DIRECTIONAL SOLIDIFICATION FURNACE FOR REDUCING MELT CONTAMINATION AND
REDUCING WAFER CONTAMINATION BACKGROUND [1] This invention generally relates
to directionAVEoHHie2i88A furnaces and, more specifically, to an apparatus BAH/ HeMeaSieoirecting an
inert gas flow into the furnace. [2] 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 quartz, or another suitable material that can withstand high
temperatures while remainl essentlall inert. The crucible is typically a five-sided box, with the top of
the box being open to the g A tﬁﬂﬁgﬁﬁgéglﬂ% E? %ﬁjcﬂﬂgls supported by graphite
support walls that add structur 2‘6 GRRTAM M@ he crucible has been charged

with silicon, the area surroundin §%|é”f§‘-‘"s%%|§o°ﬁ8% Qge 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. TheAcotit@adfthe atmosphere within the containment vessel can also be monitored and
controlled. 2

[001] This invention generally relates to
directional solidification 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.



[4] The crucible and the charge are then heated to a temperature sufficient to melt the silicon. After the
charge has completely melted it is cooled at a controlled rate to achieve a directional solidification
structure. TREOHHYORESTate of cooling is established by any combination dIGEQINIY/MRELmount and
location of heat applied by the radiant heaters, the movement of or the opening of a heat vent in
insulation surrounding the crucible, or the circulatiorzof 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 cloéé)gt% the cbdferSide oPthie Gleibidand Proceede i a'diféttion away from
that side of theserwgible, Eheclasbperdion.of the melttosotidify issganeraliy aktheitep:of the ingot.

[5] A significant concern in the production of multi-crystalline silicon ingots in directional solidification
furnaces is the Eontamnation ot Th& g ot WitifpurivieS SAh €ty ot of EBhEMmAiGN is often at
the melt surfaget Gaseeds o4 selid carhanierether aantastinants presentdi the-eartainment vessel
enter at the melt surface and are at least partially absorbed by the melt, and are subsequently
incorporated int8 & fngot u%gﬁ s%ﬁ&iﬁégggnegon%ﬁr%eg Eascéy rTelcrilﬁtajtgd %8&1%%%%35}1 §g§me of the
sources of ¢aybam gontaniinatian are carboadnerioxide jas formed-whed the ceucikble and walls are
heated, as well as oxygen-containing compounds.contacting heated insulation and graphite or the
deterioratio\r{i{%?% farl%%%elieréu% io%%%rr%%cr%%% hge\/\‘/aa fs"arld tﬁ%eln{ré?i‘cf)?%?fhge ﬁjfng)cre enclosure
resulting in pariculse cadhonfcantaminatioan The carbonionoxidesgasris fonedsintthe following
reaction: SIQ().4 6(9) =%, Sicis) + SO 02(0) + 2:C(5).72 200(@) whsre b soypce of the
gaseous SiO can be evaporation from the free silicon melt surface or ecomposition of the crucible by
the reactionc26i02{g) = 2t8iO(gh#02{g), tndtheroxyygen mayrergifiate frermtaierenyaining in the
furnace or ajr,lsgks jnto the. furnace; Degompasition, efthe quariz grugible by, the.adjagent crucible

support is also an important source of carbon containing species. This occurs by a reaction such as
Si02 + 2*0(B)=3%3fC {8y +tCO (P Thetrarksan ArdnbXidesorddz b6 s HidxXide g 4s ¢dreateddrem any

source) reacts yith the melt sutface gsdepresented by the follawing reactions; Sieh) +#.09(g) - SIO(g) +
C or Si(1) + 002(g) => 2*SiO(g) + C. [6] Carbon precipitates in silicon ingots cause undesirable

electrical shtdisiitithé prddaets Hist e elelifaly Palsitenad frof theditgets, 063 Solar cells.

Carbon alsc?g%ra@a}h&%te% theyregyslergiream @[flé_i"% RS URESRA,Qr %'B;Slait@éﬂ%@{ ingots are often
recycled to form new ingots. Consequently, reducing the carbon contamination of the melt decreases

the carbon ¢tRarfiiation IEVEISHF the-FecylRr StRMRT Side ot Akt Have beediade to

introduce ainertgassflow in the; fuspace, bus they havemnethaenscempletely satisfactory due to an
ineffective flow path. Accordingly, an efficient and effective apparatus and method are needed to

introduce arr Tt GaSow 16 Fedice csttamimitionieldls ifthetingot, So 1 1dify 1s

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



4 BRIEF SUMMARY [8] In one aspect, a directional solidification furnace comprises a crucible
for holding molten silicon and a lid covering the crucible and forming an enclosure over the molten
silicon. The W@eM¥0a885comprisesan inlet in the lid for introducing inert gaBEHBYMEITHORen silicon
to inhibit contamination of the molten silicon. In another aspect, a directional solidification
furnace comprises a crucible for holding molten silicén 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 lid. The first and

second gap$ defifie @ ASHineaF 6% pHtf Fsrraciittingteméval 6t itamitants fromte enclosure

and allowing the: inertrgastoexitthe enclosure.c sul t i 9] mstdkanothen aspecta-pgthod of
manufacturing a multi-crystalline ingot comprises placing solid polysilicon into a ,cruci%le and placing a
lid over the GrULTHE 1S forAPAn ent %u?eaﬁg\ﬂﬂg%q]%m% GEp betiebR thE fid HhdtHE crucible. The
method furthier camprisesrapplyingrheat iomelt the podysilicons The smethod@lsp camgrises introducing

inert gas to 5he( gxc@sggecsu h that tt&e*%h g@grqﬂ%secroent%rglenams from the etnrgzlosure and exits the

enclosure only through the(ﬁ p. The me Iso comprises s%%i]fﬁﬁg e mo?te%apso?fsl’lll%con to form

the ingot. 540010P/arioa s eetimementsexistofthe featiresenoted ircrelatienlto theafowe-mentioned
aspects. Fu(r)tger Eeatureg m%%glgoobfe ii%:grporr%te%rﬂ eth% abg%%-n}een&ignlegnas?g tlsoasg ell. These
refinements ancija&illﬁgneﬁ eatures may exist m&mdually dr in any comglnatlon. ar (hst nce, various
features diseass&dShéldw)in+elatiomto anycoftthe illustrated evnbodiments aiay e imcorparated into

any of the apgye-described aspects, algne or i.any coqbination;, . ; tne 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.



