DI RECTI ONAL SOLI DI FI CATI ON FURNACE FOR REDUCI NG MELT CONTAM NATI ON AND
REDUCI NG WAFER CONTAM NATI ON BACKGROUND [ 001] This invention generally

rel ates twodnroassssenal solidification furnaces and, nor@cspmseodiosmbty, to
an apparatus and nethod for directing an inert gas flow into the furnace.
[002] Directional solidification furnaces are often used in the production
of nmulti-crystalline silicon ingots. Raw silicon is first |loaded into a
quartz crucible. The silicon can take the formof solid chunks, recycled
pol ysilicon, silicon dust, or a conmbi nation of them The crucible is

typically constr uctggle&TgH OﬂiDEﬁ?&R@iOEUF&ﬁﬁ%%f grial that can

wi t hst and hi gh terrpera Inert. The crucible
is typically a five-si gjg r%‘wé ‘&%ig 0X being open to the

atnosphere within the fu @éINXPM %ar ﬁ@%@ | gol s supported by graphite
support walls that add structural rigidity to the crucible. [003] After the
cruci bl e has been charged with silicon, the area surrounding the crucible

i s seal edhAdramdihe out si de anbient environnment. To aid in the separation of
the crucible fromthe outside environment, the crucible is placed within a

contai nment vessel that forns part of the furnace. The pressure within the
cont ai nnent vessel &%hen ri&digcddVveTiid cosicafr 23t e lattess pier e wi t hin

the Cont%iW%%%laﬁ§§Q£x&%&faé§£fEh furnaces and, more

specifically, to an apparatus and method for directing an

inert gas flow into the furnace.

[002] Directional solidification furnaces are
often used in the production of multi-crystalline silicon
ingots. Raw silicon is first loaded into a quartz
crucible. The silicon can take the form of solid chunks,
recycled polysilicon, silicon dust, or a combination of
them. The crucible is typically constructed of gquartz, or
another suitable material that can withstand high
temperatures while remaining essentially inert. The
crucible is typically a five-sided box, with the top of
the box being open to the atmosphere within the furnace.
The quartz crucible is supported by graphite support walls
that add structural rigidity to the crucible.

[003] After the crucible has been charged
with silicon, the area surrounding the crucible is sealed
from the outside ambient environment. To aid in the
separation of the crucible from the outside environment,
the crucible is placed within a containment vessel that
forms part of the furnace. The pressure within the
containment vessel is then reduced. The content of the
atmosphere within the containment vessel can also be

monitored and controlled.



nonitored and control |l ed.[004] The crucible and the charge are then heated
to a tenperature sufficient to nelt the silicon. After the charge has
conpl et elworreloiossssst i s cooled at a controlled rate to @&chiUuse@IAs7602
directional solidification structure. The controlled rate of cooling is
establ i shed by any conbination of reduging the amount and |ocation of heat
applied by the radiant heaters, the novenent of or the opening of a heat
vent in insulation surrounding the crucible, or the circulation of a

cool ing nedium through a cooling plate. Any of these nethods transfer heat

away fromthe surfaﬁgo@]f t he,erugi hl.e; | Iaﬁltdh%hr atc%a?ggeﬁ%@ei ng of the bottom

of the crucible is greater than that of e sides of the crucible, then a
rel ati velhedtdat ,tdhar i zomtsata tsote didf Catieon: i tsotielrm wid hs priedom nat el y

axial therpal gradients is generated. The ingot thereby soljidifies in the
Feghon CIipRgRt T (TR0 S & U GTEHe UG bIe ot TOCEbds i a
directi on-awayo fromthat & deciofedden cduedd gonahesd asii pardd o of the nelt

to solidify is generally at the top of the ingot. [005] A significant
concern sttt producthioroftral ted crafst et i o king cioh ¢sigotsished

directional solidification furnaces is the cont nat i on of the jngot with
i npuriti (ra% Ar e%ﬁ%/l%o%ln & o?% c%ncﬁgcn% nn%ﬁl}ben almgo%rp] eann%?l Cf(%aetlrrerf té%s]ur face.
Gaseous ates0ldgh Ciagd @y othotetdi contladd teard S e sentendnt hef cont ai nment

vessel enter at the nelt surface and are at |east partially absorbed by the

melt, and- éDRﬁfb]Sré%L%tq V2§ e of o ated- 1 P tHE | Tiyot O WO S dHi%di f i cati on
sonet i mes.As- & ¥ el pidiat edi CQMPOUNh of a cooling medium through a

cooling plate. Any of these methods transfer heat away
from the surface of the crucible. If the rate of cooling
of the bottom of the crucible is greater than that of the
sides of the crucible, then a relatively flat, horizontal
solidification isotherm with predominately axial thermal
gradients is generated. The ingot thereby solidifies in
the region closest to the cooler side of the crucible and
proceeds in a direction away from that side of the
crucible. The last portion of the melt to solidify is

generally at the top of the ingot.

[005] A significant concern in the production
of multi-crystalline silicon ingots in directional
solidification furnaces is the contamination of the ingot
with impurities. An entry point of contamination is often
at the melt surface. Gaseous or solid carbon or other
contaminants present in the containment vessel enter at
the melt surface and are at least partially absorbed by
the melt, and are subsequently incorporated into the ingot
upon solidification sometimes as a precipitated compound.
Some of the sources of carbon contamination are carbon
monoxide gas formed when the crucible and walls are
heated, as well as oxygen-containing compounds contacting

heated insulation and graphite or the deterioration of



Some of the sources of carbon contam nation are carbon nonoxi de gas forned
when the crucible and walls are heated, as well as oxygen-contai ni ng
conpoundswoantossssag heat ed i nsul ati on and graphite or wPrhe/usetsnsmsoati on
offriable insulation surrounding the walls and the interior of the furnace
enclosure resulting in particul ate carQon contanination. The carbon

nonoxi de gas is forned in the followng reaction: SiQ(g) + C(s) => SiC(s) +
CO(g) and @2 (g) + 2*C(s) => 2*C0(g) where the source of the gaseous Si O
can be evaporation fromthe free silicon melt surface or deconposition of

the cruciple, by l*}?sdjfffgtdr?%ﬁr%urﬁ%r@ fite t?»haijfuge?nd Qe { (rQQeH d the

oxygen may or | gi nate mair remaining in rnace or s into
t he furnacke.tlRecnposid ieomclofsute pmarltzior uci lerﬁaycuhe:ead}zﬂmtt cruci bl e

support is aI SO, an_ i nport t so rce of cardtfe(;n cont ai peCI . This
ocours by A TR orP buc § S E SN PGS B car bon

nmonoXxi de @51 CAFReN 0% e g@ld@eaut ed(dy om atye spUrcelo (eacdsgw th the
melt surface as represented by the foIIovvl ng reactions: Si(1) + COg)

Si(g) +@len Si@ry #)Cco>(g)y R shers) theCSOU[r@@GPfCé}ﬁlﬁo@aﬁﬁ@@lSpl t at es
! h
in sili C?él]lac;) Q# 5%“ Ca%epo%dcefdrfaﬁ &S &ligctFiLa f‘ﬂu@éﬁ n'léﬁé Lgfacg(:t S that

are even romt i ngot s, suc as sol ar rbon al so
cont am naijesdetdftenpscmny@l@ sdf eam erusaﬂbmrby ashantsseek oon mssaicbzs(fgact ory
ingots are often recycl ed to formnew i n%ots Conseg uently, reducing the

)

carbon cont am it i9n of%4(Fe rmene FEr EXIEETt RE Ve &FBI "Ed/t &ficRafiidn | evel s
of the recyed & Std €@ MNthe furnace or air leaks into the furnace.

Decomposition of the quartz crucible by the adjacent
crucible support is also an important source of carbon
containing species. This occurs by a reaction such as S5i0;
+ 2*C(s) => SiC(s) + CO(g) The carbon monoxide or
carbon dioxide gas (created from any source) reacts with
the melt surface as represented by the following

reactions: Si(l) + CO(g) - Si0O(g) + C or Si(l1) + COz(g) =>
2*510(g) + C.

[006] Carbon precipitates in silicon ingots
cause undesirable electrical shunts in the products that
are eventually fabricated from the ingots, such as solar
cells. Carbon also contaminates the recycle stream of
silicon, as unused or unsatisfactory ingots are often
recycled to form new ingots. Consequently, reducing the
carbon contamination of the melt decreases the carbon

contamination levels of the recycle stream.

[007] Attempts have been made to introduce an
inert gas flow in the furnace, but they have not been
completely satisfactory due to an ineffective flow path.
Accordingly, an efficient and effective apparatus and
method are needed to introduce an inert gas flow to reduce

contamination levels in the ingot.



[007] Attenpts have been made to introduce an inert gas flowin the
furnace, but they have not been conpletely satisfactory due to an

i nef f ect iwe 2blomasgsat h. Accordingly, an efficient and ef PeTtise@ompmar at us
and nethod are needed to introduce an inert gas flow to reduce

contami nation levels in the ingot. BRI Ef SUMVARY [008] In one aspect, a
directional solidification furnace conprises a crucible for holding nolten
silicon and a |id covering the crucible and form ng an encl osure over the
nolten silicon. The crucible also conprises an inlet inthe lid for
introducﬁg&ﬁﬁmgﬁMﬁggyabove the molten silicon to inhibit contam nation of
the nolten silicon. I'n another aspect, a directional solidification furnace

conprises a cruci bl r holding nolten silican and a crucible support for
supporting the crucﬁ%&g. Thé'f (FFaceLada Corpric §§O§aﬁid covering the

cruci bl e adndi €1 fricd D 018 UpPaTd cantbrfr MY Ancanel wsdr &, oves1 dihey nol ten
silicon. The furnace further conprises an inlet in the lid for introducing

i nert gast@bieve thiel ¢RI tEH ST 1 coreoe F ittty G- S edvhdt Gap o e
di sposed Joé;}?cfelrgswﬁf@ did: e rﬁdj{éécﬂ and SeGond Gaps, Al hie & | i near

flow path acilitating renova contam nants fromt encl osure and
al | ow ng ¢dmpiimrd gas to exint itHetencl aswr €.id G03] il rstdudinanot her

aspect, a nethod of manufacturing a multi-crystalline ingot conprises
ol acing SBITH BO1Y ST Cort THUE B 2F it b SRt phHAMg a T1d over ¢ he

cruci bl e g O A0 &N OStHE havidyg & 1y i nth gap

In another aspect, a directional solidification
furnace comprises a crucible for holding molten silicon
and a crucible support for supporting the crucible. The
furnace also comprises a lid covering the crucible and
crucible support and forming an enclosure over the molten
silicon. The furnace further comprises an inlet in the
lid for introducing inert gas above the molten silicon. A
first gap and a second gap are disposed adjacent the 1lid.
The first and second gaps define a nonlinear flow path for
facilitating removal of contaminants from the enclosure

and allowing the inert gas to exit the enclosure.

