WD 2011/ 063007PCM S20101057058 FLUI D BED REACTOR CROSS REFERENCE TO RELATED

APPLI CATI ON This clainms the benefit of U S. Provisional
Application No. 61/262,401, filed 5 Novenber 18, 2009, which is
i ncorporated herein by reference. FIELD The present disclosure relates

to pyrolytic deconposition of a silicon-bearing gas in a fluidized bed to

pr oducqwé'%élilk‘)g%-.poat ed particles. 10 BACKGROUND PWcahobh %/057058
deconposi i on of silicon-bearing gas in fluidized beds is an attractive

process for producing polysilicon for the photovoltaic and sem conduct or
i ndustries due to excell ent npsgIDBEDREACTORSI er, increased surface for
deposition, and continuous production. 15 Conpared wth a Sienens-type

reactor, the fluidized bed reactor offers considerably higher production

rates at a fractio [ i ed bed reactor
can be conti nuous Q@# %@%@?ﬁgﬁgk@ﬁmﬁﬁ%@im ease | abor
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nozzl e and surroundi ng reactor walls as silicon deposits form around the
noz3l e Nepyembeyl &G0 hink isjasqrporatsd hegedp by 5¢fB1€88S ng gas al so may deconpose
and deposit silicon within the nozzle if the tianperature is sufficiently
hi gh. Anot her comon problemis contam nation of the fluid bed at high
operating tenperatures by material s KIE&D to construct the reactor. For
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di scl ose Iments of fluidized bed reactor systens reduce
foubing of the nozzle opening and reactor walls conpared to earlier

designs. Discl osed enbodi nents oﬁ #Q{lngkzed bed reactor systens al so
i nclude a renpvable |liner and an (8 novabl e 10sl eeve constructed of

materials t olzﬁ‘éiaé‘c% BitidH 0B allicOm bedringagak i€ HeRided beieisfahattthctiod. WO
20111063007PCT/ US20101057058 One system conprises a vessel defining a
react i ouoshafaseroduting pebisslon Horsthe phetaveltaiqand semiepndpsier Hdusiiies @yete t hat i s
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spased CansRed Witk alJidméedsaypélrdabior,iths fibidizead bed ssaetor offod cansiderabigtiigher
general ly cylindrical |iner 5positioned inwardly of the plurali ta%{ of
heat er Produstiperates st fractien ofithejenesgy gopsamaiion. [hgdludized bed reactor can be

continuous and highly automated to significantly decrease labor costs.
A common problem in fluidized bed reactors is fouling of the nozzle and surrounding
reactor walls as silicon deposits form around the nozzle opening and on the walls. Silicon-
20 bearing gas also may decompose and deposit silicon within the nozzle if the temperature is
sufficiently high. Another common problem is contamination of the fluid bed at high
operating temperatures by materials used to construct the reactor. For example, nickel has

been shown to diffuse into a silicon layer from the base metal in high-nickel alloys.

25 SUMMARY
Fluidized bed reactor systems for production of high purity silicon-coated particles
are disclosed. Disclosed embodiments of fluidized bed reactor systems reduce fouling of the
nozzle opening and reactor walls compared to earlier designs. Disclosed embodiments of the
fluidized bed reactor systems also include a removable liner and an optional removable

30 sleeve constructed of materials that reduce contamination of particles in the fluid bed.



contains a plurality of seed particles and/or silicon-coated particles. The
system further includes a central inlet nozzle, a plurality of fluidization
nozzl es, at |east one cooling gas nozzle positioned below the plurality of
fluidization nozzles, and at |east one outlet through a | ower surface of

t he chanber wall for silicon product renoval. 10Advantageously, the liner
I's madeyghoa,igh tenperature alloy. In certain systenqmnhﬂgoﬁmghgglalso
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In certain systems, generally cylindrical array of radiant heaters are positioned
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between the insulation layer and the liner. In some systems, the radiant heaters are spaced
25  roughly equidistant from one another to provide substantially uniform heating of the liner. In
particular systems, the components of the reactor are composed and positioned such that,
during operation, the outer wall has an external temperature less than 150 °F (65 °C).
In particular systems, the central inlet nozzle has an upper opening positioned to inject
a primary gas upwardly into the reactor chamber. The nozzle has a tubular inner wall and a
30 tubular outer wall positioned concentrically around the inner wall such that the primary gas

flows through a center region defined by the inner wall and a secondary gas flows through an
e