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-s¥@GA18/0836883 crucible, and crucible support of Fig. 1, and sche Rk IMISTFdes 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 lid; [0014]Figure 3B is a cross-section of a portion of
the crucible support and a portion of the lid positioned on a support bracket; [0015]Figure 4 is a
cross-section along line 4-4 in Figure 3B;

BRIEF SUMMARY

[008] In one aspect, a directional
solidification furnace comprises a crucible for holding
molten silicon and a 1lid covering the crucible and forming
an enclosure over the molten silicon. The crucible also
comprises an inlet in the 1id for introducing
inert gas above the molten silicon to inhibit

contamination of the molten silicon.

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.



[0016]Figure 5A is a cross-section of a portion of the lid positioned above the crucible support;
[0017]Figure 5B is a side view of the lid positioned above the crucible support; 6 [0018]Figure 6 is a
flow diagrarlv@e9ittig¥8method of providing an inert gas flow of a melt surP438UR280YBIANAce with an
embodiment; [0019]Figure 7 is a cross-section of a lip formed in the lid in accordance with another
embodiment; [0020]Figure 8 is a schematic perspeciive

[0010] Various refinements exist of the
features noted in relation to the above-mentioned aspects.
Further features may also be incorporated in the above-
mentioned aspects as well. These refinements and
additional features may exist individually or in any
combination. For instance, various features discussed
below in relation to any of the illustrated embodiments
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;



view of an assembled crucible support and lid with one of the walls and a portion of the lid removed,;
[0021]Figure 9 is a top plan view of a silicon wafer; [0022]Figure 10 is a graph showing FTIR carbon
vs. the fractNS @ 301D various sample ingots; [0023]Figure 11 is a gragi SHHRMAY tHieePnum
carbon concentration in a prime ingot portion for a given charge condition; and [0024]Figure 12 is a
schematic perspective view of an assembled crucibleé support and lid with one of the walls and a
portion of the lid removed. DETAILED DESCRIPTION

[0018] Figure 6 is a flow diagram depicting a
method of providing an inert gas flow of a melt surface in

accordance with an embodiment;

[0019] Figure 7 is a cross-section of a lip

formed in the 1lid in accordance with 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,



[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 supy&2498#8%ding walls 104 (crucible support walls) and a cruchid/Ha3¥YoH oR2is
contemplated to use other structure or means to support the crucible. Together with a lid 112
described below, the crucible 102, 7 walls 104 and ¢rucible base 106 form a crucible assembly or an
inner assembly 105 (Figure 2). This inner assembly 105 may also include a heat exchanger 107
disposed beneath the crucible base 106. In one embodiment, the inner assembly 105 has no leaks
other than vents or gaps purposefully formed therein. Likewise, the furnace 100 may have no or
substantiallyf Ao t€akLtherdin. [0B2E]R s RAodimBnt Hehtérs YO8 AR Fositin Bund the walls
104 and witbin a gontaityrentawessph110.The eatersd 08)may suitably hegadiant septeys. The
heaters 108 apply the heat necessary to melt charge material wjthin the crucible. The charge material
of this embodimant6 Siiceh, HEngH Giner FEfenAIE P Lamtempidted: SRR RSuAIBHA08 is disposed
around the enueible-andmay be partially openedosucheas by Medtical mavenientidshown by arrows in

Figure 1). Once tgﬁ]filic% 5chﬁlrgie has eltfd, ac oo!n%cfinedium ay be introduced to the heat

exchanger 107 61 the'insultion O@Omaye%e Taided 10 aid'n thé diredtional Sohdification of the silicon.

The heat outputcafdke heaters d68amay be asljusted 50 tkatiless heakeisapplied4o tiOmelt 111. The
position of the heﬁl:[,frs 108 m%y Sa{ls%bc% ggjuse? relatlvg eto thei%uemble by moving them away from the

crucible 10?%pem‘éﬁy%€va@ rom the crucible base 10 %\Eaitlonaﬁﬁllrrlls'ulation surrounding the

furnace may be moved relative to the furnace to permit more heat to be transferred away from the
furnace. Directional solidifi€&tionl of thENin§6tis thev aehieedd throeghahy contbirdfon of these

processes. Ageardingly, dhg portion oftbe meli 111 neaesy the cruciblg basg 106sqlidifies first and

the solidification proceeds in a general upward fashion away from the
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



8 crucible support base 106. The last portion to solidify is the top surface of the melt 111. [0027]A lid