[009] In still another aspect, a method of
manufacturing a multi-crystalline ingot comprises placing
solid polysilicon into a crucible and placing a lid over
the crucible to form an enclosure having a labyrinth gap
between the 1lid and the crucible. The method further
comprises applying heat to melt the polysilicon. The
method also comprises introducing inert gas to the
enclosure such that the gas purges contaminants from the
enclosure and exits the enclosure only through the gap.
The method also comprises solidifying the molten

polysilicon to form the ingot.



between the Iid and the crucible. The nmethod further conprises applying
heat to nelt the polysilicon. The nethod al so conprises introducing inert
gas to t hwoenolo3sssse such that the gas purges contam naRrC3/UScaiostse2

encl osure and exits the enclosure only through the gap. The nethod al so
conprises solidifying the nolten polysilicon to formthe ingot.[0010]
Various refinements exist of the features noted in relation to the
above-nmenti oned aspects. Further features may al so be incorporated in the

abovenenti oned aspects as well. These refinenents and additional features
may exi st indivi duaﬂnd 160 i Q,aafq)éu(‘soqiélfq%telm%%t Far, ;ijistance,, various
features discussed ow inrelation to any of the i1l ustrated enbodi nents

may be i ntertpored etbtiant airameloft tdre aboves descre bedch @ispent ss@adone. or in
any conbi nation. BRI EF DESCRI PTI ON OF THE DRAW NGS | 00%?14 Figure 1 is a
partial |y ScHEati e CHoss 60 i O 0% i T¥RT oHat i i ©n furnace in

accor dangg W {dhane grdhodi r%]twe][p012ﬂh€!:é€g%&lzl’lér§erat§r&$(§ section of a
lid, crucible, and crucible support of Fi , and schematically

iI1ust rat%%dﬂtttvearfalovhﬁtumtmajasexmib theiLeaﬂcluos% ‘Spat®’ above the
silicon @Ar&blr[%%)]b%l Fi gy em%érf %ahgé Eldjéfo%élg?igs adf’& soé‘d of the

cruci bl e su and a portion gure |s a
Cr 0Ss- sedid logw ofn arqﬂosrttjl@m tof drhe ef udidl el supporte dnenteo pordriton of the id
posi ti oned on a sugaoport bracket ; ,

may be incorporated into any of the above-described

aspects, alone or in any combination.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Figure 1 is a partially schematic cross-
section of a directional solidification furnace in

accordance with one embodiment;

[0012] Figure 2 is a cross-section of a 1lid,
crucible, and crucible support of Fig. 1, and
schematically illustrates the flow of inert gas through

the enclosed space above the silicon melt;

[0013] Figure 3A is a cross-section of a

portion of the crucible support and a portion of the 1id;

[0014] Figure 3B is a cross-section of a
portion of the crucible support and a portion of the 1lid

positioned on a support bracket;

[0015] Figure 4 is a cross-section along line

4-4 in Figure 3B;

[0016] Figure 5A is a cross-section of a

portion of the 1lid positioned above the crucible support;

[0017] Figure 5B is a side view of the 1lid

positioned above the crucible support;



[0015] Figure 4 is a cross-section along line 4-4 in Figure 3B; [0016]
Figure 5A is a cross-section of a portion of the lid positioned above the
cruci bl e woppova33ssf0017] Figure 5B is a side view of thecChrius2@omstedbned
above the crucible support;[0018] Figure 6 is a flow diagram depicting a
method of providing an inert gas flow @f a nelt surface in accordance with
an enbodi nent; [0019] Figure 7 is a cross-section of a lip forned in the
lid in accordance with anot her enmbodi nent; [0020] Figure 8 is a schenmatic
perspective view of an assenbled crucible support and lid with one of the

wal I's and a portion %]ng]he :g:i%urr%”%v‘i%; 4 G921] dﬁia%grﬁ%ngjeé%%%g}f plan view

of a silicon wafer; 2] ure 10 is a graph s bon vs. the
fracti on nsihict fé fedoofvv@imousn samplte gagoflsgw [OD28|mdHigurer fldce sira gr aph
showi ng maxi num car bon concentration in a prinme ingot portion for a given
char ge coHditiGH Cand FooPuSHYGUEL? i s a schematic perspective view of

an assenbl ed cruci ble support and Iid with one of the walls and a portion
of the lid renoved. | ETAN LERiQESCRIPTION [Q0Q25%]- Refrardr rg o 1kiegure 1 , a

directional solidification furnace of this enbodinment is generally referred
to as 100ECTRA dilt €€t ohldl Sola@FFidHGOiith another embodiment;
[0020] Figure 8 is a schematic perspective

view of an assembled crucible support and lid with one of

the walls and a portion of the 1lid removed;

[0021] Figure 9 is a top plan view of a

silicon wafer;

[0022] Figure 10 is a graph showing FTIR
carbon vs. the fraction solidified of various sample

ingots;

[0023] Figure 11 is a graph showing maximum
carbon concentration in a prime ingot portion for a given

charge condition; and

[0024] Figure 12 is a schematic perspective
view of an assembled crucible support and lid with one of

the walls and a portion of the 1lid removed.

DETAILED DESCRIPTION

[0025] Referring to Figure 1, a directional
solidification furnace of this embodiment is generally
referred to as 100. The directional solidification
furnace comprises a quartz crucible 102 supported by a
crucible support 103 including walls 104 (crucible support
walls) and a crucible base 106. It is contemplated to use
other structure or means to support the crucible.

Together with a 1lid 112 described below, the crucible 102,



furnace conprises a quartz cruci ble 102 supported by a crucible support 103
including walls 104 (crucible support walls) and a cruci ble base 106. It is
cont enpl aveadotomn3ssss ot her structure or neans to support PCHAISCoostshE.
Together with a lid 112 descri bed below, the crucible 102,walls 104 and
crucible base 106 forma crucible assegbly or an inner assenbly 105 (Figure
2 ) . This inner assenbly 105 may al so i nclude a heat exchanger 107

di sposed beneath the crucible base 106. In one enbodi nent, the inner
assenbly 105 has no | eaks ot her than vents or gaps purposefully forned

therein. 'Jggéé";ﬁfzzn %ﬁséﬁélr%g&dﬁm%s@ﬁ‘]}’o é‘af’c?rnfi‘gasoéréé'ib&téﬁ‘“&ésaéngé’lﬁo | eaks

t herein. , heaters are positione ound the
wal | s 104 mareh wirirhe n s oot lar ninent (Miessed 2)10. Ties hisater s dO98nviay sui t abl y

be radi ant heaters. The heaters 108 appl.y the he ecessary to |t charge
et eri ol W A TH Ly B Tt AT | B oA RO Tt | o

silicon, dhough,oter vederi@d s ane Gantam@aigct Side inswation 109 is
di sposed around the crucible and may be partially opened, such as by
vertical amiasment &hovws By arqans e duran wvents @Qicedathe silicon charge

has nelt 09l I nay. i nt qggfe t e pgﬂ% exﬁﬂ?nger 107 or
the i nsuﬁpgﬁ%nscel%gll%yﬂs%hér% sedr%)%n ai dﬂji n Jhsge’diqcrﬁe%tfi onal_solidification
of the sindgdmvdhe heatsudqprit ofl Thendheaters I08ravpy. be adj usted so t hat
| ess heat is applied to the nelt 111. The position of the heaters 108 may

ot uci bl e 102, espect 1% auay: from HHE EraE bire 15406 00 AGHT | onal 1 y.

insulati ghsitioned around the walls 104 and within a containment
vessel 110. The heaters 108 may suitably be radiant
heaters. The heaters 108 apply the heat necessary to melt
charge material within the crucible. The charge material
of this embodiment is silicon, though other materials are
contemplated. Side insulation 109 is disposed around the
crucible and may be partially opened, such as by vertical
movement (shown by arrows in Figure 1). Once the silicon
charge has melted, a cooling medium may be introduced to
the heat exchanger 107 or the insulation 109 may be raised
to aid in the directional solidification of the silicon.
The heat output of the heaters 108 may be adjusted so that
less heat is applied to the melt 111. The position of the
heaters 108 may also be adjusted relative to the crucible
by moving them away from the crucible 102, especially away
from the crucible base 106. Additionally, insulation
surrounding the furnace may be moved relative to the
furnace to permit more heat to be transferred away from
the furnace. Directional solidification of the ingot is
then achieved through any combination of these processes.
Accordingly, the portion of the melt 111 nearest the
crucible base 106 solidifies first and the solidification

proceeds in a general upward fashion away from the



surroundi ng the furnace may be noved relative to the furnace to permt nore
heat to be transferred away fromthe furnace. Directional solidification of
t he i ngotwoD=0tossssachi eved t hrough any conbi nati on of tRETASPIOOSHOES.
Accordingly, the portion of the nmelt 111 nearest the crucible base 106
solidifies first and the solidificatiog proceeds in a general upward
fashi on away from thecruci bl e support base 106. The | ast portion to
solidify is the top surface of the nelt 111. [0027] A lid 112 of this

enbodi ment is positioned atop the crucible 102 to contain and direct a flow

of inert : sﬂppyag]: ' | gur , f inert I Sqdatroduced to
the lid 1%?@(:%@5% n f|{lnlk§:{t59étju e@'llgﬂz;éﬁdl%iﬁﬂlggﬁlg%{ ntgcga oolnlgdlt e top
surface aofs ttiee nedg <hidfaa tef thiroughl tgapsl ( described infra in relation to

Fi gures 3A and 3B) beneath the top of the crucible 102 and between the

wal l's 104 and the v jcal plat.e 8. f.urt her described bel ow and as
shown in Figure 2 ,Fﬁéeﬁgap d?ié‘ﬁijzné)f;\sﬁh&ﬁyrel“ﬁ)toﬁh&enttor]fuous path through
whi ch t heo@xhausted |ovse T scpat b for: dhe exhaustin educes: €artbancont ai ni ng

gas levels near the top surface of the nelt 111. [0028] Figure 2 is a
cross-secti®@h of 1M1 iR a12 BhEhHE sut riovfding stitretiuk@s.0The 1id 112

vertical Blates 118 and Ror i Sont &l pl &t 6 120 s B 1At antl Gn outer
surface. thiee flol# aret tafCadr pilatweisnd 18l angl thwe tay i gonfate phatehd20 may be
{MO![ Rggt tQ eeltthelrl 1byexaine/s Stli'llrtoaubgllr? é:af)pnsnegéel socnri reci:olnnn 1% Iionnsr’ejfantcil our(fil ng
to Figures 3A and 3B) beneath the top of the crucible 102
and between the walls 104 and the vertical plates 118. As
further described below and as shown in Figure 2, the gap
may define a labyrinth or tortuous path through which the
exhaust flows. This path for the exhaust reduces carbon-
containing gas levels near the top surface of the melt

111.

