﬁqlell 'ﬂe%ﬁ dflgb%y 1a'{ejaqhﬂ%f1§n' &goraﬁélgttlons in
of the materi al be produce order §ono te
do mquorhdee@lesdnbeé@t modléllcatsmls ihdicfd wayt lpeonadeorrlthegts@mrhag frgm the
S , the
IA“QSQ% g%%gsﬂ)%g Ig%PﬁéH%?%gﬁ g%% con alnlng t he
f eedstock 90 can be |owered at a controlled rate in

addition to novi [ j i scussed
above. Also, in @g?GgFﬁﬂgﬁggg%ﬁgaﬁggkéﬁggnsuIation 35
can bﬂlemha;eedntemieﬁ‘altﬂmenne@mllamipamg@ppMaamks and omel
wer ed 't ronote radi ati ve heat sses and enhanc%
Ej’ SARCES. ci hgfﬁ‘B\/%FF hereby eEpress m%%%i‘t%\‘ﬁ]i“if%w iy theip ppifreltes by
sedrd@defication of the feedstock 90 i s achi eved by
| owering the tenperature inside the furnace 10 to just
bel ow the nelting point of the material to be
produced. In the exenplary enbodi nent descri bed
herei n, because silicon is being produced, the
tenperature is reduced to approximtely 1412 0C. This
is done as a neans to obtain the desirable
solid-liquid interface shape during growth. A convex
solid-liquid interface is achi eved during growh of
the nonocrystalline silicon ingot 110 by the heat
exchanger 200, and single crystal growh is achieved
to cover nearly the entire bottom surface of the ingot
110. After conplete solidification, the resulting
i ngot 110 may be cooled within the heat zone. FIGS.
4A- AE are cross-sectional schematic views of the
directional solidification furnace and nonocrystalline
growm h process having a coni cal -shaped cruci bl e 50b.
FI GS. 5A-5E al so are cross-sectional schematic views
of a directional solidification furnace and
nonocrystalline gromh process having a conical - shaped
cruci ble 50b. FIGS. 5A-5E also illustrate a support
structure 60a which may be provided



at a bottom of the crucible 50b. The support structure

60a i s positioned above the heat exchanger bl ock 25,
wa@edokaesoa shape which is designed to conpl enmePCT/UR®09/047395

shape of the crucible 50b 49 as to mate with the

cruci ble 50b and retainer 70. The support structure

60a functions to provide structural integrity to the

system whi |l e provi di ng an additi onal nmeans by which

heat flow may be controlled. FIGS. 6A-6E are

cross-sectional schematic views of the directiona
whaPisicBifidgGat i on furnace and nonocrystalline growth

process having a tapered-shaped crucible 50c with a

seed well portion 55 for securing the seed 20 in

pl a [
. sol %3?%%%§? Kﬁ&n&?%g%gﬂgﬁﬁﬁﬁgﬁ%%?§g§§£%%%e gr ow h

pr oce@ssblhavivivgd & ¢ Bipere dhestragiide configuict leres@ee miindle geed
my&ﬁ%ﬁdﬁ%dtm%ﬁﬁkﬁ9T 55 for securing the seed 20 in

ace, 1n a simlar correspondi ng support

st rametastroae G&Hing slememvfmd&adtl@ angd abbast pmtiaty méleéngho sdeldIceystal,

Oc ed str fter, loading the
3wy BHfHR B i St Bush iR hpt R Bt rent ot ¢ he

S u ba ieat exichabgat foogontrSiling hait ett@ictifiefral pRekcitgd, il e promote