In certain systens, the plurality fluidization zzles surround and are
|aterally displaced fromthe central inlet nozzle. In sonme systens, the
fluidization gas has substantially the sane conposition as the hydrogen
and/or inert gas, In particular s 15the central inlet nozzle is insulated
to maintain the primary gas at a tenperature |ower than its deconposition
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In certain systems, the plurality of fluidization nozzles surround and are laterally
displaced from the central inlet nozzle. In some systems, the fluidization gas has
substantially the same composition as the hydrogen and/or inert gas. In particular systems,

15  the central inlet nozzle is insulated to maintain the primary gas at a temperature lower than its
decomposition temperature.

The foregoing will be better understood from the following detailed description,

which proceeds with reference to the accompanying drawings.

20 BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1A is a schematic cross-sectional elevational view of a fluidized bed reactor.
FIG. 1B is an enlarged view of a portion of FIG. 1A.
FIG. 2 is a schematic cross-sectional view taken along line 2—2 of FIG. 1, depicting
the bottom head of the reactor.
25 FIG. 3 is a schematic elevational view of the insulation layer of the reactor of FIG. 1.
FIG. 4 is an enlarged schematic oblique view of a portion of the insulation layer of
FIG. 3.
FIG. 5 is an enlarged schematic cross-sectional elevational view of a portion of the
reactor of FIG. 1, depicting an outer wall, an insulation layer, a liner with a liner expansion

30 device, and a sleeve.



Di scl osed herein are fluidized bed reactor systens for the fon-nation of
polysilicon by pyrolytic deconposition of a silicon-bearing gas and
deposition of silicon onto fluidized ISsilicon particles or other seed
particles (e.g., silica, graphite, or quartz particles). Al so disclosed are
met hods for operating the fluidized bed reactor systens. Silicon is

deposi t rticles in a reactor by deconposition of 5\ =pearing
gas sel\ggtzglg/ogr%8?n the group consisting of silane (Sifl 4]3&@%2210 aﬂ)esp

(Si 2/116), higher order silanes (Si"f12"+2), dichlorosilane (S H2C12),
triehl orosi tgoe 6 (Shiédddrd scHehiatie BrdsebéctioRhlonéwl eakePialdng line 30d6 bf PIRsi | ane
(Si112Brl), tribronosilane (SiHFIr3), silicon tettabrem de (SiBr4),

di i odosiA,alepictisgip Aps nezziq @db%tqaatﬁw%@q--h 13), silicon tetraiodide (Sil4),
and m xture hereof . .The silicon-b ' ] j e or nore
hal ogen- coanélbn?‘ﬁ‘ds agg@gfatl & ?Sg'ce%ac%glgl;ér@gdggg?lﬁg% P g%b%ﬁ??ﬁoﬁ%ﬁ%f

chl ori nRzfl€lo2 FIGhg/dr ogen chloride (I-1Cl), bromne (Br2), hydrogen brom de
(HBO, i odine b)7 ‘hydrogen iodide (H), and m xtures thereof. The

si | Pcon- hearﬁﬂ%’g Bds g sehemayic srosersertionnloden fitken ke 1o TRoréBdfher gases,

i ncl udigjg, bydrogen (1-12) or one or nore inert gases selected fromnitrogen
(N17), helium (He), argon (Ar), and neon (Ne). In particul ar enbodi nents,

t he silicon-RHGagiingsdrematis cknatidnal eosk-sdetiosdl viaveof slowiex pdrtiontol themzalgen.
The silicon-bearing gas, along with any acconpanyi ng hydrogen,