[0028] Figure 2 is a cross-section of the 1lid
112 and the surrounding structures. The 1id 112 includes
four vertical plates 118 and a horizontal plate 120. Each
of the vertical plates 118 and horizontal plate 120 has an
inner and an outer surface. The four vertical plates 118
and the horizontal plate 120 may be joined together by any
suitable connection or connections, including without
limitation, fasteners, pins, tongue and groove, or shiplap
joints. The inner surfaces of the vertical plates 118
face the interior of the area enclosed by the 1id 112,
while the outer surfaces face the exterior of the 1lid.
The length and width of the 1lid 112 is substantially
similar to, but slightly greater than, that of the
crucible 102.

[0029] In one embodiment, the top side of the

vertical plates 118 fit into recesses 124 formed in the



limtation, fasteners, pins, tongue and groove, or shiplap joints. The

i nner surfaces of the vertical plates 118 face the interior of the area
encl osed w9 20tve3bssd 112, while the outer surfaces face trhe/uszaensmsn2 of the
lid. The length and width of the Iid 112 is substantially simlar to, but
slightly greater than, that of the crugible 102. [0029] In one enbodi nent,
the top side of the vertical plates 118 fit into recesses 124 forned in

t hei nner surface of the horizontal plate 120. The wei ght of the horizontal

plate 120 then serves to hold the Iid 112 together, while still providing
for easy ansently:and. disassenbly Mndde idke |fyeomenemod gentss a
plurality of pins can be used to Further 'secure the vertica plates 118 to

t he hori zdm alopl atrec ARG 1afe i hstlagre sarserd edb thwloligthdalies 112 t he

verti cal 1gl ates 118 and corresponding holes in the horizont aldpl ate 120.
The j oi nt'LHEtWeen The' et calP P gt & a1 %neoastiﬁe@%er@é@ﬁtaarf pl ates 120

i nhibit tdwesdd ouaofy iderdndgasi d hr oughs e o dH Smed 4%t T Soamodi ient,  any
flow of inert gas t{wough the joint is mnimal and does not affect the
overal | fewots igrr tbgasseth thel wndlvs etk @i, LD0BDt Mrl Hokdtst al pl ate

120 may bﬁéﬂ‘f& & rPészeonQJaf%leJﬂ'ea'lfd. ey, D&, GOpY ) eﬂ}soértsee&era'
pi eces, or 1interlocking pieces, e.g., for ease of hrEnut act uri ng and

handl i ng.thheugterid load il attes A8 ianwdl hord zontlal 8 plrad ecd29myndidsp be of a
nonol it hic, singlepiece design and the Iid 112 is thus formed froma single

pi ece of HEt%tidl . tthd Hord ZoritalP it idt et 420 Hifs o Hote Petween the

vertical plates 118 and the horizontal plates 120 inhibit
the flow of inert gas through the joints. In this
embodiment, any flow of inert gas through the joint is
minimal and does not affect the overall flow of inert gas

in the enclosed area.

[0030] The horizontal plate 120 may be a
single piece of material or may be comprised of several
pieces, or interlocking pieces, e.g., for ease of
manufacturing and handling. The vertical plates 118 and
horizontal plate 120 may also be of a monolithic, single-
piece design and the 1id 112 is thus formed from a single
piece of material. The horizontal plate 120 has a hole
126 formed therein for receiving the inlet tube 114. Some
embodiments include an additional sealing ring 128
disposed above the hole 126 for tube alignment and/or
sealing. The ring 128 and the inlet tube 114 may be made
of the same or similar material as one another and as the
vertical plates 118 and 120 of the 1lid 112. The sealing
ring 128 has an inner surface that contacts the inlet tube
114. The inner diameter of the ring 128 is substantially
similar to the outer diameter of the inlet tube 114. 1In
some embodiments the inner surface of the ring 128 is
tapered along its longitudinal axis for alignment. The

diameter of the inner surface decreases towards the



126 fornmed therein for receiving the inlet tube 114. Sone enbodi nents

i nclude an additional sealing ring 128 di sposed above the hole 126 for tube
al i gnnmentwendioos3ssal i ng. The ring 128 and the inlet tulpeTAB4o00my76be nade
of the same or simlar material as one another and as the vertical plates
118 and 120 of the lid 112. The sealing, ring 128 has an inner surface that
contacts the inlet tube 114. The inner dianmeter of the ring 128 is
substantially simlar to the outer dianeter of the inlet tube 114. In sone
enbodi ments the inner surface of the ring 128 is tapered along its

Longl tudinale axd Sof A Al LANEMY, dite QAR S0l G0 danelouf ace

decreases towards thesurface o e ring 128t rests upon the horizontal
plate 12014003190 .The inlet tube 114 is used to introduce inert gas through
the horizontal plate 120 of the Iid 112 into the encl osed area 130. The
inlet tube 114 has er al circul ar .crass-section,  al t.hough, ot her

enbodi nents nay incﬁj en]di fle eﬁﬂlfucs%ﬂ??dq ross- $86 &fs G95%t t ube
114 is consdfucied ofrdmprerirad sustMdadal pihase vuseds idhd heigonst ruction
of the other pieces of the lid 112. [0032] A first end 132 of the inlet
tube 114 iteorte@Ed aarritRertsbas BrurdelaB4uke depitied in Figure 1 .

0 some enbedi BN S 18 d el Jas.d S ALgon A% ahowidy Figure 2, a
second en %ﬁé§§§t%é(?%%et fube 114 penétrateé)ﬁﬂgwﬂbfgiontal pl ate 120 of
the |id kdbddimoughs trieey apeniude deisiti< dretk lab ovtea peldhec isecomke @nicbrl36 of t he
i nlet tug51114 can fit fquh,mﬁth t he ianr Eurface, .
e inlet tube 114 1s constructed of materials similar to
those used in the construction of the other pieces of the

lid 112.

[0032] A first end 132 of the inlet tube 114
is connected to an inert gas source 134, as depicted in
Figure 1. 1In some embodiments, the inert gas is Argon.

As shown in Figure 2, a second end 136 of the inlet tube
114 penetrates the horizontal plate 120 of the 1id 112
through the opening described above. The second end 136
of the inlet tube 114 can fit flush with the inner surface
of the horizontal plate 120 or it may extend below it and
into the enclosed area 130. The depth of the penetration
of the second end 136 of the inlet tube 114 into the
enclosed area 130 can be adjusted to alter the
characteristics of the inert gas flow in the enclosed area
130. This adjustment does not alter the purity of the gas

in the enclosed area.

[0033] In this embodiment, the hole 126 in the
horizontal plate 120 and the inlet tube 114 are positioned
in the center of the horizontal plate 120. But in other
embodiments, the hole 126 and the inlet tube 114 may be
positioned off-center. The position of the hole 126 and
inlet tube 114 may also be adjusted to alter the flow of

inert gas within the enclosed area 130. Additionally,



of the horizontal plate 120 or it may extend below it and into the encl osed
area 130. The depth of the penetration of the second end 136 of the inlet
tube 114 wot2o1mdisssencl osed area 130 can be adjusted to aCrars2¢0ms7602
characteristics of the inert gas flowin the enclosed area 130. This

adj ust mrent does not alter the purity %f the gas in the encl osed area.

[0033] In this enbodinent, the hole 1 61in the horizontal plate 120 and the
inlet tube 114 are positioned in the center of the horizontal plate 120.
But in other enbodinments, the hole 126 and the inlet tube 114 may be

posi tione fs The 1 : I 1(%@? and. - 114 may
al so be a%?ngésteeng&%% r’%tegrwltrﬁéﬁﬁéo?v%o llé]%?tﬂglaegs wthin t#}%%én%c?%g;:d ar ea
130. Addiinlonal iyhesonen entdei nentasl iac| wde ahdtd qideer drod i8ss et cor r espondi ng

i nlet tubC?.s in order to alter. the charg,[cteris.tic.s and di stribution of the

inert gasii'ow it tHith ThetEnctEsed Hrea 130, " Futttherorg C di¥%ring si ze

hol es and: 0l respondnng Hdwedrd Ubest may; e dsed. naseneldqgas varying flow
rates to mani pul ate the i nertmg)as flow, according to sone enbodi nents.
[ 0034] | rrotiRFPEbot nehtst thHeodpura were iwddplat el g arenctindised (see

Figure 12@10%'&%‘5‘35@0 %%Oﬁd‘?%es’tﬁé‘eir{‘eoﬂ Zq%[‘é a%lcRA'z,atagcc"ozxoc%jLneqsttso directly
on the crucible Support walls 4 and a gap 1s forned benea he t op of
t he crucididme bddirdrecsval | s 104. For exanple, the gap may be forned by
drilling, slotting or otherw se formng openings in the walls 104. [0035]
Returning now to thﬁ)&??fdl%ﬁp%t %r embodiments the four vertical

plates 118 are not used (see Figure 12). 1In these

embodiments, the horizontal plate 120 rests directly on

the crucible support walls 104 and a gap is formed beneath

the top of the crucible 102 in the walls 104. For

example, the gap may be formed by drilling, slotting or

otherwise forming openings in the walls 104.

[0035] Returning now to the embodiment of
Figures 1-4, the vertical plates 118 and horizontal plate
120 are constructed of a material that maintains its
structural integrity and is minimally reactive under
elevated temperatures for a prolonged period of time.
Suitable materials include a form of carbon, such as
graphite, and can be similar in composition to the walls
104. In some embodiments, the vertical plates 118 and 120
are constructed of high purity silicon carbide coated

graphite.