112 of this embodiment is positioned atop the crucible 102 to contain and direct a flow of inert gas. As
shown in Fid\@2PLRB$’W of inert gas is introduced to the lid 112 through E&TRE2MYHESTAX and after
flowing along the top surface of the melt 111 exits through gaps (described infra in relation to Figures
3A and 33) 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. EOZS]Figure 2 is a cross-section of the lid 112 and the surrounding
structures. TH&fid 219 ifEEES fol VeRtich! Prates 18 anda ROHZotAl di&eS20: Eabh of the vertical
plates 118 angd horizonta) platerk:has antirnersand 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.grqove, qr,shiplap joints.The inner surfaces of the
vertical plates 118 face thg‘O i(r%?r?or of t g égealgér%clgz,e %)l/ he ﬁ% ?L%ﬁm\?vﬁ[e the outer surfaces face
the exteriorof thetlichrhe lehgth améwidthofithielid 122 s sobstantiallyesimilde to; dut slightly greater

thamthato%q@ﬁxg?b%%g¥% %as. As shown in Figure 2, the flow of

inert gas is introduced to the 1id 112 through an inlet
tube 114 and after flowing along the top surface of the
melt 111 exits through gaps (described infra in relation
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



inner surface of the horizontal plate 120. The weight of the horizontal plate 120 then serves to hold the
lid 112 together, while still providing for easy assembly and disassembly of the lid. In some
embodimen¥O2HINP3EBFOf pins can be used to further secure the vertical Fr&EYI208%85(¢82horizontal
plate 120. The pins are inserted through holes in the vertical plates 118 and corresponding holes in the
horizontal plate 120. The joints between the verticalplates 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. {1 €hs8 of Mrufa&uRiRG anghmaling TR déRicarPlates T8 4fid PofizGtal plate 120
may also becaka monolithie, singleiece desigh anddhe Jid sl 12ds ibusiformedifiem e single piece of
material. The horizontal plate 120 has a hole 126 formed therein for receiving the inlet tube 114. Some
embodimentSfciude’an 44ditisndi'sea 'nﬁ?ﬁ\éjﬁgﬁis%gedegﬁéfv@ﬁw%eﬁ@ Y 28¥6r tube alignment
and/or sealiag sthbe ¢ing 128 d:the inled tuber h14 onay kenmadlierefitbe samepansimilat naterial as
one another %nd as the vertié:al Iatecf 1E18 %nd %%o of the lid 11%hThe se Iincgd5in }28 has an inner
surface thatcortacts tiié inlettub& 114 The inner diameter of the %ng 128%S Sub ta%ﬁglfy similar to
the outer diameterof thes irtetrtiibe1d4] Inpdeme emisadiments ihernianersuriacesofithd ring 128 is
tapered anr%%irt(s) lo itrlljg'hnal axig fgkgligfnerg%nt. aT e di'aalpgter éhe inner surfacse ge reases towards
the 10 surface of the rng T78 that rests upon]tﬁe ol?izontafp ate 1§8ﬁ06§iﬁ%§infé tlbe 114 is
used to intréducesinert gasethiroughzthe totizohtat platé 1 20Bi¢he id 112 ibtettheencidsed area 130.
The inlet t“@%%%é% bas a.generally Er:éc%!ﬁhcr %ﬁ&?}%o%!t{‘&’%g &"é?%rse@%d%er{‘%% may include

differently shaped cross-sections. The inlet tube 114 is constructed of materials similar to those used
in the constittioh bfthe dthier pidcesadf thd lidud2. [0o32)A firsteend 132 6hthe inlet tube 114 is

connected tgmi&gﬁ%,s%ge }%wa%gegiﬁ@ting%gu%%dg%sﬁn%%e%g?ggﬁeqtg, the inert gas is

Argon. As shown in Figure 2, a second end 136 of the inlet tube ates the horizontal plate

120 of the lid 1 2thtorgHrth@csiseringg deéscried absved Theaskkohd @ndoi3einert 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



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 1 MORGBIBRTIosed area 130 can be adjusted to alter the chara¢hiEiee¥PHfiednert 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 thelhorizontal 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, 11 some
embodiment&hERfce MaltiplhdeE andbridspbndmg ifletRbesiROrder b iier e characteristics
and distribugion & thepimert gas flow within the enclosed area 130. Furthermore, differing size holes
and corresponding inlet tubes may be used, as well as varying flow rates to manipulate the inert gas
flow, according to some e iments,, [0034]|n other.embodjments the four vertical plates 118 are not
used (see Figure 12). In tf@@gﬂﬁbo w%%n%s%ﬁg %H?gn%?éla%eslfﬁ %Istg %iré&%f 8%{ e crucible
support wallsiE0Zand a gaprisfghmedbeheathzhe tog optheterutible 0602 ihthelwallsl184. For

exarmple, the,ap gy befarmed by iling siotting gr.otherwise fauning apepings in the walls 104,

[0035]Returning now to the embodiment of Figures 1-4, the vertical plates 118 and horizontal plate
120 are cong@roetedilofa material #ratTnaintains its stoeturaltinegrity andésrminimally reactive under

elevated teropeiaiies for.a pigjonged period of e, Sullgble matesials pcludeca forayaf carbon,

such as graphite, and can be similar in composition to the walls 104. In some embodiments, the
vertical platé$'¢18ahat1 208 corfstruetedPrafiigh phfity SificatréarbidelCodted htaghite [0036]The

crucible 102, injettubesl4; @ndhe construction of the other pieces of the
1id 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,



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 W&EXC18183883he high temperature reaction with SiO or the splaRelAGWAEETERilicon
thereon. The graphite components may be coated to 12 prevent contributing carbon to the melt since
fractured graphite surfaces can release carbon partidles. [0037]Figure 3A is a cross-sectional view of
one of the vertical plates 118 of the lid 112 and Figure 3B is a cross-sectional view of one of the
vertical plates 118 of the lid 112 resting upon a support bracket 138. As described above, the crucible
102 is surrounded by corresponding walls 104. A first gap 116 and a second gap 117 are shown in

Figures 3A 8A8'33°THE SEEERG Gap TS Yefined belfediP tietcriiibIc 262 QRthe Vefical plates

