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61/ 128,847, filed May 23, 2008, and U.S. Patent
Application No. 12/378,243, filed February 11, 2009,
both of which are incorporated herein by reference in
their entirety. FIELD The disclosure relates to
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and to nethods, apparatus and systens for casting
silicon or reactive netal into ingots or wafers.
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for producing polysilicon will increase the growth opportunities for both industries.
The majority of polysilicon is produced by the commonly called Siemens
hot-wire method with silane or trichlorosilane (TCS) as the silicon-bearing gas
(SBG) source. The SBG, usually mixed in other inert or reaction gases, is
pyrolytically decomposed and deposited onto a heated silicon filament. Another
method is the pyrolytic decomposition of SBG in fluidized beds. This is an
attractive alternative to produce polysilicon for the PV and semiconductor industries
due to significantly lower energy consumption and the possibility for continuous
production. These benefits stem from the excellent mass and heat transfer and
increased surface for deposition. Compared with the Siemens-type reactor, the
fluidized bed reactor offers considerably higher production rates at a fraction of the
energy consumption. The fluidized bed reactor will also be more continuous and

highly automated to significantly reduce labor costs as well.
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the potential for contamination of the silicon rod.
In a fluidized bed reactor process, powder may adhere to granules and
incorporate in the particle, thus contributing to the overall granular growth.

25  However, a large portion of the powder will be entrained out of the fluid bed reactor
with the outgoing gases. In a fluidized bed reactor process for granular silicon
production, such fine silicon powder is considered a production loss since it does not
contribute to granular material.

Silicon powder may also be produced in other SBG deposition processes,

30  e.g., intentionally in a Free Space Reactor or unintentionally in Chemical Vapor

Deposition (CVD) reactor for thin film deposition on a substrate. Another source of
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SUMMARY
Disclosed herein are methods for thermally treating a silicon-bearing
material or a reactive metal in order to convert this material into a more useful
product form. For example, the disclosed methods upgrade silicon powder from a
25  low-grade, loose-packed, high surface area product to a silicon precursor shape
suitable for processing into a solar cell. Avoiding contamination during the thermal
treatment process is important for obtaining pure, particularly ultrapure, product.
One contamination source is the materials that constitute the structural elements of
the reactor system. According to the apparatus, systems and methods disclosed
30 herein a skull layer comprising solid silicon or solid reactive metal is formed on at

least a portion of the inside surface of the reactor. The solid skull layer prevents
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e reacto anber 1 ncludes
r esacicar chanber wall having (i) an inside surface
Facing In a further embodiment, a method for producing silicon is disclosed that
20 comprises:
introducing silicon powder into a reactor chamber, wherein the reactor
chamber includes a reactor chamber wall having (i) an inside surface facing a
reaction space and (ii) an opposing outside surface;
generating a plasma in the reactor space;

25 thermally melting the silicon powder by subjecting the silicon powder to a
temperature greater than the melting point of the silicon powder via the plasma,
wherein the melting process produces liquid silicon;

maintaining the inside surface of the reactor chamber wall at an equilibrium
temperature below the melting point of the silicon powder while thermally melting

30  the silicon powder; and

solidifying the liquid silicon after it exits the reactor chamber.
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and (ii) an opposing outside surface;

a plasma energy source coupled to the reaction chamber and configured to
20  generate thermal energy within the chamber reaction space;
an exterior thermal energy source configured to subject the outside surface of
the reactor chamber wall to heating, and located outside of the reactor chamber; and
a product outlet configured for withdrawing liquid silicon or liquid reactive
metal from the reaction chamber.
25 The foregoing will become more apparent from the following detailed

description, which proceeds with reference to the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS
FIGS. 1A and 1B are schematics of one embodiment of the disclosed reactor
30 system. FIG. 1A is an exploded view of a wall section of the reactor shown in FIG.

1B.
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specified.

FIG. 8A is a schematic representation of the prior art steps for producing a
15  silicon wafer.
FIG. 8B is a schematic representation of one embodiment of the presently

disclosed methods.