[00306] The crucible 102, inlet tube 114, and
other related components are not expected to contribute
significant amounts of carbon to the melt 111. However,
graphite components can become brittle and be fractured by
the surface chemical conversion to SiC due to the high
temperature reaction with Si0O or the splattering of liquid

silicon thereon. The graphite components may be coated to



Figures 1-4, the vertical plates 118 and horizontal plate 120 are
constructed of a material that nmaintains its structural integrity and is

m ni mal | ywoeanrasssssunder el evated tenperatures for a precoruseapsrsdnd of
time. Suitable materials include a formof carbon, such as graphite, and
can be simlar in conposition to the waJ]ls 104. In some enbodi nents, the
vertical plates 118 and 120 are constructed of high purity silicon carbide
coated graphite . [0036] The crucible 102, inlet tube 114, and ot her

rel ated conponents are not expected to contribute significant anmounts of

carbon tao,f | 4o 1L weye it qQpanent gggqg?brittle and
be fractured 13?6%% suﬁ?ggﬁﬁ%ﬁ%ﬁﬁggfgggﬁ%g$5|ont%} ?%ﬁgﬁﬁ to the high
t enper at urepleact | M dds Sidd are tdmssptatiier ipggrofclagqui d silicon thereon.

The graphite conponents may be coated toprevent contributing carbon to the

melt since fracture phi surfages can rel ease carbon particles. [0037]
Figure 3Ais a cros&@g@t' oﬁglgu\;iee\%%oflsor?e O Fheé Verti™ ;{I Vo4t s 118 of

the lid 1d2 ad HQwe 3B 45 @ Liassrsecdi onad viewof ane ofgdhe verti cal
plates 118 of the lid 112 resting upon a support bracket 138. As descri bed

above, th& cruct BT 05 &t Sutd ouhidet by 6T rels poirli ¥Ry wetd s RIoUCe A fir st
116 117 - i n. Fi ~dTh d
O s der hef B hee it PHE oL Uy o B A 2O PR 387 e 0P

117 is defined between the cruc plates 8. The
second gapedd7iltead abwalt el .crAiqidrie dmofid heicraciddde 302 ext ends

;/ﬁr; Lg?lglﬁ%%%%l\%g d ie gnmgaflhse 1\,\@4 .l S A10f4irb§lt agahpellglhé af‘ﬁd a{ nseocnoenc?ng)a?pgl rent,
117 are shown in Figures 3A and 3B. The second gap 117 is
defined between the crucible 102 and the vertical plates
118. The second gap 117 has a width B. A portion of the
crucible 102 extends vertically upward beyond the walls
104 by a height A. In one embodiment, the height A is 38
mm and the width B is 9.5 mm, resulting in a ratio of A to
B of about 4:1. 1In other embodiments, the ratio of A to B
may be between about 2:1 and about 11:1 (or between about
2 and about 11), while in other embodiments the ratio may
be between about 3:1 and about 10:1 (or between about 3

and about 10), while in still other embodiments the ratio

may be greater than or equal to about 4:1 (or about 4).

[0038] The first gap 116 is defined between
the walls 104 and the vertical plate 118. The first gap
116 has a width C equal to the width of the vertical plate
118 and a height D equal to the distance between the edges
of the vertical plate and the wall 104. 1In one
embodiment, the width C is 9.5 mm and the height D is 1.6
mm, resulting in a ratio of C to D of 5.94 (or about o).
In other embodiments, the ratio of C to D may be between
about 4:1 and about 13:1 (or between about 4 and about
13), while in other embodiments the ratio may be between

about 5:1 and about 12:1 (or between about 5 and about



mm and the width Bis 9.5 mm resulting in a ratio of Ato B of about 4:1.
In other enbodinents, the ratio of Ato B nay be between about 2:1 and
about 11:wo(0r0/d38888een about 2 and about 11), while in eChas2@gbswdonent s
the ratio nmay be between about 3:1 and about 10:1 (or between about 3 and
about 10), while in still other enbodijnents the ratio may be greater than
or equal to about 4:1 (or about 4 ) . [0038] The first gap 116 is defined
between the walls 104 and the vertical plate 118. The first gap 116 has a
width C equal to the width of the vertical plate 118 and a hei ght D equal

to the di-stance,.: he edges, : ' e t wal | 104.
I n one e%o)di qn&]lt@% ﬁg%vélgtﬁh Cis 84%6%%%%( ﬁ@%g’{%{ﬁo %%ﬂ/s kt1%.66 nmm
resul ti nggierteer athian afr @que D tof Ho@4 (©rl aboutal®yt .6)ln ot her

enbodi ments, the ratio of Cto D nmay be between about 4:1 and about 13:1
(or between about 4 about 13) , while in_ other enhodi ts the ratio
may be between abouitoatgé.jgl] and "alSSUtt f‘?:bfd(l&engét’vééﬁ g&@&thméngﬁléi about 12) ,
while instidit ab her enhodigmnts 4 herd ald -dByd bes H@atere than emequal to

about 6:1 (or about 6 ) . [0039] In sone enbodi ments, the width C and
hei ght D&fr§ieast Geps 1B dEre©se! evitdt 3o dehi AT he Sme 3&& t i cal

Cross-sect+0 e S argon, | t,.ar fgure 2 1ent ed

hori zont aHlyd as g{os\% © 1{bﬁdot%{e)lr def{ry%agldll‘ﬁe%?ss,( (%Vﬂl[el) gap r|15C9Lrse ected or

adj ust ed dasetinmtingothecardonid evelesctdd dtheedjlaustd atek@nmpodi nents, the
wal I's 104 term nate bel ow t he crucible

02, leaving . a portion of the
cruci bi e Bitect Wigh 1HE1TU 142 T rickL 157 T aeb, TP CeHI orrbdt ment s,
the wal | 5,0 doyNOoterminate below the crucible 102, leaving a
portion of the crucible exposed when the 1id 112 is not in
place. In other embodiments, the walls 104 do not

terminate below the crucible 102 and thus no portion of

the crucible is exposed when the 1id is not in place.

[0040] In another embodiment, first gap 116 is
less than about 5 millimeters, and is defined between the
walls 104 and the crucible 102. 1In this embodiment, the
first gap 116 is selected to achieve the same vertical
cross-sectional area as the argon inlet area, i.e., the
inlet tube 114. The ratio of the gap cross-sectional area
to the inlet cross-sectional area may be about 0.5 to
about 10, or in another embodiment about 0.8 to about 1.2,
or in other embodiments about 1. In this embodiment, the
gap 1is selected or adjusted based on ingot carbon levels
(e.g., ingot carbon measurement feedback) and/or to
achieve sufficient exhaust flow speed to inhibit back-

flow.

[0041] A plurality of support brackets 138 are
inserted into the walls 104, as shown in Figure 3B. The
support brackets 138 are constructed of a suitable
material that can withstand high temperatures without

significant structural degradation or reaction with the



term nate bel ow the crucible 102 and thus no portion of the crucible is
exposed when the lid is not in place. [0040] In another enbodi nent, first
gap 116 iwol2ems3sssan about 5 mllineters, and is define#Chasemenstshe wal | s
104 and the crucible 102. In this enbodinent, the first gap 116 is sel ected
to achieve the sane vertical cross-sectjonal area as the argon inlet area,
i.e., the inlet tube 114. The ratio of the gap cross-sectional area to the
inlet cross-sectional area nay be about 0.5 to about 10, or in another

enbodi ment about 0.8 to about 1.2, or in other enbodinents about 1 . In
this embodienty, . the drfe sehect e or, atdrldéésé pased. pn.dngof;carbon
| evel s (e.qg., 1 hgot carbon neasurenent Teedbac and/or to achieve

suf fi ci erextaustridow sfeed ol indehin. baokfdrowhd00Mjodimdmural ity of

support brackets 138 are inserted into the s 104, as shown in Figure
38 The SUBPOTIOHHCRBIAHEE dHe CONST LTt O & S AT o it 1% ¢ hat

can w t hstand i gh tietperatares w thout significant structural degradation
or reaction with theatnosphere. In one enbodi nent, the support brackets 138

are constructed from nol ybdenum 1|n anot her enbodi nent, the support
brackets are constrthed of Egcapkift éheh&Urkes théeir kemveritdéd to Si C. [ 0042]

Each of tggﬁg-p t q§%9k %ﬁ% QP [i weh, 144 ggg: in 140
extending t eresférjsf)rﬁ1 e %%4?1 4 afi ts i%ﬁz é'}corrléns on |né3flﬁdo ein a
hori zont athearin d¥ ( ef ks drhe top)owfeddmndiald HOle iThes Suppiordntmlacket 138

L;Wg(rage][ ?Flbclﬁe/i_tjtl%?h .eq(iﬁﬂvmt&%eh %g\g) V\(/)a% Itshel4wzalflor1r841.g aThCé cshuapnpnoerlt ext endi ng

bracket 138 is generally U-shaped, with two walls 142
forming a C-channel extending upward from the web 144 of
the bracket. The distance between the walls 142 is
substantially equal to the thickness of the vertical
plates 118 of the 1id 112. The vertical plates 118 of the
lid 112 then fit between the two walls 142 and rest upon
the web 144 of the support bracket 138. Where the
vertical plates 118 mate to the two walls 142, an
alignment plus gap-setting recess (i.e., a bridle joint
arrangement) may be cut into the vertical plates 118 (not
shown). This permits the height D of the first gap 116 to
be reduced, while still maintaining the same thickness of
the web 144 of the support bracket 138. The depth of the
recess can be adjusted in order to manipulate the height
of the first gap 116. Other means of affecting the first
gap 116 could also be used. For example, the first gap
116 may be created by a pin that inserts into the wall 104
and the vertical 1lid plate 118 with a spacing washer of
desired height D of the first gap 116 machined onto or
placed over the pin. Another example is to cut the first
gap 116 from the bottom edges of the 1lid plates 118 and
include tabs (not shown) that set the first gap 116.



t he bracket. The distance between the walls 142 is substantially equal to
the thickness of the vertical plates 118 of the lid 112. The verti cal

pl ates 1M8oabiwdsssssid 112 then fit between the two wal | #CTAR2@M@5T665t upon
the web 144 of the support bracket 138. Wiere the vertical plates 118 mate
to the two walls 142, an alignment plus; gap-setting recess (i.e., a bridle
joint arrangenent) may be cut into the vertical plates 118 (not shown) .
This permits the height D of the first gap 116 to be reduced, while stil
mai nt ai ni ng the sane thickness of the web 144 of the support bracket 138.