118. The secand gaplddshasa yvdidnB A portien-ofithe crueiblectQ2-extends vertigally upward
beyond the walls 104 by.a height A. In one embodiment, the hejght A is 38 mm and the width B is 9.5
mm, resultifg ina I;Lﬁﬁ)e/dfoﬂl t§'B of Kbot® 31" 17 Bther emibddirmahts, thE r&it dPASS B may be
between abaut2: 1188w, aboutdht farchetyweeh aboui 2andiateoui dllg,swhitelin other embodiments the
ratio may be between a%out 3:1 afldtabo t 10:1 (or b$tween gbout 3 an? ?bout 10), while in still other
embodimen?soff'nreer%t%8nmal§1 Be lgrrleaetter Yan or énqL}/aI o about 4:1a(8r dbout Zf)? [OVC%]}BT'fLﬁléJ first gap 116
is defined bétweenrtheagalisol @b ang the verticakplatee118.gee firsbgap dd6hasiaawidth C equal to
the width ofstg%verti%lo%lfte 1 % and a height D equal to the distance between the edges of the
vertical plate and the wall 104. 1 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 6). In other embodiments, the ratio of C to D may be

between about 4:1 and aB&®318t1 (of Bethidehralsilt ame abeutti®), Wil iry 6thiet @@dbodiments the
ratio may be, beweemakou Sl and abouy 12 J.(0r betyeen abeut 5 apd ahout

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



13 12), while in still other embodiments the ratio may be greater than or equal to about 6:1 (or about
6). [0039]In some embodiments, the width C and height D of first gap 116 are selected to achieve the
same verticA@8/6B8HdDNal area as the argon inlet area (Figure 2, orienteRIHMAMPAR @S shown). In
other embodiments, the gap is selected or adjusted based on ingot carbon levels. In the illustrated
embodiments, the walls 104 terminate below the cruigible 102, leaving a portion of the crucible
exposed when the lid 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 lid 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 thePGGEDIE 162N hREMBEdiffEnt the firstdip 166 is Sti8&8d 16 achiet&%he same vertical
cross-sectionph preacas therargoadnlet areas 1.€a dhe dletlthedd4d: Thedatio 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 @5’8'3'53['2' ol in other.embaodiments about 1.tlri1(gkr11i§frquodime t, the gap is

. . 1gur S ad. Cross>secC 1 O
selected or adjusted based on ingot carbon levels e.g., mgo? carbon measuremen?%rzeedgback) and/or

to aphieve wﬁfﬁn@lﬂ exmausefiow Spée@l@ﬁﬂfﬁbiﬂ bacleflowh[O0413A phizality @f Buppart brackets 138
are insertedigta the walls, 104 5. shown, i Ejgure 38- The sypportbradkets 138 are gonstructed of a

suitable material that can withstand high temperatures without significant structural degradation or
reaction with #ffe of the 1id 112 resting upon a support bracket 138. As

described above, the crucible 102 is surrounded by
corresponding walls 104. A first gap 116 and a second gap
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



14 atmosphere. In one embodiment, the support brackets 138 are constructed from molybdenum. In
another embodiment, the support brackets are constructed of graphite that has been converted to SiC.
[0042]Each WIXR&1810pHER brackets 138 comprises a web 144 and a pin 148€kteprdipiietzfrom. The
pin 140 fits into a corresponding hole in a horizontal portion (e.g., the top) of the wall 104. The support
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 lid 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 walls242, Bhaligniient pluslga-86tingTEEEESF RS S brifle jGiht ArrdfAderient) may be cut
Into the vertigad ptates 148 {net:shaywy)1 This permits the height Dupbthe figst.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[%r&i% Eo m r{p%@te the heoi%ht of r;tte% fir tgap 11&}9@” means of affecting

the first gap 116 could also be used. For exélnrremFeIf1 e fllrnsl?gap 11 ma;v/q e create?‘]rby a pin that

Inserts Into thelwiall 104@hdithes/erticat lid plate e 8switle atspacing washerof ddsired dreight D of the
first gap 11@&'@&{1&99 %’1‘8{5 Pé%cce&%%gfh%%% Ag&’“&%ree I s 1 gyt the Jirst gap 116 from
ge abs

the bottom edges of the lid plates 118 and include t (not shown) that set the first gap 116. 15
[0043]The fitstigaprel & and seeoid gap A1 74sariitldgress os egivaust of e idregas flow from the

enclosed argg;130; The fatal syace area.ofdhe first.gan. 116 is;substantially equal.to the

cross-sectional surface area of the inlet tube 114 in order to provide for a uniform flow and pressure
throughout thedgriclesedPaieal B30 [6044] The geneial badt spthedicwbPeRents, the

walls 104 terminate below the crucible 102, leaving a
portion of the crucible exposed when the 1lid 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



gas within the enclosed area 130 is depicted in Fig. 2. The inert gas flows along a generally
labyrinth-like path. The arrows indicating the flow path 122 are for illustrative purposes only, and the
actual flow YEeh28f44838%8rt gas can vary substantially based on any numbet ¥ KOG erally, 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 lid 112, the walls 194, 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, the38R §BEtravels diBnG RS SHIRBEr Fitie or path FrEEgH thePdstiond gap  ££7 and then the
first gap 116.rEhis soplinearvedtethasnableasi-aifirsisegment and ehsacondsegmenticorresponding to
a path traveled through the first gap 116 and second gap 117, respectively. Each of the first segment
and the sechRE SEQRER halis BONP & TatBr andi it longGaTiaP CompaRSr: Thi HONIRE route

ensures thabesee theninerttgas entersisecond gap 117 that the 16 contaminants contained therein are
unable to reverse course and contact the surface of the melt 111. The nonlinear inert gas flow path