DETAILED DESCRIPTION

20 The singular terms “a,” “an,” and “the” include plural referents unless
context clearly indicates otherwise. The word “comprises” indicates “includes.”
Unless otherwise indicated, description of components in chemical nomenclature
refers to the components at the time of addition to any combination specified in the
description, but does not necessarily preclude chemical interactions among the

25  components of a mixture once mixed. Any numerical values recited herein include
all values from the lower value to the upper value in increments of one unit provided
that there is a separation of at least 2 units between any lower value and any higher
value. As an example, if it is stated that the amount of a component or a value of a
process variable is from 1 to 90, preferably from 20 to 80, more preferably from 30

30 to 70, it is intended that values such as 15 to 85, 22 to 68, 43 to 51, 30 to 32 etc., are

expressly enumerated in this specification. For values, which have less than one
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into a solid silicon wafer or ingot (via liquid silicon) in a unitary process that is
integrated within a single manufacturing unit or module. For example, the complete
process may be performed within a single hermetically sealed containment chamber
(see FIG. 3). FIG. 8B depicts a schematic representation of how the presently
disclosed methods avoid several steps of the prior art method. The disclosed
methods avoid re-melting of the silicon (re-melting inevitably causes contamination)
meaning that 8 to 25 kW/kg of silicon may be conserved. The disclosed methods for

direct casting of wafers avoid material losses caused by the sawing of the wafer, and

reduce the energy required to produce a wafer. For example, in conventional wafer
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silicon thus mnimzing contam nation of the liquid
sidombomtipr@daidt In henboiinieht shawem e Sf oy, ABd3.lyd 7B the
exterior energy source is an induction coil(s). In another embodiment shown in FIG.
2, the exterior energy source is a resistance heater(s). Microwave is another possible
exterior energy source. The inner thermal energy source may be a plasma as
described in more detail below. Alternatively, the inner thermal energy source may
be electron beams, resistance heating elements or induction heating elements.
The heat flows generated by the inner thermal energy source and the exterior
energy source are shown in FIG. 7A and 7B, respectively. The inner heat flow
progresses as follows: a heated reaction gas — liquid silicon film — solid silicon

skull layer — reactor chamber wall. The exterior heat flow progresses as follows:

reactor chamber wall — solid silicon skull layer — liquid silicon film. The inner
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be’used to establish a different tenperature
pnoﬂhMaxmnOE@ﬁémémmﬁgmmmﬁlaw&amnkehgyﬂwo&hmg@mm@adﬂ@f
¢ Il)aeﬂ)tv)vetlilé melting point; and the reactor space may be at the melting point of silicon
or the reactive metal up to more than 5000°C.
The overall thermal control approach may also include thermal insulation as
25  described below in more detail.

[lustrative embodiments of the reactor system are shown in FIGS. 1-5. In
general, a reactor system 1 includes at least one feedstock inlet 2, at least one liquid
product outlet 3, a reactor chamber 4, an outer containment chamber 5, and a plasma
generating source 6.

30 The feedstock inlet 2 may be any type of port or valve that enables controlled

introduction of the feedstock into the reactor chamber 4. For example, the inlet 2
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i nside the reactor chanmber as shown in FIG 6. The
specific tenperature gradient will vary dependi ng upon
several factors including the feedstock nmaterial, the
feed rate, operating pressure within the reactor
space etc. In addition, the tenperature gradient is
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inlet 2may be a nozzle such as a water cool ed
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20 chamberrhIpdved Sugplyd¥t Sadkaiink BOMaRARE UG tyASof power
supply. Illustrative plasmas include RF, DC arc, or microwave plasma. Depending
upon the specific plasma type, the plasma power may range from 1 to 1000 kW,
more particularly 10 to 200 kW.