The depth of the reg?@%]can me adjust g%%ql%r %%rdhtsgcrgql@ '%'ggtl + he hei ght

of the first gap 11 her nmeans of cting the first g 16 could al so
be used. daormiexamptess tde dihatstgapt 16 nayebe creatledy bfran pitre t hat

inserts into the wall 104 and_ the vertical_lid plate 118 with a spacing
washer ofSHesi$%l Height>D okafehethtiar]stSWCl@.LG:‘P%eaacrﬁ eﬁleorf{br%tr pl aced

over the @id.1AnotheduexaHmPl €518, toyedit tdhecd reto gapsddibi i om t he bottom
edges of the lid plates 118 and i nclude tabs (not shown) that set the first

gap 116. [D043jceohrds r&f gup Ulstardisecoit gapader pet i ioegiesisonr
exhaust o e i ner S 0 e 0..The total surface
area of tZTLeL!i |frés]{h(?g%alp&:?156&5l g&séu{)%@aén?& afﬁ%%%ﬁgléﬁeoaﬁrﬁédﬁeo%s%}see%ti onal

surface ar®a. of the inlet tube 114 in order to provide for a uniformflow
and pressure throughout the enclosed area 130. [0044] The general path of
the flow of inert gﬁosoﬂ']t hi nThteh%e%%Crla S%%t r% 1t0e ifsio(xjﬂe%if(:ti%deritn Fig. 2.

gas within the enclosed area 130 is depicted in Fig. 2.

The inert gas flows along a generally labyrinth-1like path.

The arrows indicating the flow path 122 are for

illustrative purposes only, and the actual flow path of

the inert gas can vary substantially based on any number

of factors. Generally, inert gas is introduced through

the inlet tube 114 to the enclosed area 130 defined by the

horizontal plate 120 and vertical plates 118 of the 1id

112, the walls 104, the crucible 102 and the top surface

of the melt 111. The inert gas flows through the enclosed

area 130 before exiting through the gaps 116, 117.

[0045] The inert gas flow path as it exits the
enclosed area 130 is labyrinth-like to minimize the back-
flow of contaminants towards the surface of the melt 111.
As more clearly shown in Figures 3A and 3B, the inert gas
travels along a nonlinear route or path through the second
gap 117 and then the first gap 116. This nonlinear route
has at least a first segment and a second segment
corresponding to a path traveled through the first gap 116
and second gap 117, respectively. FEach of the first
segment and the second segment have both a lateral and a
longitudinal component. The nonlinear route ensures that

once the inert gas enters second gap 117 that the



The inert gas flows along a generally |labyrinth-1ike path. The arrows
indicating the flow path 122 are for illustrative purposes only, and the
actual flwao2pands3sss the inert gas can vary substanti al | yChhaseaooszcany
nunber of factors. Generally, inert gas is introduced through the inlet
tube 114 to the enclosed area 130 definned by the horizontal plate 120 and
vertical plates 118 of the lid 112, the walls 104, the crucible 102 and the
top surface of the nelt 111. The inert gas flows through the encl osed area
130 before exiting through the gaps 116, 117. [0045] The inert gas flow

path as i [ e r@?ﬁ [ ' =i inimze the
backf | owéo &goﬁ%lagﬁsan@ﬁ%cgs t I(]aeglgnur aécgp% Blﬁ]g Ane%%élr%lé.n As nore
clearly simowse rerd gurresa A @ SB;fddwe dhertlie gaslit rlaMlel s @eong a nonl i near

route or path through the second gap 117 and then the first gap 116. This
honl i near UL Has HE | €ist a0 et T dgtent a3 sedbnd segment

cor r espongh Mgt h #h Ratdh tramel edid hirpughdhe dd4 st1 gap AdGuansh second gap
117, respectively. Each of the first segnent and the second segnment have

both a | dta&tallanda oryivtud: nalow drporientds Thed monliaarof out e ensures
t hat oncgccgrﬂaeamr}lea(ge gas. ent & Cese&pn&&q&ﬁ&ﬁhhat t hecont am nant s

cont ai ne erein are unabl'e to reverse course and contact the surface of
the nelt 111. The nonlinear inert gas flow path thus ensures that
contam nants entrainE#én tHe isovert egasdfinew tar, e trabine rtto dgaac kfllcow or

ot herw se, flq:\f/:ibackwards a co.nta];:% cgf.ecocyt m nat e tlhlels rface of the nelt
111, [0048] 4 Sore WHtod MEH S, V4 e §HETI0 g Moy 111 2ror

contamination because the area surrounding the surface of

the melt 111 (i.e., the enclosed area 130) is enclosed

with no or substantially no leaks. Contaminants that are

present in the vicinity of the surface of the melt 111 are

thus purged out of the enclosed area 130 by the inert gas

flow.

[0047] Figure 4 depicts a cross-section along
the line 4—4 of Figure 3B. Figure 5A depicts a cross-
section similar to that of Figure 3B, however the support
bracket 138 is not depicted, and the first gap 116 is more

clearly shown.

[0048] While Figures 3A and 3B depict a first
gap 116 with a uniform height, other embodiments may have
a non-uniform gap height as illustrated in Figures 5B and
8. A uniform flow across the melt 111 surface aids in
providing a uniform contaminant reduction profile.
However, since crucible 102 of this embodiment is
substantially rectangular, e.g. sguare, in cross-section,
achieving a uniform inert gas flow is difficult as the
distance from the inlet tube 114 to the periphery of the
1lid 112 and corresponding first gap 116 is non-uniform.
By altering the gap height along the periphery of the 1lid
112, the flow (e.g., the flow velocity and pressure field)



is able to nore effectively shield the nelt 111 from contam nati on because
the area surrounding the surface of the nelt 111 (i.e., the enclosed area
130) is ewmolomad3sssth no or substantially no | eaks. Contamiusaswesichat are
present in the vicinity of the surface of the nmelt 111 are thus purged out
of the enclosed area 130 by the inert gas flow . [0047] Figure 4 depicts a
cross-section along the line 4-4 of Figure 3B. Figure 5A depicts a
crosssection simlar to that of Figure 3B, however the support bracket 138
is not depicted, and the first gap 116 is nore clearly shown. [0048] Wile

Figures 34 and 3B depi Anst gap it h a upifarmheight, other
enbodi menqtafs may have agcatnsoﬁc-%nikgorm ng%}lﬁaeel%g%‘t asu{kﬁ lc}[st r%ﬁed% n igures 5B
and 8 . Aarpdorimilanw acrosierithei meite Iddrsand ace @idsciurifslovidinhg a
uniforn1cqptanina2% reduction profile. However, since crucible 102 of this

enbodi meMt"§s Stbstanti 45 ]r]e&% U P T it | H PHDs S Sect i on,

achi evi nqo@ri%mgpj minetd gas fiowis difficult as the distance fromthe
inlet tube 114 to the periphery of the lid 112 and corresponding first gap

116 is non-uniform By altering the gap height along the periphery of the
lid 112, the flow (2] t hé ol GRSFENSEIt y Pan & pideds wrfe thicelfd)SH t he i nert

oo con SR OUA B A vl gt el L L
al ong t heiperépherinaft tdees |1ibl 12y {10048]rifors itistance, the dweight of the
first embodiments, the height may be increased symmetrically

while in other embodiments it may be increased

asymmetrically. Increasing the height of the first gap

116 can be achieved by increasing the height of the wall

104 or by decreasing the depth of the recess cut into the

vertical plates 118 of the 1id 112, or any combination of

the two. To change the gap height asymmetrically as shown

in Figures 5B and 8, the vertical plate 118 of the 1id 112

or the top elevation of the wall 104 may have a non-

uniform height profile, e.g., the height of the bottom of

the vertical plate 118 may increase or the height of the

wall 104 may decrease toward the corner. In this

embodiment, an asymmetric gap size can be designed to

provide a more uniform radial gas flow velocity through

the first gap 116 and a more uniform pressure in the

enclosed area 130 above the silicon melt 111. In such an

embodiment, designed variations in the first gap 116 are

minimized because the gap affects the gas flow and the

effectiveness of removal of the gaseous carbon compounds.

[0050] Figure 8 depicts an assembled lid and
crucible support 103, with the crucible 102 inside. Note
that one of the crucible walls 104, one of the 1id
vertical plates 118, and the inlet tube 114, are omitted

from Figure 8 for clarity.



gap 116 can be increased at the corners of the |lid 112 to increase inert
gas flowto the corners thereof. In sone enbodi nents, the height may be

i ncr easedweynmetssissal |y while in other enbodi nents it mergThBs200005ma5ed
asymmetrically. Increasing the height of the first gap 116 can be achieved
by increasing the height of the wall 104 or by decreasing the depth of the
recess cut into the vertical plates 1i% of the Iid 112, or any conbination
of the two. To change the gap height asymmetrically as shown in Figures 5B
and 8 , the vertical plate 118 of the lid 112 or the top elevation of the

wal | 104 may have a ]uni fIer ?&Q%irgﬁttiWeOfeiIr!b%’di‘ﬁTegrt’s ts_t&%hh%isght of the

bottom of the vertical plate 1 may 1 ncrease or the height of the wall 104
may decr edsesd awards tiecebrinerEidurd his, earbpadt nente . anclasyiiettr icagap si ze

can be desjgned to provide a nore unjformradial s flow vel ocity through
the 11 rstlHp PSS HhoFe U7 orm Pres sl 11 UHee dho) deekd hrdd 130

above thesi lgcoedel t dldend MsSHch @ erbodigeis s desd ohed yariations in
the first gé'}g 116 are m ninm zed because the gj:cf affects the gas flow and
t he ef f ectis@ngsstivis rasmR@BINTt + hel ifasedlulss cldrb o Torpbuntssnd 0050] Fi gure

8 depi ct S e | d and crucj e%{ppot 03,. with, the, cruci ble 102
i nsi de. iﬁ?ﬁaﬁaf&gén%edodé%he cr%lc?@l%e\/\/a s 1 41fkgeoﬁlel%v:‘1]t@h'e Ie%d verti cal

pl at es 1%8,umandi theof nteatt thdee 1 1431 are ortiud edrdroimdEi gurehd warls
clarity.[0051] In alternative enbodi nents such as those illustrated in

Figure 1210% (< et hedF r'st Yap- 116) " Dt weeh’ t hel Vettlital plates 118
and the valdsyiQdhd$ that include vertical plates 118 as shown in

the embodiments of Figures 1-5, the vent holes 131 are
positioned in the vertical plates and/or the walls 104.