hal ogerﬂfféﬁtéi ni ng gases and/or inert gases, is introduced via a nozzle
into a flul dized iDedecRnL BfosAREtHoRANVIBY hikeA AAEAIROS eoloPEINIIN dbdigigRACt OF
to produce silicon I ch deposits upon seed particles inside the reactor.
WO 1201 @@ BGoP@RA8AR®A@I0D57058 Foul i ng of the nozzle and surroundi ng
reactor walls may occur as silicon deposits form around the nozzle opening
and on the walls. Silicon-bearing gas al so nay deconpose and deposit
silicon within the nozzle ifpifariewpEscPTIONUf ficiently high. As
di scussed in US. Patent No. 5,810,934, which is incorporated herein by

ref erence, iRis¢losdddiepdinlare Buiized bewsaetpr systsmsstor thefaumasione! pelysilicon byed

particles .t hi gher. t epperature than the .reactor | to.r wal |
deposi tpé'TOl&(i‘ég?‘Fé)frﬂ’c?amlog Olrtrg Sﬂlrc89"|b8%m}ﬁ_,|%zﬁ ag& dFIﬁoeSI Oena(f%glcogro Btc %ggﬁg % t he

i ntigr f aglecofpatticids! G deher BES pal@dled @. g silital Braphies, of yhdregiartpded)i alles. The
particles quickly heat up the incomng gas, hut are cool ed thenselves. It
i s desidiselosed are petheds for nperp%mgth@lfb@dla@i( adgeecterSYSISEIS| nl et nozzl e as

possibl e 10 AER LG ARE L L -RUREL BLULE o) Ol b s A0RERRyBEAY BN 1O

t he nozzl e openi ng I con-heari gas concentration is
hi ghestscrogd fRsi thefgroélecdsiting ofsitane (Sihy diklans (SijHy), Higlkee opdeasidancklowever ,
care should be taken to avoid overheating the incomn i.licon- b@@ri ng gas

prior t@hHew2)edithioeesiling (SiHhQZh&cwpﬁii@Fé@Hgﬂnfl PR E’E“WATI"](‘; ts
Wbl N RS i St (gfﬁzzﬂr%; tribrorhbiithhé tﬁ%rﬁ,eglia%’%ﬁ%romide (SiBry), diiodosilane

(SiH:1), triiodosilane (SiHIs), silicon tetraiodide (Sily), and mixtures thereof. The silicon-
bearing gas may be mixed with one or more halogen-containing gases, defined as any of the
group consisting of chlorine (Cl,), hydrogen chloride (HCI), bromine (Brz), hydrogen
bromide (HBr), iodine (1), hydrogen iodide (HI), and mixtures thereof. The silicon-bearing
25  gas may also be mixed with one or more other gases, including hydrogen (H>) or one or more
inert gases selected from nitrogen (N,), helium (He), argon (Ar), and neon (Ne). In particular
embodiments, the silicon-bearing gas is silane, and the silane is mixed with hydrogen.
The silicon-bearing gas, along with any accompanying hydrogen, halogen-containing
gases and/or inert gases, is introduced via a nozzle into a fluidized bed reactor and thermally
30  decomposed within the reactor to produce silicon which deposits upon seed particles inside

the reactor.



FIG IAis a schematic overview of a fluidized bed reactor 10 for
production-coated particles. FIG 1B is an enlarged view of a portion of
FIG IA Silicon-coated particles are gown by pyrolytic deconposition of a
silicon-bearingw thin reactor chanber 15 and deposition of silicon onto
particles within a fluidized bed. The illustrated reactor 10 is