The product outlet 3 may be coupled to a product collection module and/or

25  product solidification module. For example, the product can be cooled during free
fall through a solidification tower and then collected in bins if mm-sized droplets are
desired. Droplets with a diameter of (0.5 mm will solidify and cool down to a
temperature of about 600°C after falling through a distance of approximately 6 to 8
meters. At this temperature the solidified silicon droplets can be collected in

30  product collector bins that may be water cooled. Alternatively it is also possible to

increase the free falling height to further cool the droplets and collect the silicon
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di fferent sized and/ or shaped sections. For exanple,
Figure 1 depicts a first cylindrical section 14 and a
second tapered or conical section 15. The second
section 15 tapers into the product outlet 3. The
reactor chanber wall 10 may be nmade from made from any
MBi6dueAih biR fithb 1R Wakt SocdtiRg. M PRIaRD paRMb1O Rhakh Baieb@in v
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t ungst @Mhe bnbaMneHTof HGSET RMEI K, @t 19ast or@|h@muﬁtﬁ9\,uon&ﬁﬂ(s) 20
quartz. The inside surface 11 area shoul d be
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to 5 nR2 for a product throughput range
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pl ﬁgggg&@me %steﬁwtelt SBRA CEntRANET IR} Wall thét aShE@hd MRar

include RF, DC arc, or mcrowave plasna.
Depﬂndlng upon the speC|f|c pl asma type t he pl asna
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Predpgdr ®Obhi§es upcMBAR radt SanBEOFHIC tThe resistance heater
solidification nodule. For exanple, the product can be
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after falling through a distance of approximtely 6 to

8 thisknepsss alppe the yejtig h%@ﬁé@%?@h%ﬁéx@blldlfled silicon
dr opl eth?‘al@fh%r Q&oﬁ%&n?fﬁ%%ﬂ Wf RS Qauet th y | ; {-g?rso{ﬂjc@ﬁ)r

that may be water coole ernatlve
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further cool the droplets and coll.ect the
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fall tower with silicon tiles or other
nofhecontianemahintdgr &batcnglly sqabrat leatt theirgction chamber 4. The

containment chamber 5 includes a containment chamber wall 16 that may be water-
cooled. The water-cooled containment chamber wall 16 also can be a heat sink for
the reactor chamber thermal energies and heat flows described above.

FIGS. 3-5 illustrate several different solidification modules that can be
coupled to the reactor system.

FIG. 3 includes an electromagnetic crucible coupled to a continuous casting
system that enables the casting of silicon ingots. FIG. 4 depicts a configuration that
enables production of directionally solidified silicon ingot. The liquid silicon from
the outlet 3 can be channeled into the electromagnetic crucible. The advantages of

direct coupled electromagnetic casting include no additional cost for transport
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coil 20 may surround the entire periphery or only a
portion of the periphery of the reactor chanber. The
coil 20 is made from any heat transfer material that
enabl es sufficient heating of the reactor chanber
wal | . The coil 20 also can act as a heat sink and
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reacti on space is present. The outer contail nnment
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interior dimensions and shape of the orifice at the exit of the liquid product outlet
are such that a product stream of liquid silicon exits in the desired shape and
dimension for flowing onto the horizontal support substrate 27. For example, the
exit surface of the liquid product outlet may be angled or tapered relative to the
plane of the horizontal support substrate 27. The liquid product outlet structure may
be configured to permit free vertical movement, as well as a tilting movement of the
outlet structure. An after- heater may be located downstream of the liquid product
outlet 3 to allow completion of the directional solidification and to obtain a smooth
wafer surface.
When the liquid silicon makes contact with the material of the support
substrate 27, a thin layer of solidified multicrystalline silicon (e.g., a silicon foil)

will form, provided the temperature of the substrate 27 is below the melting point of
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ultrapure silicon is solidified in a non-contam nating
skull layer crucible. Fig. 5 depicts a configuration
that enabl es direct wafer casting by introducing the
liquid silicon product of the presently disclosed
reactor systemonto a noving horizontal support
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system In nore detail, FI 5 depicts a design