In the embodiment of Figure 12, the vent holes 131 are
sized and positioned in the walls 104 to achieve a uniform
flow of inert gas above the melt 111. The vent holes 131
may be substantially circular or ovate in cross-section in
some embodiments. Further, vent holes 131 in the vertical
plates 118 or wall 104 may be used in conjunction with the
first gap 116 between the vertical plates 118 and the wall
104.

[0052] In one embodiment, the crucible
assembly or inner assembly 105 has substantially no leaks
other than vents or gaps purposefully formed therein.
Likewise, the furnace 100 may have no or substantially no

leaks therein.

[0053] The crucible, the inlets and other
related components are not expected to contribute
significant amounts of carbon to the melt. Graphite
components, however, may embrittle and can be fractured by
the surface chemical conversion to SiC due to high
temperature reaction with Si0O or splattered liquid

silicon. Since fractured graphite surfaces can release



not present. Furthernore, vertical plates 118 are not used in this

enbodi nent. The walls 104 instead extend upward to the horizontal plate 120
of the |iwoRafo3ssspl urality of vent holes 131 are thus proaisdedosTsol he
wal s 104 for the inert gas to exit therethrough. In other enbodi nents that
include vertical plates 118 as shown iy the embodi ments of Figures 1-5, the
vent holes 131 are positioned in the vertical plates and/or the walls 104.
In the enbodi nent of Figure 12, the vent holes 131 are sized and positioned
in the walls 104 to achieve a uniformflow of inert gas above the nmelt 111.

The vent é"%? - t iald i ' -section
in sonme eér%okgfn nts. uérjsfhlz?év%% Iﬁ%%’s%%%@tﬁ%%%ﬁ%%%@ﬁs 118 or
wal | 104 Ievye e, usetke caoyjnarcts om e ddwecdd rist magv<l6 bet ween t he
vertical plates 118 and the wall 104. [0052] In one enbodi nent, the

cruci bl e g%% SE0H i Get°ssenbl y 105 has substantial ly no | eaks ot her
than vents or gaps purposefully forned therein. Likew se, the furnace 100

may have no or subst@m4pl | yin@deeaks < herion di@Re3m The wtucithle, the
inlets and other rel ated conponents are not expected to contribute
signifi cahtHmit et of et BoH 1D aHe Q@Qr_o]@%iqr@a Eoiporienit st 1dbwever,
may enbridtl.e ang can be-fract uped IPé/tﬁ&f]bS f.ace chem cal, cqpvgrsion to
Si C due to hi g% tenperature reaction wt Sél% or spl attééred l'1quid silicon.
Si nce fractaredgr aphidel surdacesocamtrel gas ecardion. par tTed esi intan t he
melt, th%&SP%XQQS{%%ién of§”£¥”€olid chunks, recycled material,

granular polysilicon, or powder, or any combination

thereof. Dopant may also be added to the silicon or

feedstock. The silicon should be of low carbon content if

a low carbon result is desired, as virtually no carbon

evaporates from the ligquid melt surface.

[0055] For the purpose of solar cell
fabrication, low carbon may be defined as below the
precipitation limit for the usable portion of the ingot.
At 90% solidified, the carbon should be less than 6-8 ppma
in the solid, or 75-100 ppma in solution at. Due to
segregation, this carbon level will assure no carbon
precipitation at all times during the solidification of
the prime portion of the ingot. As shown in Fig. 11, this
has been achieved in testing using virgin feedstock of
carbon concentration < 1.0 ppma. This level is also low
enough not to enrich the recycle stream with carbon at
normal recycle rates of, for example, 30%, where
conventional top scrap protocol is followed (top 3-4% of

ingot is not recycled).

[0056] In step 148 the 1lid is then placed atop
the crucible assembly or support. The 1lid rests upon the
support brackets positioned in the top of the crucible

support walls and thereby is positioned over the crucible



| evel s, these conponents may be coated to prevent contributing carbon.
[0054] Figure 6 is a flow diagramillustrating a nethod of introducing and
cont rol | iwQ 2arv/a38885t gas flow over a nelt surface. The merhisdodvegions at
step 146 with placenment of solid silicon into the crucible. The silicon may
be in the formof solid chunks, recyclgd material, granular polysilicon, or
powder, or any conbi nation thereof. Dopant nay al so be added to the silicon
or feedstock. The silicon should be of |ow carbon content if a | ow carbon
result is desired, as virtually no carbon evaporates fron1the liquid nelt

surf ace. ddc90f5 mFan( é:ﬁ%&%@@%ﬁn&%%n@%ngﬁﬁé usa erloé’}‘l&arbon may

be define el ow t precipitation | or t e portion of the

i ngot. Atl1190%rsdltilth fawd;ilihe aat bonistiold dueedess than 6-8 ppma in the
solid, or 75-100 ppma in solution at. Due to segregation, this carbon Ievel
wi |l assure no carb ecipitation t tinmes duri the solidification
of the prine portioﬁ %gkhe rhé%i &3 sH@ﬁﬁtlﬁaé'ds .ﬁ%ﬁﬂﬁ "SR d heen

achi eved #He tesdd nehdisd SuH Wy gine freedsteck: ofu.cardon concantd atdron < 1.0
ppma. This level is also Iom1enougp not to enrich the recycle streamw th
car bon atCHigtule r%tf&&@fet retlelss of | Tioraaxahnptie, 1130% 1 swfateoEdrzent i onal top

scrap protocgleis. foll aved. (1 on 3 4%of; Lnoat { 5,01 saeydled) . [0056] In

step 148 t placed atop t le T uci y or support. The
lid restsnawnﬂaiﬁmﬂow carbon levels. The inert gas may be

introduced substantially simultaneously or slightly before
the application of heat in step 152, according to some
embodiments. The inert gas is introduced through the
inlet tube in the 1lid. The inert gas serves at least two
functions. First, it serves as a barrier between the melt
surface and any contaminants present outside the crucible
or the crucible assembly. These contaminants are often
carbon monoxide gas generated from the release of carbon
from the crucible support walls as they are heated or
react with the crucible under elevated temperature. The
inert gas flow also blocks other gas phase contaminants,
such as iron, at elevated temperature. Note that the 1lid

also serves to block other gas phase contaminants.

[0058] Heat is then applied to the crucible to
melt its contents in step 152. The heat is supplied by
one or more heaters positioned around the periphery of the
crucible. Also, oxygen may be removed following closure

(e.g., oxygen is pumped out and argon is back-filled).

[0059] In step 154, this gas flows into the
vicinity of the melt surface and up between the gap
between the walls 104 and the 1id 112. By directing inert
gas down from the inlet tube and towards the melt surface
and out through the gap between the vertical plates of the
lid and the crucible support wall, the flow of carbon



support brackets positioned in the top of the crucible support walls and
thereby is positioned over the crucibleto forman enclosure having a

| abyri nt woapionsssseen the |id and the crucible and cruciPbirassagpsted2z [ 0057]
In step 150 inert gas is introduced to the area enclosed by the lid, nelt
surface, crucible, and crucible supporf; walls. The gas flowin this

enbodi nent is sufficiently pure at a sufficiently high rate to maintain | ow
carbon levels. The inert gas nmay be introduced substantially sinmultaneously
or slightly before the application of heat in step 152, according to sone

embodi menf s, ,.he iﬁ%%r tar&?soﬂﬁeﬂ Nty S0 U O%thﬁ@%éﬂ el tuhe in the lid.
The inert gas serves at least two functions. First, it serves as a barrier
bet ween tden et te S d @ice: lan drathycebnt difieanisripresentl ow sitdeoddte cruci bl e

or the crucible assenbly. These contam nants are often carbon nonoxi de gas
Gener at o i BT TR HE s G 110 THe (T S gt 15 as
they are dheated 0f Jeacthaddr-the cracd dd e pdey elevaleddonerature. The

inert gas flow al so bl ocks other gas phase contami nants, such as iron, at
el evat ed thehparsire MNotiotitha e |jabwl g ervesinignigodkiot her gas

phase co jnants. IO mfg' t | i e ucible to nelt its
contentsrl%ara#ﬂs{]@p&?ﬁ% C?Cﬁnggaf'uea ?%g'suﬁi%pﬁb%/se%lnéeqco%@%ﬁ%a heat ers

posi ti oned:ar@untl tdectpemgheryuofadde dracibd e A sofloxygembiey be
removed follow ng closure (e, oxygen is J%ucggfd out and argon is

back-fi | I'€d)et {00597 1+ %ktje%“g'é@f}et C g T} FYHE N M 3% of t he
el t surface and h betweemiNg,9a8Phat are present in the vicinity

of the melt surface (the contaminants may be generated
within the enclosed area) are purged out of the enclosed

area by the inert gas flow.