the support structure 60b is si tj oned, above
ngé‘h?f thscapngrgatallpe diget bem thepy eﬁ%{é’a’é'ilaﬁ Jé fﬂaﬁ%‘?’f)’%@ ind 1
fee@R&IkGNRGial.ang€onpl ement t he shape of the coni cal shaped
crucible 50b so as to mate with the coni cal - shaped
cr udfukrtien somaigerhinta tmaes andeoniigureddn giove Fréatiye l) Be grucible to
preferred
R St BT RAAHR i Tt
appreci ated that changes or alterations in the
2. Seqﬁ?emﬁﬁﬁm %?élgl bl PSheRin Q{Eﬂls&hﬁ 1 ORRa LPRGREA TR, Veth?t €
ou eparting e spirit or scope of
crusiblsj ect i nvention as defined by the appended clalns.
I NCORPORATI ON BY REFERENCE The entire contents of al
patents, published patent applications and ot her
3. r ef”Elfeesmeﬁ ot ¢lhiad], heieiimthat@cibirisdydes X pétfsalfyr holding the
I orated herein in their entireties by
GDFB% Eﬁ dWniffat is claimed is: 1. A systemfor
produ0|ng a monocrystal |l ine ingot, conprising: a
uci bl e provided in a furnace, the crucjble .
4. c 0 n?liegs&ﬁt@ﬂ of glaimp b ayhgeeinthe hepg F’échélé’élfjls@?%‘?% fn %ﬂarahty of stages
uu%ﬁﬁg%Hgﬁ%fH@Rﬁgbﬁ&es@hch@éﬁﬁmﬁﬂﬁwhﬁét'ng el ement for
heating and at | east partially nelting the seed
crystal,

5. The system of claim 4, wherein in one stage, a gas flows into the heat exchanger to

prevent substantially complete melting of the seed crystal.

6. The system of claim 5, wherein in another stage, the gas flow into the heat exchanger

is increased to promote directional solidification off the seed crystal.

7. The system of claim 1, further comprising a probe or thermocouple to monitor

melting of the feedstock material and meltback of the seed crystal.



and conpletely nelting the feedstock materi al
contained in the crucible; a heat exchanger for
waeoenbwoad7’hi ng heat extraction fromthe cruci bl ePCT/HS2009/047395
order to pronote growth of 18he nonocrystalline ingot
fromthe at least partially nelted seed crystal and
the feedstock material; and insulation contained in
the furnace and configured to nove relative to the
cruci ble to pronote cooling and directional
solidification of the nmonocrystalline ingot. 2. The
8. SYSTRNAEm Gt @hifl L, whoRel @b Rclifiek A aR sl aQfdlyicHystafing Sitlc&f
| onered relative to the crucible. 3. The system of
feedqtopkm 1, wherein the crucible includes a retainer for
hol ding the crucible in the furnace. 4. The system of
claim1l, wherein the heat exchanger is operable in a
9. pl uftelsystgm of clginahedetetn bohtat exchangenis@ gof-condddthienigexolfanger.
the seed crystal in the crucible. 5 The system of
claim4, wherein in one stage, a gas flows into the
10.hedthesygdranfdnint b fprtey enbprsingsthaatexelanyer b f@tsepporting the
Cm% ting of the seed crystal. 6. The system of claimb5,
fein in another stage, the gas flow into the heat
exchanger is increased to pronote directional
solldlflcatlon o he seed crysta 7. Th
Lcl attnsysterm gf ¢lpgt Oc Wﬁ?ﬁﬁf’}nst%’d‘s‘&attﬂnd‘bcé“‘w al lﬁf’él; ﬂ!ﬁ?t@ntaad
1nsﬂ@tﬁﬁnta(i’1ran§@|utnﬂé}9heq{eattJ?;@hafn adsdcrck material and nel t back
of the seed crystal.8. The systemof claim1l, wherein
the feedstock material is a polycrystalline silicon
12. f eeﬁ%ts%igm ogclal-ﬁhﬁl %@&ﬁﬂh@gld@lnﬁhm&qs Mﬁﬁ@l{a@totrﬁ@vehﬁ Qtvertlcal
exchanger is a gas-cool ed heat exchanger . .
direpyign epatigé tocthahept axchingex legk. conpri sing a heat exchanger
bl ock for supporting the crucible. 11. The system of
claim 10, wherein the insulation includes at |east
13.si dEheisygerh at ¢leim Bnevhersuhainsdaticararangd dandm derhettvaclagdr
bloge}ﬁ% cgn r nlsgri%g(% re%aﬁw? tsohtg% ﬁ%ﬁ?&%ﬂ%‘n&e&&' %D\r/nellln \g/her ein
verti cal d| rection relative to the heat exchanger
14. Iblng ke‘,ﬂ/%%H ?glgﬁ 3%1%{?}{8%@%{3% %%Clégg%%&é% rr1e%tangu1ar conical,

or tapered shape.

15. The system of claim 1, wherein the crucible has a seed well portion for securing the

seed crystal during monocrystalline growth.

16. The system of claim 1, further comprising a support structure provided with the

crucible for controlling heat flow.