whée paohingchempld dguivbicky the gilieen is saliddied ntharsing@ana result of
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ordofwinG/@rdat frdoi e @xild andf intokiRr loipasiiidd amaeACEry DAl tsir@duré g
such that a product streamof liquid silicon exits in

t HB2Q SRUKRs VSRR ARG p StPsEpally MBNITRGent o t he
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sur I qui d product ‘outlet may ang
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su rt substrate 27. The |jquid pr ct outle :
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structure. An after- heater may be | ocat ed domnstream
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shown in U.S. Patent No. 4,212,343, which is incorporated herein by reference in its
entirety. In this embodiment a continuous thin silicon strip may be formed be
formed by forcing the liquid silicon onto the surface of a moving chill body under
pressure through a slotted nozzle located in close proximity to the surface of the
chill body. A further alternative module for forming a silicon ribbon on a moving
chill surface is shown in U.S. Patent No. 4,274,473, which is incorporated herein by
reference in its entirety.

Operation of the reactor system may be initiated by heating the reactor

chamber wall (via thermal energy from the exterior heat source, the inner heat
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waf er surface. Wen the liquid silicon nakes contact
with the material of the support substrate 27, a thin
wo agpen43264 sol idified nulticrystalline silicon ¥€T/gsS2008044704

silicon foil) will form provided the tenperature of

the substrate 27 is below the nelting point ofsilicon.

The solidified layer will continue to grow by renoval
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energy source maintains the reactor chamber wall temperatures at the desired

temperature ranges allowing controlling of the skull thickness through controlling
the wall temperature.
The heat flow from the reactor chamber typically is dissipated to a heat sink
25  external to the reactor chamber. The heat sink may be active cooling (e.g., water
cooled-containment chamber walls) and/or passive cooling such as insulation.
The feedstock material is introduced into the reactor chamber 4 via the inlet
2. The feedstock material may be any silicon-bearing material or a reactive metal.
The silicon-bearing material may be solid silicon such as silicon powder or fines (as
30  described in more detail herein), or a silicon-bearing gas such as silane, disilane,

higher order silanes (SinHzn42), dichlorosilane, trichlorosilane, silicon tetrachloride,
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formed by forcing the liquid silicon onto the surface
of a noving chill body under pressure through a

surface of the chill body. A further alternative
nodul e for formng a silicon ribbon on a noving chil
surface is shown in U S Patent No. 4,274,473. which
is incorporated herein by reference in its entirety.
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hegbombsilahe {HR@dsREneCHRIA &ira¥@nl de MoBodiBRY HRbICSNGE IY
fromthe exterior heat source, the inner heatsource,
orsiligon ttrpiodide ponmisfurgiberaoft hReagtivteanetaby sugingb titdneun pher

heat sourc t eater_than the [tin oi nt,.of .t he
F et OHkSATY) PO Sl bRl T T Rl o i
SiTHeGRRBEFIWIRLInTBIvREd iddo tRY 1eScedHsystdnk nay B dMadl sBicbi les
car bi de | ayer on thewara hite reactor chanber wall.

THENgs@RWEle) PIOREHEPM icplllo haaghngr (a8 uPeakipge Aridng o cpléng)

l o .nsi.de . I he
ey iy BBl rofls s Qe S HARMNA, QB Al bl
madigpened drsudpbiied @actartmn nepiameorli8jewing lintc drtréctor ykem.
inside surface thus initiating formation_of the solid
( f%fwﬁé KgIcprriFiR)ediun may ?%@gaé&laﬂ_t fs tneghta piliqen gngiep 3}6‘4@8
an, LRy BYWibASR ol ot KB APR0SI ng wal | cont act
surface 19. A tenperature gradient is established

acr oss Thheperatiag pessucha thoecacine dpacetlRenag kangk fomyel baad

t as in the reaction ce as shown in FIG 6. At
tﬂgg vn@aawﬁﬁﬂ¥ﬁﬁ%$%%ﬁaf$ﬁ%ns the skull |ayer

t hi cknesfe feSdsiRk hRREEI s A AREAITANG, cad M Hiheul Slipblankayer

tenperature reaches |iquid naterlﬁ tenperature on the
s uh¢ hemnal gecpapostign temeperague ativarchghgae dac@mppses o a liquid.