[0060] As shown in the embodiment of Figure 7,
a lip 162 is formed in the interior surface of the
vertical plate 118 of the 1id 112. This lip 162 serves to
further inhibit the back-flow of carbon monoxide or other
contaminants from the furnace volume surrounding the
crucible assembly or from the reaction between the
crucible and the crucible support to the melt 111. The
lip further serves to protect the gaps 116, 117 from
silicon particulates or splash from the meltdown either of
which could inhibit subsequent disassembly or could result
in damage to the parts. The lip 162 extends outwardly
from the interior surface of the vertical plate 118 and is
positioned just above a terminal end 164 of the crucible
102. The gap between the terminal end 164 of the crucible
102 and the lip 162 is comparable to the gap 116 between
vertical plate 118 and wall 104. The lip 162 extends
along at least a part of the length of the vertical plates
118 in a longitudinal direction and out over the terminal
end 164 of the wall of the crucible 102 in the horizontal

direction. The inert gas must then flow in between the



between the walls 104 and the |id 112. By directing inert gas down fromthe
inlet tube and towards the nelt surface and out through the gap between the
verti cal wbhavwew3sdsst he |id and the cruci bl e support wal IPCTtUse00blosEODT

car bonnmonoxi de gas and other contaminants to the nelt surface can be
effectively reduced. The inert gas fl t hrough the encl osed area before
exiting through the gap between the walls and the vertical plates belowthe
top edge of the crucible to forma flow labyrinth to mnimze the back-fl ow
of contam nants. By enclosing the area surrounding the nelt surface, the

inert gas, fl %%’ s.able doeffactively shi 6419 the el surfiace from

contam nation. In addition, contam nants that are present in the vicinity
of the mettucsilrfack)q thheef ont @ wiant sounmayt e genertat et nvé it hiap t1hes encl osed

area) ar urged qut of the encl osed ea the inert gas flow [0060] As
o o i S et oo g L A Y el a8 T adhe Totert of
surface ofrdhejaerdd calcdldte 148, ofndhesd ith AdZuhscd ithb2 serves to

further inhibit the back-flow of carbon nonoxide or other contami nants from
t he fur natee Wiolefrea s UMMt hgPa el «F ued bilee assentlyf Bis¥eomt he reaction

bet ween t&erbc&%%:%é)&?s aé‘o%ﬁ{lﬁéc%.“d bl e support to the nelt 111. The lip

further serves protec gaps 116, 117 fromsilicon particul ates or
splash fromthe neltdown either of which could inhibit subsequent
di sassenbly or coul DG&sul t Retudamage ntowr tthoe Fpantre. 6Thesddomdl§2 ext ends

outwardly fromthe interjor surface of the vertical plate 118 and is
Dot L1 ongdd UReHbSAF SIS A SR et e i me Lt

surface. 1In the event that contaminants, e.g., carbon
monoxide and other carbon compounds including carbon, are
present in the vicinity of the melt surface, the inert gas
flow serves to purge them from the melt surface. The
contaminants are effectively transported by the flow of
inert gas from the melt surface and out through the gap
between the vertical plates of the 1lid and the crucible

support walls.

[0062] In one example, about 6.6 liters/hour
of carbon monoxide is generated in the furnace. The inert
gas 1is introduced at a nominal rate of 50 SLPM or a scaled
(operating conditions) rate of about 472 liters/minute at
silicon melting temperature (1400 degrees C) and a
pressure of 600 mBar. Assuming that no other sources of
carbon monoxide are present, then the gaseous carbonaceous
concentration by volume in the gap is at about 0.023%. 1In
another embodiment, the furnace results in less than 0.03%
gaseous carbonaceous compounds by volume, and in another
embodiment less than .5% or in still another embodiment

less than 5%.

[0063] After the gas exits from the enclosed

area through the gaps, it may be collected and recycled



102. The gap between the term nal end 164 of the crucible 102 and the lip
162 is conparable to the gap 116 between vertical plate 118 and wall 104.
The |ip 6D 2emiesssss al ong at | east a part of the | engthprofi/ush@owsrsd cal
plates 118 in a |ongitudinal direction and out over the term nal end 164 of
the wall of the crucible 102 in the hoyjzontal direction. The inert gas
must then flowin between thelip 162 and the termnal end 164 of the wall
of the crucible 102 before flowi ng out through the first gap 116 between
the vertical plate 118 and the wall 104. This provi des an extended

| abyri nt t t h \J ' ' he back
abyrin nhfcg 1596%#%59@. zilh?érrpé@lvx%&'f[a%om é%sﬁrm b@érdfépé%& € bac

diffusio car bonaceous conpounds g now to gure 6
secondl y,of Hey igeefd gast flovibguuk gest c oritammantsnderom t he nelt surface. In
the event that contam nants, e.g., carbon nonoxi de and ot her carbon

conpounds i ncl udi ng on, are present .in the vicinit f the nelt
surface, the inert Bﬁ?g IomﬁgﬁFVggmiﬁlﬁﬁfﬁg'Pﬁgm oM ’hghﬁélt surface. The

cont am nagtscad £ &f factively dd anspadeth bystde fdow ofad nesdcgased rom t he
melt surface and out through the gap between the vertical plates of the lid
and the GARRTD elSUpPtIti@itads.sq 1qaf oife Bxamtes dbsutiBI®

Lt bt foRon oo 3 SRl stLe HE furppee ot frert gas
condi ti onsjoaeas ofn abolitreArt2idn tiersfmi nuterna 1 sid <oy niedtdingg tiemper at ur e
ggﬁ?gegegﬁreoegt .C )Asantdhearn%lesesnuerregff (06r0Ohencha)r 'isAsrseumnc])\p d tpracgm ntc{'leot her

bottom of the crucible, for example by a heat exchanger

described above or by other means, the melt then begins to

solidify in the bottom of the crucible and the

solidification proceeds in a direction towards the top of

the melt surface. After the silicon has solidified into

an ingot, e.g., a multi-crystalline ingot, the solidified

ingot is cooled in step 157. The 1lid is removed in step

158 and the ingot is removed from the crucible in step

160. The ingot is then sliced into multi-crystalline

wafers, such as wafer W shown in Figure 9, as is customary

in the industry.

[0065] The described embodiments provide an
apparatus and method to direct a flow of inert gas above a
melt surface to reduce or inhibit carbon contamination in

a melt or ingot.

[0066] As shown in Figure 10, ingots produced
by the new method and systems have substantially less
carbon than those produced by prior art methods. A prior
art process using 30% recycled polysilicon (poly)
feedstock has an initial melt carbon concentration of 48
ppma, a relatively high carbon content which results in
carbon precipitation in the ingot (the middle of the

ingot) as shown. Using virgin poly of less than 1.0 ppma



carbon nonoxi de are present, then the gaseous carbonaceous concentrati on by
volunme in the gap is at about 0.023% In another enbodi nent, the furnace
resul ts iwol2ese3sdsan 0. 03% gaseous car bonaceous conpoun®@sThg2000/06me82 and in
anot her enbodi ment |less than .5%or in still another enbodi nent |ess than
5% [0063] After the gas exits fromthg enclosed area through the gaps, it
may be col l ected and recycl edfor |ater reuse. Alternatively, the gas nay be
di sposed of by safe venting back into the environnent. [0064] Once the
silicon has nelted, the process of solidifying can begin (step 156) . As

described; aboye pifb difactdaals salddifieatl o, funaces ndhe i ngot first
solidifies in a’lower area, andsthe solidification proceeds in a direction
roughl y normednt:mta solddif$ qatnmaomned rantwn As Bherlal, eneirrgy iorgheat) is
renoved fromthe bottom of the crucible, for ex Ieé%z a. heat exchanger

descri bedabovE Ortly ot HErS fredms, SEHE T (e 9iHs 30 sotiify in the
bot t om of, tdeyd uai bl ek the sl 1 fisat | onrr aceeds,in a direction
t owar ds t%e top of the nelt surface. After the silicon has solidified into
an i ngot ,C@& Nt zaman ineapstAdihel idigatted e sol il frerimigotted cool ed
in step 7 ﬂpeﬁ{i§h's renpyed if. ste 1%§§ﬁ@ﬂg(; dngot is remved from

arb . , < .
the crucibie ins ep(%éﬁ% ﬁ%ﬁ?w nd@% |sgi en slice |ﬁ?o ﬁ%'fﬁ-crystalllne
waf ers, stiniass wadaer s hovar gt giwsre imitason S qusd@iyairtyat ot he
i ndustry. [0065] The descri bed enbodi ments provi de an apparatus and net hod
to directP¥ow of inert gas above a

[0067] The wafer or wafers produced by this

process will have lower carbon than prior art wafers, as

illustrated in Figures 10 and 11. The wafers are

therefore less likely to have SiC precipitates

incorporated which can cause electrical shunts in products

produced therefrom, such as solar cells. Even using a

typical recycle rate of, for example, 32%, the maximum

predicted prime ingot carbon level will not exceed the

precipitation level of 6.0 ppma, as predicted by the

segregation model plotted in Figure 11.

[0068] While the invention has been described
in terms of various specific embodiments, it will be
recognized that the invention can be practiced with

modification within the spirit and scope of the claims.

[0069] When introducing elements of the
present invention or the embodiment (s) thereof, the
articles "a", "an", "the" and "said" are intended to mean
that there are one or more of the elements. The terms
"comprising", "including" and "having" are intended to be
inclusive and mean that there may be additional elements
other than the listed elements. The use of terms
indicating a particular orientation (e.g., "top",

"bottom", "side", etc.) is for convenience of description



melt surface to reduce or inhibit carbon contam nation in a nelt or ingot.

[ 0066] As shown in Figure 10, ingots produced by the new nethod and systens
have subswearmioal3Bsssl ess carbon than those produced by pPcorusas/osmsbhods. A
prior art process using 30%recycled polysilicon (poly) feedstock has an
initial melt carbon concentration of 48 ppne, a relatively high carbon
content which results in carbon precipitation in the ingot (the m ddle of
the ingot) as shown. Using virgin poly of less than 1.0 ppnmain the prior
art process results in an initial nelt concentration of 19 ppnmra as shown.