thus ensures that contamim@ ?ntra'g}g in ot@e J'C@leert 8@@1@8‘9’@@ f‘-{@?& to Qas%(ﬂow or otherwise flow

backwards and contact or contaminate the surface of the melt 111. [0046]In some embodiments, the
inert gas floaosrable tsmoreeffedthrelyrshierd thermelt A 1¢fitom Eontantihatierf betause the area

surrounding e syrtace g the melt il (ie-dbe snciased argad3o) isenclosest wih noor

substantially no leaks. Contaminants that are present in the vicinity of the surface of the melt 111 are
thus purgedsutiof the éfcldsed Grea 130 byahe et gas Hlow? f0047TRigurs@Riepicts a cross-section

along the line.4-4QfFigure 33; Figure,5A depigis;a oress Seation sinilagtojthat ehbigure 3B, however

the support bracket 138 is not depicted, and the first gap 116 is more clearly shown.
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.



[0048]While Figures 3A and 33 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 aidSN@Q BPdYRE#HEa uniform contaminant reduction profile. However, R§AEES2I0INE4D2 of this
embodiment is substantially rectangular, e.g. square, in cross-section, achieving a uniform inert gas
flow is difficult as the distance from the inlet tube 114to 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 (e.g.,
the flow velocity and pressure field) 17 of the inert gas can be manipulated. A non-uniform flow is
particularly evident in the corners of the crucible 102 when the first gap 116 is of a uniform height
along the periphery of thellftP ££3. [0049fFdrinstan88ihd Heightdf THe iRt gapfL16'can be increased
at the corneps efithe lish12 to inereasesiner gas flavetoi thecorgars thersof finssome.embodiments,
the height ma 3e increased symmetrically while in other embodiments it may be increased
asymmetricgﬁ{f R&edsmbtRe height of the firdt gap Sili%f@a%ebgﬁgﬁie\ciéd B%efn &48ihg the height of
the wall 104yercby decreasingibe dlepila ofi hhegeaass eut intosthernvestical ptatesd4 8 of the lid 112, or
any combination.of the two. To change the gap height asymmetrically as shown in Figures 53 and 8,
the vertcal GIATS $18 of H1 L1567 e t5p lEton SPinb Wl 20F iy it & Homtiform height
profile, e.g. aherheightrof fiebhotiom gfthe yertieat plate1 b8 maytinereaselardbe height of the wall 104
may decreafg 6oward 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 minirhtZ#*decaudecthesgepraftedts the gas H6W ahtlttie Effettiféitess of removal

of the gaseqs:carben compaunds-[0050lFigute8 depicts,anassembled;lid and, crugible support 103,
with the crucible 102 inside. Note that one of the crucible walls 104, one of the lid vertical plates 118,

and the inlef ftbel L are dmifie@ fiont Eifife 8 foPBfafRL Ly labyrinth-like 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



18 [0051]In alternative embodiments such as those illustrated in Figure 12, a gap (i.e., the first gap
116) between the vertical plates 118 and the walls 104 is not present. Furthermore, vertical plates 118
are not usedVif MIYBFEIdiment. The walls 104 instead extend upward to tRERES2HHEFTRe 120 of
the lid 112. A plurality of vent holes 131 are thus provided in the walls 104 for the inert gas to exit
therethrough. In other embodiments that include vettical 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 TABORE embGamTEHE SEurthar - Gent KOiEs 132 the PerfitdSdiStes 118 or wall 104

may be useddm eopjunstionrwithdbe firstgapullt:betweendthe vestical piates 118and the wall 104,
[0052]In one embodiment, the cruciblefri?emgg?&r inner assembly 105 has substantially no leaks

other than VARES'6P'§alTs plifpbsefilly fdrnvad n"LikBWiSE W& furh38d 100 may have no or
substantially: na teakstherein f00b3fhedcrugibte; ¢he indets arwkothentelated comparents are not
expected to conﬁr'ﬁute s(ijgrnificaéu amounts ?fo %arbon to the melt. grg hite c%mgonents, however, may

embrittle an}aac%n be fraCturé ?ﬂvlqel gﬁrféfce ché)r%ﬁ:]é %Srclivsergi%n t6 Sicue torhigh temperature

reaction with Gi@=onispiattered diquidrsilicon. Sincenkactaied graphite surfaces can release 19

[00406] In some embodiments, the inert gas flow
is able to more effectively shield the melt 111 from
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)



carbon particles into the melt, thereby increasing carbon levels, these components may be coated to
prevent contributing carbon. [0054]Figure 6 is a flow diagram illustrating a method of introducing and
controlling MMA0YE3MdW over a melt surface. The method begins at stePECAIMMMNATChent of
solid silicon into the crucible. The silicon may be in the form of solid chunks, recycled material,
granular polysilicon, or powder, or any combinationltiiereof. 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 liquid melt surface. [0055]For the purpose of solar cell fabrication, low
carbon may be defined as below the precipitation limjt for the usable portion of the ingot. At 90%
solidified, thefcarB6n SHEGIH 12 sE TRar8-8"FpmB4n 3 Solid, “or 7BRIH8 phvalin Sbiifion at. Due to
segregation; thig satbonilevelwill @ssdeenmo carbonspresipitatien aralt imesduringithe sphidification of
the prime portion of the ingot. As shown in Fig. 11, this has been achieved in testing using virgin

feedstock of E&Boh EonteAti&tice 110 Bphia. ThisleVBris Aigh % 8Rdugh REEto Bhtich the recycle

stream withgarbemat-gomtal teeycle cates »f, for example, 30%, where conventional top scrap
protocol is followed (top 3-4% of ingot is not recycled). [0056]In step 148 the lid is then placed atop the

crucible assembly or supg%ré. 4T5ﬂe lid rests 4 %Fatﬁ‘é suppgut b@ril%e& pggfitigﬂ%d in the top of the
crucible support walls and thereby is positioned over the crucible 20 to form an enclosure having a
labyrinth gapadsetwéén ¢ellidand the epfitsie anddraciblersyppore f008HInlstép 15D ihert gas is

inUOducedtQDCIease inert gas flow to the corners thereof. In some
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. 1In 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.