regetor.. A liaguid.silicon film?28 wll condense .at.the
i i uB e Rl g R AR b

suehpgurt deld@wie hélengvidt ikd@eradite. STHRfenbb@megasHotH in
chanber. The melting process may al so produce silicon

vagep. 4 14 xaneble s grogrctian of 4 sikeon IehtilGigh fhd wrleR(lG. 5)
Feerlal ol LS TREII NATSK) Yabdok Ik SRiGHT hees2 L
tenpeﬁg?urglsﬁgﬁﬁﬁﬁﬂ%g& 'Cbe%ﬁl f(g%ﬂ% Sﬁggess than
t hegeprog fdrining , pemeltingdndsiutting ofyjolygtuysiatige sikicdd. A syard gas,
formati on and steady . state operation. |l n certai
e T ﬂ}eé?ﬁs%wastpmﬂﬁnﬁi}e
r 61?@1%@&[ R kb5 bk pdIRIE oPRE SIHG W &bl hiddgnt O
1414 OC. The heat fromthe exterior thermal energy
sour ce Thaikuilddyasshpuld hneaghioknegshbatirew et topenqpergingr es
at cotntra]lrenin%ﬁgr{ (gf%je liquid product by the reactor chamber wall material. However,
the skull layer thickness should not so great that it occupies an unnecessary amount
of the space inside the reactor chamber, thus detrimentally diminishing the available
reaction space. An unnecessarily thick skull layer will also be more difficult to be
thermally controlled at the equilibrium thickness. In general, the average skull layer
thickness should be 0.01 to 200 mm, more particularly 0.1 to 30 mm.
Liquid silicon or liquid reactive metal flows through the liquid product outlet
3. The geometrical form (and size) of the liquid product can be controlled by the
design of the product outlet 3. For example, the outlet 3 can be designed to

discharge (e.g., jetting through a nozzle) droplets or spheres (which are the preferred
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tenperature ranges allow ng controlling of the skul

t hi ckness through controlling the wall tenperature.
wabh@oherss fl ow from the reactor chanber typi cab@HUBR09/044704

di ssipated to a heat sink external to the reactor

chanber. The heat sink may be active cooling (e.qg.,

wat er cool ed- contai nnent chanber walls) and/or passive

cool ing such as insulation. The feedstock nmaterial is

introduced into the reactor chanmber 4 via the inlet 2.

Thy§ies A0 keeBRSR ThrahondBY ﬂﬁﬁtl @ﬂk‘taﬁ'n«l: {ngQpr&RAEdnN9In one

naterlal or a reactive netal he silicon-bearing
rmﬁtrréqommentnﬁysebb%m ¢adl bs isolidefisel usfmfaléélr@lgh B @Qimhfp@m r

fin n_nor ere
AR TR e R PSS T e TR e i
or @edifisdibR RRer (raf b2predhati@ile tUn9éye8 idi@ie&llection container.
trichlorosilane, silicon tetrachloride, di bronosil ane,

5 t rhsronSialsasen besiirtedis elepesthosiredd thedinbgosi | ane,
triiodosilane, silicon tetraiodide or a mxture
thereof. Reactive netals such as titaniumor zirconium
coul d & siew béthe eduepdsibls iemfodilhentproadechshaprthcpipaf @t us
d| cl osed herein. The silicon powder .introduced intao

1SCIGSCHHRTHTES s YRIVEHS ﬁa%%fém%me agglicl dbsrliloﬂgg? fecpggized that
( fth@ﬁlﬁétﬁ%%%))dﬂ%ﬁg% %gly fePdHed 'ekdnﬁ@& @8I lgeecalgzn as
breaking, grinding or catting) or by any process that