Finally, [ i rgi : 1,01 -3 gbodi nent ut an air

| eak vyi elé(ﬁ% t ééé I%B\Agst L%altlr o%%%%%fngl%@ﬁaeéc%%on col@n%fr,ma%}lthgn

measur eneinten Ntk catidsednl y non-preci pitated carbon in the silicon. Thus,
the FTIR carbon nmeasurenent renains near the precipitation limt once
precipitation begin 006 The .waf er _or wafers .produced, by this process
will have | ower car@3 7&%an F VO & WSS S &?Uﬂﬁlg§iﬁg¥%31fh igures 10
and 11. Theowafehssanetherefoie tessodd kel dhdoc haven S G precdpidad es

i ncor porated which can cause electrical shunts in products produced

t her ef r oMCHRR P ast ol dvert1&, Bent vusiHgded pilcal aekyedtetsate of, for
exanpl e, 9% .. & {pm i C I 1 i - w | not
exceed tﬁ%ﬁﬁ%ﬁﬁ%ﬁ?ﬁ?ionI%ﬁéﬁgcéé%%%é%%ﬁﬁ?Q%giﬁgggﬁg?gg y the segregation
nodel pl ctdadnpanFHgurardding 0068]haMi Iee thecdrpuentedrehas been descri bed

illustrative and not in a limiting sense.



in ternms of various specific enbodinents, it will be recognized that the

i nvention can be practiced with nodification within the spirit and scope of
t he cl ai w0 2p00B3Yss\When i ntroduci ng el enents of the pregemtuszomwastédbn oOr

t he enbodi nent (s) thereof, the articles "a", "an", "the" and "said" are
intended to nean that there are one or,sore of the elenents. The terns
"conprising", "including" and "having" are intended to be inclusive and
nmean that there may be additional elenments other than the listed el enents.
The use of terns indicating a particular orientation (e.g., "top",

"bottont, e, is;for convenience of descrlptlonand does not
require gﬁyﬁ%gﬁtl%f%éﬁg%W|entatlon of the itemdescribed. [0070] As various

h Id p b
changes coul d be jmde Jn, the, phove sanstIucL] ans. A Metigds, uid hout

departing fron1the scope o e 1 nvention, 1t matt er
contained in the above description and shown in the acconpanylng dramﬁng
[s] shall be interpretedidsle |fusthratdivey andl ot $nliacdnm ti ng sense. What
is clained is: 1. A directional solidification furnace conprising: a
cruci ble for hol ding .mo ten SI|ICO alid. cove the crUC|bIe and
formng an enclosur %v q% §Ffldgﬁ ﬁﬁyan|Wﬁ%§ Th the lid for

i ntroducidyg-lidaite g;a\selabgyee rﬁméﬁ)lgﬂm@ﬂ,{ caoidto inhibit contam nation of
the nolten silicon. 2 . The furnace of claim1l wherein the |lid has a

eriphery and a plurality of gaps for venting the inert
P P y P an infét 1§Jé£e lid for 1§%rodu01ng inert gas
above the molten silicon to inhibit contamination of the

molten silicon.

2. The furnace of claim 1 wherein the 1id has a
periphery and a plurality of gaps for venting the inert
gas from above the molten silicon and facilitating the

uniform flow of inert gas over the molten silicon.

3. The furnace of claim 1 further comprising brackets
disposed between the crucible and the 1id to form a
plurality of gaps for venting the inert gas from above the

molten silicon.

4. The furnace of claim 2 wherein the 1id has

substantially no leaks other than the plurality of gaps.

5. The furnace of claim 2 wherein the plurality of

gaps are disposed below a top edge of the crucible.

6. The furnace of claim 1 wherein the 1id includes a
plurality of holes for venting the inert gas from above
the molten silicon and facilitating the uniform flow of

inert gas over the molten silicon.

7. The furnace of claim 1 wherein the 1lid comprises
one or more plates of heat-resistant material including

silicon carbide-coated graphite.



gas from above the nolten silicon and facilitating the uniformflow of
inert gas over the nolten silicon. 3 . The furnace of claim1l1 further
conpri si nyolnmaisasss di sposed between the cruci bl e and t reTitisdoowosfeor m a
plurality of gaps for venting the inert gas from above the nolten silicon.
4 . The furnace of claim2 wherein the,Jid has substantially no | eaks other
than the plurality of gaps. 5 . The furnace of claim2 wherein the
plurality of gaps are di sposed below a top edge of the crucible. 6 . The
furnace of claim1 wherein the lid includes a plurality of holes for

venting the iorfrtmgélsfﬁfrpa@eab@f/ %mqn r@'&ﬁ&f A'&%ﬂ%gﬁ;élw&g ng the

uni form fl ow inert gas over the nolten silicon urnace of claim
1 wherei rert hiemlétd odmprases arerlomaroringl at es of heat-resi stant materi al
i ncl udi ng silicon carbi de-coated graphite.8 . The furnace of claim1l

wherein the i ncl udes an_i nlet. tube .and a sealing ring. The
furnace of cl g‘% ?/\/rf‘ile BIH T he |Chjtaejtm L%b@%edl%e 9 %ggéﬁ% Hhille of
silicon casdidey coated & apid &1 191 {Then farnsice ofo Ll ad ngdapherei n the |id
is made of at |east four pieces of heat resistant material. 11. The furnace

of claim 10 mhereln the lid includes a horizontal plate and four verti cal
side wal ls. 12L0 THE'§ et dfoll @i mm™ WHEKSI i1t He'd i dt G nict ueRete & i nt er nal

horlzont%h;lé%ggnfddgu§£%dgg(p@q&gg(ygégsggﬂ;q@gggigp and protecting the

plurality of gaps fromnolten silicon

11. The furnace of claim 10 wherein the 1lid includes

a horizontal plate and four vertical side walls.

12. The furnace of claim 2 wherein the 1lid includes
an internal horizontal lip for inhibiting back-flow of
contamination and protecting the plurality of gaps from

molten silicon.

13. The furnace of claim 1 wherein the crucible 1is

square in cross-section.
14. A directional solidification furnace comprising:
a crucible for holding molten silicon;
a crucible support for supporting the crucible;

a lid covering the crucible and crucible support

and forming an enclosure over the molten silicon;

an inlet in the 1lid for introducing inert gas

above the molten silicon; and

a first gap and a second gap adjacent the 1lid,
the first and second gaps defining a nonlinear flow path
for facilitating removal of contaminants from the
enclosure and allowing the inert gas to exit the

enclosure.



13. The furnace of claim1 wherein the crucible is square in cross-section.
14. A directional solidification furnace conprising: a crucible for holding
nol t en siwOQomy03a88sr uci bl e support for supporting the cratiusk@y/osreébz d
covering the crucible and crucible support and form ng an encl osure over
the nolten silicon; an inlet in the lighfor introducing inert gas above the
nolten silicon; and a first gap and a second gap adjacent the lid, the
first and second gaps defining a nonlinear flow path for facilitating
removal of contanminants fromthe enclosure and allowi ng the inert gas to

exit the encl OI%JreThdeleurTrhf urnace of €4 alm A4 Sif the Jépf %fcgap and
e the 1i

t he second gap ar spose etween an outer periphery o and t he
cruci bl e tshqapmd:ondlﬁ;aﬁl‘heref m‘tjrwgcres@:[ I aremrl mwheredn gdeighasg g@ap and t he
i nlet eacq} ﬁ%f ac S_SeCtlﬁh area, and a ratio of the first gap
cross-sectio éh?tqﬁyq & Tr¥LSsectional area is between 0.5 to 10.
17. The furnace of claim15 wherein the first gap and the inlet each have a

cross-sectionalg aress @Ahthacd alf cofid hes finste Gap s ossrsecddnaldarea to
the inlet crosssectional area is between 0.8. to 1.2. 18. The furnace of
cl ai m 15 Wier€iret magh rstveyap P ¢ HeE G il e e sttt havid & &riogslsis et i onal

area, and.g. ratid, of. 4 he Jisslosan, A 0ssrapctd ARl ATRR ta-dhe Tnlet

crosssectli ona al ea
sectional area i1s between 0.5 to 10.

17. The furnace of claim 15 wherein the first gap and
the inlet each have a cross-sectional area, and a ratio of
the first gap cross-sectional area to the inlet cross-

sectional area is between 0.8. to 1.2.

18. The furnace of claim 15 wherein the first gap and
the inlet each have a cross-sectional area, and a ratio of
the first gap cross-sectional area to the inlet cross-

sectional area is 1.

19. The furnace of claim 17 wherein the first gap is
disposed between the 1lid and the crucible support and
wherein the second gap is disposed between the 1id, the

crucible, and the crucible support.

20. The furnace of claim 19 wherein the first gap has
a height and a length and where in the height is non-
uniform along the length.

21. The furnace of claim 15 wherein the first gap has

a width to height ratio between about 4 and about 13.

22. The furnace of claim 15 wherein the first gap has

a width to height ratio of about 6.



19. The furnace of claim17 wherein the first gap is di sposed between the
lid and the crucible support and wherein the second gap is di sposed between
the |id, wbeoovoissssl e, and the cruci bl e support. 20. Thecfrase@emswh2 cl ai m
19 wherein the first gap has a height and a | ength and where in the height
is non uniformalong the length. 21. The furnace of claim 15 wherein the
first gap has a wdth to height rati o between about 4 and about 13. 22. The
furnace of claim 15 wherein the first gap has a width to height ratio of
about 6 .23. The furnace of claim 15 wherein the second gap has a height to

wi dth ratio of, et?}?eenﬁﬁq%; hout 4. The, furnae claim 15
wherein the sec%'n gap has a ﬁoe?gr}glta@lto V\%%he%altrll Oﬂ% éagbout&4 P25 A

nmet hod ofhamrauflactalri ng avimdHt i rariwstaf [hareréargatb@onpr isidiggbgltaci ng solid
polysilicon into a crucible; placing a lid over the crucible to forman

enci osur e havi ng a | abyrinth gap between the Iid and the crucible; applying
heat to nelt the polysilicon; introduce inert gas to the encl osure such

that the gas pwrgeshcontamaantis Jrom tie enclosurehankexid sgdhe encl osure
only through the gap; solidifying the nolten polysilicon to formthe ingot.
26. The metthot 1 EaitR 26 diHereini @ Hel iUt as is i ntroduced through an

inlet tube in the |id.
25. A method of manufacturing a multi-crystalline

ingot comprising:
placing solid polysilicon into a crucible;

placing a 1lid over the crucible to form an enclosure
having a labyrinth gap between the 1lid and the

crucible;
applying heat to melt the polysilicon;

introduce inert gas to the enclosure such that the
gas purges contaminants from the enclosure and exits the

enclosure only through the gap:
solidifying the molten polysilicon to form the ingot.

26. The method of claim 25 wherein the inert gas is

introduced through an inlet tube in the 1id.

27. The method of claim 26 further comprising
purging oxygen from the enclosure prior to introducing

inert gas.

28. The method of claim 27 further comprising

collecting gas as the gas exits the enclosure.

29. The method of claim 28 further comprising

recycling the collected gas.



27. The nethod of claim 26 further conprising purging oxygen fromthe
enclosure prior to introducing inert gas . 28. The nethod of claim 27
further cwoppiogi3ssgscol | ecting gas as the gas exits the eatiussammsiedd. The
met hod of claim?2 8 further conprising recycling the collected gas.30. The
met hod of claim26 wherein solidifyingg4he polysilicon includes renoving
thermal energy fromthe crucible . 31. The nethod of claim26 further
conprising slicing the ingot into wafers.

30. The method of claim 26 wherein solidifying the
polysilicon includes removing thermal energy from the

crucible.

31. The method of claim 26 further comprising

slicing the ingot into wafers.