the area enclosed by the lid, melt surface, crucible, and crucible support walls. The gas flow in this
embodiment is sufficiently pure at a sufficiently high rate to maintain low carbon levels. The inert gas
may be intrd¥Qc804IB¥ANtially simultaneously or slightly before the applicBG3US2MEASH4Step 152,
according to some embodiments. The inert gas is introduced through the inlet tube in the lid. The inert
gas serves at least two functions. First, it serves aslabarrier 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 487roh, at Blevatdd fetfperatura™RotE it tve fd also™erves to block other
gas phase cgtaminants; §0058]Heat is thegapplied fo theyervicible &0, meltHts contertsgastep 152.
The heat is supplied by one or more heaters positioned around the periphery of the crucible. Also,
oxygen maﬁgg ?'e?lﬂ%&? TlloWig Lfoshre teig D o%ygén ﬂs?;?urﬁBgd %ﬁ?aﬁ’& i}ﬁonl %Zoefcﬁ;k-filled).
[0059]In stepdlb4; this gas flowsunththenseisity ot theimelt suiface andip betweentthe gap between
the walls 104 and the IiéiqllZ. Bﬂ}%jirecting inert gas dOV\i froT tgle.inle;[:tubﬁ andEtOW rds the melt
surface and ot hrlorlﬂg hé g%p SStWash the vér %aW&a 65 of the Tidand the crucibfe support wall, the
flow of carbopvw2k thonoxidesgasand other copiammantOtocthie rhelt Surdade ean b2 effectively
reduced. The,inert.gas flows thro the enclosed area before exiting, through the gap between the
walls and th%l\}lerr |c%aatp)(at8§s b‘é?oﬁh%eor}g%seg‘;:l of the ctf%l(l:llﬁlep t%c%grlr?]i %Jﬂolvil%latb%/?in a?é)fr%inimize the
back-flow ofilégntamindrits. Byentloging the aeea sutrbemding thegielt surface); terinert gas flow is
able to effecliygly.shieldthe melt surfase ffam,cqniamination, In.addifgn. contamipanis, that are
present in the vicinity of the melt surface (the contaminants may be generated within the enclosed
area) are purged @uip ofitiiecericlosed areaethelinért gals<flove[006CGIAsshbwh iathe embodiment of

Figure 7, a i 102 i frmed n the njerar surface of the vertieabplals, 118,9f the lig 112, This lip 162

serves to further inhibit the b.ack-flow of carbon monoxide or other contaminants from the furnace
volume surrbnding thekepgdiblerdssembly sk fiemlthe reheticiebétweehethe lefdcibiecand the crucible

support to the melt 111 Thelin fusthes servesda nroteetthengans, 116,11 from silicppqayticulates or

splash from the meltdown either of which could inhibit subsequent disassembly or could result in
damage to thePartst Thedipt1 62 extehas dutardReémlthé intefiBesiiface 6thesettical plate 118

and is positippedijustabove atermina) end 16hefithe crugiblecl 02, Thegap between the ferminal end
164 of the crucible 102 and the lip 162 is comparable to the gap 116 between vertical plate 118 and
wall 104. THRERF 165 EHIS Mg afleast8 art'the FEhRR of fe vertiERSIHREH1Eh a

longitudinal glirgetian and ouit oyentherterminalend 16401 they wall:of the erugible 102 inthe horizontal
direction. The inert gas must then flow in between 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



22 lip 162 and the terminal end 164 of the wall of the crucible 102 before flowing out through the first
gap 116 between the vertical plate 118 and the wall 104. This provides an extended labyrinth or
tortuous patfY 1P REEs an improved barrier to the back diffusion of carlRFEES3I 88 Founds.
[0061]Returning now to Figure 6, secondly, the inert gas flow purges contaminants from the melt
surface. In the event that contaminants, e.g., carbof $nonoxide 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 lid and the crucible support walls.

[0062]In oné BX2MIPIE; Hhblt 6 TlitdFfRotr Gt dBTHdn mdrokieYis Yeneraed i thefurfate. The inert

gas is introdused 1a A newinal riewd bOrSIPML0F avscaled {eperating eerditions) rate of about 472
liters/minute at silicon melting temperature (1400 degrees C) and a pressure of 600 mBar. Assuming
that no other BUFceROf Carb it rordxide are present, then the gaseous carbonaceous concentration
by volume in the gap is at about 0.023%. In another embodiment, the furnace results in less than
0.03% gaseous carbonaceds €bmpdurmisisy volumes ahddw adother @mbodiment kessitkian .5% or in

still another emfqdimen J"?S%*B%?ggi[%fs%]ﬁéte&&*}&%% eXits;from Pgancloped greg,fhrough the

gaps, it may be collected and recycle
over a melt surface. The method begins at step 146 with

placement of solid silicon into the crucible. The silicon
may be in the form of solid 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