10 ddounnppthe scoge gii th moentioont ai ni ng gas. The powder nmay be
di spersed or suspended in a carrier nediumfor
injecting into the reactor system For exanple, the
carrier mediummay be a gas that is inert to silicon
and/or that has a relatively |low ionization potentia
such as Ar. The operating pressure in the reaction
space 13 may range fromO0.1 bar to 2.0 bar, nore
particularly 0.5 bar to 2.0 bar. If the feedstock
material is a silicon-bearing gas, the critica
tenperature is the thermal deconposition tenperature
at which the gas deconposes into a liquid. Thus, the
i nside surface of the reactor chanber wall is
mai ntai ned at an equilibriumtenperature bel ow the
mel ting point tenperature. The enbodi nents shown in
FIGS. 4 and 5 enabl e the production of a silicon ingot
(FIG 4) or a wafer (FIG 5) directly froma
silicon-bearing gas (e.g., silane) feedstock thus
avoiding the costly step of formng , re-nelting and
cutting of polycrystalline silicon. A second gas,
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hydrogen, is present with the silicon-bearing gas in
the reaction space 13. The hydrogen results fromthe

wa b@pmed2edeconposi tion of the SiH to Si and hyPEDUS2909/044704
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The skull layer should have a thickness that is
sufficient to protect against contam nation of the
liquid product by the reactor chanber wall material.
However, the skull layer thickness should not so great
that it occupi es an unnecessary anmount of the space
mewes i hgme@act or chanber, thus detrinmentally

di m ni shing the avail abl e reacti on space. An
unnecessarily thick skull layer will also be nore

difficylt, to be thermally. controlled at the

equi | i Br PubeTonalde i RINGR B Flogh Mg or witiy

| ay@ipritihd:ckness shoul d be 0.01 to 200 nm nore
particularly 0.1 to 30 nm Liquid silicon or |iquid
react i Visrodding a filicopdearig girgAloareacior gindchvaereidthcout | et
3. T I ' of . i aui .
o5 AREREANGRS R RRC A (FiGpid it in
oW e&ttioB spaboand € aanb posin loatsiold kliréace, And aprobet d@ki;gned to

discharge (e.g., jetting through a nozzle) droplets or
spher e€°TEHIPE A PRFBA AR THEY 8PdCedphysi cal for m of

feedst %ﬁnfil@rde sinPthe %Léﬂ—ﬁeﬁﬁﬂgﬁ%@w b cﬁﬁkgtﬁé silicon-
production).” I'n one éenbodi nent, ese droplets can be
s dicamh g dae th a suffforepietempdrhtutchio prodire iqeidkiliderf; i cat i on
tower. The .droplets cap be collected in cont ai.ner at
the. borPOTERE Bl e ey PLbs FaeBeter s et cgulibnunt
PneMpEitiedkioy ROAMBYEil MndentOb @fcbh RRIICARHRIIPEr .
The outlet 3 also can be vibrated to influence the

si deeongifosing ghediliopn-baaging gas; anidew of the many possibl e

enbodi nent.s..t o, whi ch .t he .pri.pnciple f the.disclos
or oces o PR AR SRR B R iR bR AR

s hotiaghifpahd REQDIMIcEE thed Soditl ntul@rystallng biliadreiggcdydagdidrent s
are only preferred exanpl es and shoul d not be taken as
| i ltemRelieiliceppalesst t he i nvention. What is cl ai ned
is: 1. A nethod for producing solid nmulticrystalline
silicon ingots or wafers, conprising: introducing a
si | i cod- heamethgd gfatkimnt wheaein éacteps ofditaxdbeng thekibeai n
the reaction chanber includes a reactor. ch er .wal l
h 2%??%‘_@%_ & e rﬁﬁg?roféla@ﬂﬁlﬁg%@f%dh nighe Bged 1 orndpia g
andstfnginlod@R A BRAS iytkin QUEDicHES YEA ACRvirddn@ Product
outl el’; generating a plasma in the reactor space;

3. The method of claim 1, wherein the casting module comprises

continuously casting the liquid silicon into silicon ingots.