17. A method for producing a monocrystalline ingot by directional solidification,
comprising the steps of:

placing a seed crystal and feedstock material in a crucible in a furnace;

heating and at least partially melting the seed crystal, and completely melting the

feedstock material contained in the crucible;



bl ock is configured to nove relative to the heat
exchanger bl ock. 14. The systemof claim1, wherein a
W@ bapeohs t he cruci ble is one of a rectangul arPCT/US2009/047395
coni cal, or tapered shape. 145. The system of claim 1,
wherein the cruci ble has a seed well portion for
securing the seed crystal during nonocrystalline
grow h. 16. The systemof claim 1, further conprising
a support structure provided with the crucible for
controlling heat flow 17. A nethod for producing a
mJ W%faylﬁg 2hédc BRhNGPTo BMirélintRCkirR08h 1SRl thhirfidi®idtih 8Rler to
nprising the steps of: placing a seed crystal and
Pfoﬂ@éffc%t)‘&‘@ %trmmawstﬁlhn%une?tdtqnmhé at lgasy pgriiplyaedted peedicrig!
andatﬁgfe@&stécﬁ%ﬁterﬁﬁ ahd @l ly nelting the seed crystal, and
conpletely nelting the feedstock materi al contal ned in
t heprevidiog blosaidp asepiongn theHempceethie rsnigeen ¢apfiggnd foghove
f ' r e
rel358 e ARl S Rroho AP Inel wb fchir' F eB e SRR
partl ally nelted seed crystal and the feedst ock

15 o kB n 0¥ i BRNRPhErba b Tab O ko

crutibR t€ prodiodd @ret@onal wivifieattbnroghe @aakrysal. i di fi cati on of
the nonocrystalline ingot. 18. The nethod of claim 17,
wherein the insulation is raised or lowered relative

19.t O TENGRIEIRan 1 9, WHBIR IS st bESHck RN kheIRht Hlifah S iRy
off the seed cryst al. 19. The nethod of claim1

conppiseeiloying e easin Uy heéﬁféﬁla&ngﬁgo plrseii sahstagsid gnpplete melting of
thefsbiatcRRla.cONPri ses flowing a gas into the heat
exchanger to prevent substantially conplete nelting of
the seed crystal. 20. The nmethod of claim19, further

20.COMR SAM dFREEFES! fﬂﬂh £ D6 Bt r%f |n&¥‘és 31‘1’«% g%a';] AoREAL the heat,

exchanger to pronote di rec cation
exchergdr ©myghat dir@tidnal Ydiglifiatiéroa tod seed aaystall?, wherei n the

novabl e i nsul ation includes at |east side insulation

and insul ation arranged under a heat exchanger bl ock.
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22. The method of claim 21, further comprising the step of:
raising or lowering the insulation arranged under the heat exchange block to promote

directional solidification.

23. A method for producing a monocrystalline silicon ingot useful for photovoltaic
applications, comprising the steps of:

placing a seed crystal and silicon feedstock material in a crucible of a furnace;

heating and at least partially melting the seed crystal, and completely melting the
feedstock material contained in the crucible;

operating a heat exchanger to control the melting of the seed crystal and the feedstock
material by introducing a gas into the crucible at a controlled rate; and

providing movable insulation in the furnace, the insulation configured to move



directional solidification. 23. A nethod for producing
a nonocrystalline silicon ingot useful for
w@b@bovobi ai ¢ applications, conprising the stepeT/v§2009/047395
pl acing a seed crystal and28ilicon feedstock materi al
in a crucible of a furnace; heating and at | east
partially nelting the seed crystal, and conpletely
nelting the feedstock naterial contained in the
cruci bl e; operating a heat exchanger to control the
melting of the seed crystal and the feedstock materi al
reld¥e tdthE BHLGINE pRNIASifelli Shaf BRI INRIE BreBho@cGARihOInk&d
rate; and providing novable insulation in thé furnace,
the insulation configured to noverelative to the
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exovimegeris gonthydled by Bedifack pltaioetlimt inemtoohg tieking asthe fitedstodke
ng%%t exchanger is controlled by feedback obtained by
nonitoring nelting of the feedstock material. 25. The
met hod of claim 23, further conprising the step of
i ncr.easi L ow,of the gas.into the heat.exchanger
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int€thy¥ Bt kxchanger to promote directional solidification off the seed crystal,