23 for later reuse. Alternatively, the gas may be disposed of by safe venting back into the environment.
[0064]0Once the silicon has melted, the process of solidifying can begin (step 156). As described
above, in diNERMEP3Fification furnaces, the ingot first solidifies in a lowdHAS2HNDHie)2
solidification proceeds in a direction roughly normal to a solidification front. As thermal energy (or heat)
is removed from the bottom of the crucible, for exaraple 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,ste% 157. The lid is removed in step 158

and the ingdtds FEMBVEY friolf tHe erGiniE <t p A 66°FhE My bListABN RFcEE fHto Mifiti-crystalline

wafers, such ag wafer Whshewn &1 Figure 9¢ as isieusiomagy ppthedndustry. [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 ¢ ination in a.melt or ingot. [0066]As shown in Figure 10, ingots
produced by the new metﬁgﬁg sys?tgm%%%%e?sgu@gtlann%raﬁy ?(]eassé carbon ré)ng%ﬁ%esé pttrgduced by prior
art methodst Peprioresrt process ekingy30%aedycled pelysilicon {poly) feedstodklivas amihitial melt

e e TS, Al Nl s ol S e recpiatr
is sufficiently pure at a sufficiently high rate to
maintain low 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



in the prior art process results in an initial melt concentration of 19 ppma as shown. Finally, using
virgin poly and the Figures 1-5 embodiment without an air leak yielded the lowest carbon content. The
carbon conC¥RRAIMEEERSUrement indicates only non-precipitated carbon REHESHUE RS, the
FTIR carbon measurement remains near the precipitation limit once precipitation begins. [0067]The
wafer or wafers produced by this process will have fower 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, 32,8, the_ maximum predicted prime ingot carbon level will not exceed the

precipitatiofeV8F1 6 0 Fpma 4E predicted BY e sBgrbatidR nidtel PlottedSii Figare 11.
[0068]Whilethe inventiondasi bean,describeddn terms of variausgspeciicoembedimenys, it will be
recognized that the invention can be p:ﬁcticed with modification within the spirit and scope of the
claims. [0069/VHeR At S8 TCIAG BlerfEt oF tie‘ preseft inveRtigh of te SMBodMEITTE) thereof, the
articles "a", tar', wthe'l andisaidh aresiterided tooneas shatdhere ateconser madge obthe elements.
The terms % mp(r:iiinc',i"i celu igg" agd "ha\g %';A]ar igtenldr?g totbe inlgIrllJ%iT\l/ezaean@eean that there may
be additional eleménts other t anftﬁeqllsfaéd eléments. “The Use of tefms mdLicating a particular
orientation (ezg:k"top'gwbotford'sitel netc) 4s forkypnveniense of dekeriptiosna 25 and does not require
anypa”mu@%%@%ggggggfgﬁ%mﬁgpgsgﬁg ace, the inert gas flow is able

to effectively shield the melt surface from contamination.

In addition, contaminants that 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



[0070]As various changes could be made in the above constructions and methods without departing
from the scope of the invention, it is intended that all matter contained in the above description and
shown in th&VaUMPHEE$ANg drawing(s] shall be interpreted as illustrative arft RIS sense.
MCSI.LP 26 Claims: 1. A directional solidification furnace comprising: a crucible for holding molten
silicon; a lid covering the crucible and forming an enclosure over the molten silicon;

brackets disposed between the crucible and the lid to support the lid and form a plurality of gaps
between a periphery of the crucible and a periphery of the lid for venting the inert gas from above the

molten silicon; and an inlet in the lid for introducin% inert gas above the molten silicon to inhibit
conuumnaﬂ$ﬁ%fﬁﬁ?n&ﬂ%n%ﬂ%oﬁermlnal end 164 oI the wall of the

crucible 102 before flowing out through the first gap 116
between the vertical plate 118 and the wall 104. This
provides an extended labyrinth or tortuous path that
provides an improved barrier to the back diffusion of

carbonaceous compounds.

[0061] Returning now to Figure 6, secondly,
the inert gas flow purges contaminants from the melt
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



2. The furnace of claim 1 further comprising a crucible support including 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. WOrHd0/i#aide of claim 1 wherein the lid comprises one or mor@@FAts39PAeH e sistant
material including silicon carbide-coated graphite. 4. The furnace of claim 1 wherein the inlet
includes an inlet tube and a sealing ring. 5. The furnace of claim 4 wherein the inlet tube and
sealing ring are made of silicon carbide-coated graphite. 6. The furnace of claim 1 wherein the lid
is made of at least four pieces of heat resistant material. 7. The furnace of claim 6 wherein the lid
includes a horizontal plate and four vertical side walls. MCSI.LP 27 8. The furnace of claim 1

wherein thellidindiabES ahSR&Tnal HohZBARA ip YoriNhibitHy Back-IGW of BofitaiiR&sh and
protecting ther plyaliby of gaps fronymedten silicos. the environment.

[0064] Once the silicon has melted, the
process of solidifying can begin (step 156). As described
above, in directional solidification furnaces, the ingot
first solidifies in a lower area, and the solidification
proceeds in a direction roughly normal to a solidification
front. As thermal energy (or heat) is removed from the
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 1id 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



9. The furnace of claim 1 wherein the crucible is square in cross-section. 10. A directional solidification
furnace comprising: a crucible for holding molten silicon; a crucible support for supporting the crucible;
a lid coveriny @ ¥I3#8% and crucible support and forming an enclosure oWP&HRE2HBISA8RiIcon; an
inlet in the lid for introducing inert gas above the molten silicon; and a first gap disposed
outside the crucible and below a top edge of the cricible for facilitating removal of contaminants from
the enclosure and allowing the inert gas to exit the enclosure. 11. The furnace of claim 10 further
comprising a second gap adjacent the lid, wherein the first gap and the second gap are disposed
between an outer periphery of the lid and the crucible support.  12. The furnace of claim 11
wherein the'fffst4p Bid tHe ffdt SCRATRRR d B35 e ctiBnalarea  &nd & rBfd bf the first gap
cross-sectionah atgactothe dnleb eross-sestianalarea dsrhetwee@.b1t¢ 10. s i ndl 3v Theifdrnace of
claim 11 wherﬁin the first E%gp and the inlet each have a cross-sectional area, and.a ra]litio of the first

gap cross-sBEtchal ared 1 the ikt Sross-seciiBRararealls bhtwesh 0.6 £2F €2

yielded the lowest carbon content. The carbon
concentration measurement indicates only non-precipitated
carbon in the silicon. Thus, the FTIR carbon measurement
remains near the precipitation limit once precipitation

begins.