4. The method of claim 1, wherein the casting module comprises

continuously depositing the liquid silicon onto a moving support substrate.

5. The method of claim 1, wherein the silicon-bearing gas is selected from
SiHsnio, wherein nis 1 to 4, dichlorosilane, trichlorosilane, silicon tetrachloride,
dibromosilane, tribromosilane, silicon tetrabromide, diiodosilane, triiodosilane,

silicon tetraiodide or a mixture thereof.
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thermal |y deconposing the silicon-bearing gas by
subj ecting the siliconbearing gas to a sufficient

w0 eoprerbure to produce liquid silicon; maintaP@i/nsRobNes4704
i nside surface of the reactor chanber wall at an
equi l i briumtenperature bel ow the nelting point
tenperature of silicon while thermally deconposing the
silicon-bearing gas; and introducing the |iquid
silicon fromthe product outlet directly into a nodul e
for casting the liquid silicon into solid
multicrystalline silicon ingots or solid
mul ti coydhainethedofsidind omheseif e silicon-bealinggaves slae. of
claim1, wherein the steps of introducing the
siliconbearing gas into the reactor chamber through
i nt rodgcirpgmehed of tih d, fithdreompristieToinhify £asit isigorsram| e
al| occur within a hermetical ly seal ed environment. 3

5 THaveraR e dnsisle serfage ah the ropgerchimber Mallcast i ng nodul e
conprises continuously casting the liquid silicon into
silicon ingots. 4 The nethod of claim 11, wherein the
castin@ ek o afiviih S eehereim the ligaid siliyordfmass b filry albohgean

quid silicon onto. a nmoving support substrate. 5. The

néPﬂ%HmHFméﬁgpﬁ?%j“Mﬁéﬂ@mﬂﬁFﬁe silicon-bearing gas is
sel ected from SinH2n+ , wherein nis 1 to 4,
di chl orosilane, trichlorosilane, silicon

10 t et r acBl dh¢ dethodipflztaomd swheagie the tsolidukolhagérihanethickidss clon
tg% brgﬁg di i odosil ane, triiodosilane, silicon
t BH' Y8 a mixture thereof.6 The method of claim
1, wherein the silicon-bearing gas is silane. 7 . The
met hod of claim 11, further conprising formng a solid
silicon0 s“k‘lm meth@yé ﬁlaaml,twi@rmrn@ﬁ theids siprfage walbfempgrature is

react or m7,

A e S g R A
15inside surface of the solid silicon skull layer. 9 .

The nethod of claim7, wherein the solid skull |ayer

has a tihi EherfBeBOd clags & wherin t@@@sxﬁlﬁﬁurfeee wWlhEMARANEdS of
.Cl Hhilfaihed YAGE SHTP AR @ggﬁg &Qg&p ShRGrature

s malntained at 1 to he neftlng poi nt
tenperature of silicon.
12. The method of claim 1, wherein the casting module comprises an

20  electromagnetic crucible.

13. The method of claim 1, wherein the casting module comprises a

continuous casting crucible.

25 14. The method of claim 1, wherein the casting module comprises a foil

casting system.

15. The method of claim 1, wherein the casting module comprises a wafer
casting system.

30

16. A method for producing solid multicrystalline silicon, comprising:
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11. The nmethod of claim1l, wherein the inside surface
wal |l tenperature is nmaintained at 1 to 200 OC bel ow

w0 b@ored2s4 ng poi nt tenperature of silicon. 12.PdmnEs2009/044704
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met hod of claim 11, wherein the casting nodul e
conprises an el ectromagnetic crucible. 13. The nethod
of claim1, wherein the casting nodule conprises a
conti nuous casting crucible. 14. The method of claim
1, wherein the casting nodul e conprises a foil casting
syst eMipidaucind esiBh BeFin@baGih@laMeabior WhEHE! BnéBR ueast i ng
nmodul e conprises a wafer casting system 16. A nethod
f oracppoehanbergndesles alraaeipt ghampertvaallhpyieg @) dnjissdde, surface facing

rocuoibgndalh drarbtdhemperafiiiries ¢ |
" enogegph AR Wiandid Pt FREiee B BRUREBH ) Des

a reac@a&nﬁhgmpgﬁmwam&ra@uh@@in) an inside surface
facing a reaction space and (ii) an opposing outside
sur f ac&ermaly dgcgpnesing the silieqneleariggagis #Dat& Feacter sprcadia i n
t r e " r.al.| (ARG 1h :

o1 PrEEREL R RSESSrnd DR e bl HERIRAR R IRoni ot ng
t he si hiaomtinibede imge gatct of thhreaq@bradamber @al niadwqalibrium
liquid silicon; intaining the insjde surface of the
" BRI e HERE B AATRSERITE PibHicoR R atur e
bquﬁm%gﬁgqgghk&g&ﬁghgémgﬁﬂperature of silicon while

t hermal | y"deconposi ng  the silicon-bearing gas; and

di r ect Kyeatlasastingliduidaliebngioni tboproflucoottehistopobduct
outHet iqﬁo %olid mul ticrystalline silicon. 17. A
sV HCHH RS al 1 i ne silicon production system
conprising: a silicon-bearing gas feed inlet; a
reacti on chanber that includes a reactor chanber wal

t hat déf.itedidanudtivaysdime sdigen producipuystermpniprisingides (i)
an insid§ surface f?cin the reaction space and (ii)

an Opp(%SSll iﬁ%n'%e&{uég %?'é esegr1 e8&)8; a pI asnma energy source
coupl ed réadtidnhBameadial dolugRarbeior anchbeondl M dethet @
chamber reaction space and includes (i) an inside surface facing the reaction space
and (ii) an opposing outside surface;
a plasma energy source coupled to the reaction chamber and configured to
generate thermal energy within the chamber reaction space;
a product outlet configured for withdrawing liquid silicon from the reaction
chamber; and

a solidification module in fluid communication with the product outlet and

configured to produce solid multicrystalline silicon directly from the liquid silicon.

18. The system of claim 17, wherein the solidification module comprises

means for continuously casting the liquid silicon into silicon ingots.

19. The system of claim 17, wherein the solidification module comprises

means for continuously casting silicon wafers.
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generate thermal energy within the chanber reaction
space; a product outlet configured for w thdraw ng
WO p@paiteB2ei | i con fromthe reacti on chanber; andP@I/US2009/044704
solidification nodule in fluid comunication with the
product outlet and configured to produce solid
multicrystalline silicon directly fromthe liquid
silicon. 18. The systemof claim 17, wherein the
solidification nodul e conprises neans for continuously
casti ngpt e dyblielioflc1fibd 17C RhébRpSiiAd FIRPMERAR Raled 9-
The systenmog claim 17, wherein the solidification
mowolammeoirghamkas snaveRassing ok leasbihe raaciouchhmberabe preduct outlet
silicon .ers. 20. The system of claim 17, further
chﬂﬁF§Pﬁ%ﬁcuﬂ%wﬂ%§?calIy seal ed cont ai nnent chanber
enconpassi ng at | east the reactor chanber, the product
outl et and the solidification nmodule. 2 1. The system

5 of cl aih The subiem ef elaiphk wherqigihe pligtficaipnpiiylcecomprises an

co | actromagnetic cruci ble. 22. The system
ofmgﬁgﬁﬁgﬁ ,mﬁlggein the solidification nmodul e

conprises a continuous casting crucible. 23. The
systemof claim 17, wherejn the soljdification nodule
conpr i SesTh pYFP obga Ko Wagraip i sobdlicapppmequls emngpes a
Cl @hiubds calilcRicihid he solidification nodule conprises
a wafer casting system
10
23. The system of claim 17, wherein the solidification module comprises a

foil casting system.

24. The system of claim 17, wherein the solidification module comprises a

IS wafer casting system.

20
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