[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



MCSI.LP 28 14. The furnace of claim 11 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. 15. TWO AMAABE885 claim 13 wherein the first gap is disposed betweePGTRERPMPTHE crucible
support and wherein the second gap is disposed between the lid, the crucible, and the crucible

support. 16. The furnace of claim 15 wherein tl#first gap has a height and a length and where in
the height is non-uniform along the length. 17. The furnace of claim 11 wherein the first gap has a
width to height ratio between 4 and 13. 18. The furnace of claim 11 wherein the first gap has a

width to height ratio of 6. 19. The furnace of claim 11 wherein the se,condéap has a height to
width ratio GFBRNEES 274Hd FEIUL T80 2Fhe RARACE B QAinT 11 SHerE e Secbid gap has a height

to width ratio ©éd. described.

[0070] As various changes could be made in the
above constructions and methods without departing from the
scope of the invention, it is intended that all matter
contained in the above description and shown in the
accompanying drawing[s] shall be interpreted as

illustrative and not in a limiting sense.



21. A method of manufacturing a multi-crystalline ingot comprising: placing solid polysilicon into a
crucible; placing a lid over the crucible to form an enclosure having a labyrinth gap between the lid
and the crucible, the lid supported by brackets disposed between the crucible and the lid; m@gﬂn@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; MCSI.LP 29 solidifying the molten polysilicon
to form the ingot. 22. The method of claim 21 wher€in the inert gas is introduced through an inlet tube
in the lid. 23. The method of claim 22 further comprising purging oxygen from the enclosure prior to
introducing inert gas.

Claims:

1. A directional solidification furnace comprising:
a crucible for holding molten silicon;

a lid covering the crucible and forming an enclosure over the

molten silicon;

brackets disposed between the crucible and the lid to support the lid
and form a plurality of gaps between a periphery of the crucible and a periphery of
the lid for venting the inert gas from above the molten silicon; and

an inlet in the lid for introducing inert gas above the molten silicon to

inhibit contamination of the molten silicon.

2. The furnace of claim 1 further comprising a crucible support including
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.

3. The furnace of claim 1 wherein the lid comprises one or more plates
of heat-resistant material including silicon carbide-coated graphite.

4. The furnace of claim 1 wherein the inlet includes an inlet tube and a
sealing ring.
5. The furnace of claim 4 wherein the inlet tube and sealing ring are

made of silicon carbide-coated graphite.

6. The furnace of claim 1 wherein the lid is made of at least four pieces

of heat resistant material.

7. The furnace of claim 6 wherein the lid includes a horizontal plate and

four vertical side walls.



24. The method of claim 23 further comprising collecting gas as the gas exits the enclosure. 25. The
method of claim 24 further comprising recycling the collected gas. 26. The method of claim 21
wherein solidifying the polysilicon includes removing thermal energy from the crucible. M%?g{]mg
method of claim 22 further comprising slicing the ingot into wafers.

27

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

molten silicon.

9. The furnace of claim 1 wherein the crucible is square in

cross-section.
10.  Adirectional 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 lid for introducing inert gas above the molten silicon;

and

a first gap disposed outside the crucible and below a top edge of the
crucible for facilitating removal of contaminants from the enclosure and allowing

the inert gas to exit the enclosure.

11.  The furnace of claim 10 further comprising a second gap adjacent the
lid, wherein the first gap and the second gap are disposed between an outer
periphery of the lid and the crucible support.

12.  The furnace of claim 11 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 0.5 to 10.

13.  The furnace of claim 11 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.
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14.  The furnace of claim 11 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.

15.  The furnace of claim 13 wherein the first gap is disposed between the
lid and the crucible support and wherein the second gap is disposed between the lid,
the crucible, and the crucible support.

16.  The furnace of claim 15 wherein the first gap has a height and a

length and where in the height is non-uniform along the length.

17.  The furnace of claim 11 wherein the first gap has a width to height
ratio between 4 and 13.

18.  The furnace of claim 11 wherein the first gap has a width to height
ratio of 6.

19.  The furnace of claim 11 wherein the second gap has a height to width
ratio of between 2 and 11.

20. The furnace of claim 11 wherein the second gap has a height to width
ratio of 4.

21. A method of manufacturing a multi-crystalline ingot comprising:
placing solid polysilicon into a crucible;

placing a lid over the crucible to form an enclosure having a labyrinth
gap between the lid and the crucible, the lid supported by brackets disposed
between the crucible and the lid;

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;
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solidifying the molten polysilicon to form the ingot.

22. The method of claim 21 wherein the inert gas is introduced through

an inlet tube in the lid.

23.  The method of claim 22 further comprising purging oxygen from the

enclosure prior to introducing inert gas.

24. The method of claim 23 further comprising collecting gas as the gas

exits the enclosure.

25.  The method of claim 24 further comprising recycling the collected

gas.

26. The method of claim 21 wherein solidifying the polysilicon includes

removing thermal energy from the crucible.

27.  The method of claim 22 further comprising slicing the ingot into wafers.