20parti r Il suited for silicon production by t I kA
decorrpo"g#%(ﬁé)ﬂ&(?&?si lanc. Initially the deposition is oﬁgﬁ)éé?r@lo%ég’,sog%d
particles. Deposition continues until particles are grown to a size
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silica, graphite, and quartz. Seed particles may have any desired

nor pholitigelpfigito beatiths slicarrseed ardiother iliganded paytiohes ta 3haghies termiepietst ed
particles . g. i , e | : i hape.
Secd pafh b iotgr B30 sddE AL ARy Eine icRiRs P Brete R R o e
30par t ictdse to thavisteEact @Emtiane Infettnbezlk arithehé holi sifboomi partiodds. The-partRlesun, such
as 0.2-0,7.ramor 0.2- 0.4 nm WO 2011/ 06300¥PC1 /.U 201?%057 58 A

sol i t adyickbrageapp the iseormipg ges baparecopled fhasgivesy ltinfesipblshe ey e i mar y-
gas thr gﬂﬂcﬁbf%s GfISL E@!hg%ém%m po&siBBHh ﬁe@%]@%ﬁﬁ@é tE&ASerhfiFOMgR ifdheannul ar
passageway surroundi ng central passageway 22, Sone systens nmay include a
pl uoal iatea sofroimdieg theawzrlepemog wdlemvthy silithm bparingegay cgaceniratian isitlwon- bear i ng

gas or _.a_ mxture of _siljcon-bearin as,..h ogen d/ or 5an i.ne as
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hal ogenzcant aidlii dYedsink the SREVMIALN cHBBeaknBicaablidr tBAS contasitwif ihdlhoy the
same conposition as the hydrogen and/or inert gas in the primary gas

m Xt ur gartichespaminimizawal deposife mathisthetiblet mozzleary gas is a mixture of silane
and hydrogen, and the secondary gas is hydrogen. In another system (not
shown), a primary gas nozzle is provided for injection of the 10sila e.

Sunsoundi Ny giaRiAd B Restdgr N0zzl e is a plurality of secondary gas nozzles.
Typi cal ly, six secondary gas nozzles are arranged in_an arél%, surroundi ng

and spaced IEGetAli$ g s¢hepipiic puenyiawel 3 flgidized be¢ reactor A0 &eyarodicdiparegated ot
h ..th t o i . it il .
ot ane RS G P L AEMEREA ek i Sdrddh B it 130 SiBOFEaRd firhes &7 €

nozzl esrowh b§ Bokvlaisdeedmpoditien pf aisititod-yeadingSab anthimeaabechamber thhdd/ are
arranged 15in an _array surrounding and spaced | at¢ ﬁ]gl ly. . from ?ﬁ)cent ral

| ocat i spevition of sileonaaiepaticles witkira Buidizeg dednkhe Biverafrd 19360819 dne nozzl es
Cotgb RS 1) eI SO bR oyt LI A
di mensilnitially ket depositick fsfmtenhalhteediphfteiasnDepbsitiat cantueTwilipedriesarshown in
FlG grown to a size appropriate for commercial use, whereupon the grown particles are harvested.
Seed particles may have any desired composition that is suitable for coating with
silicon. Suitable compositions are those that do not melt or vaporize, and do not decompose
25  orundergo a chemical reaction under the conditions present in the reactor chamber.
Examples of suitable seed particle compositions include, but are not limited to, silicon, silica,
graphite, and quartz. Seed particles may have any desired morphology. For example, the
seed particles may be spheres, elongated particles (e.g., rods, fibers), plates, prisms, or any
other desired shape. Seed particles also may have an irregular morphology. Typically seed
30 particles have a diameter in the largest dimension of 0.1-0.8 mm, such as 0.2-0.7 mm or 0.2-
0.4 mm.
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has five regionsl-V of differing cross-sectional dinensions at various

el evati ons. The 20 reaction chanber may be defined by walls of different
cross-sectional dinmensions, which nay cause the upward fl ow of gas through
the reactor to be at different velocities at different elevations.

Reactor 10 further includes a plurality of fluidization gas nozzles 40.
Addi ti I en and/or inert gas can be delivered i tor
througﬁwﬁﬁgn¥$%ﬁgization nozzl es 40 25to0 provide sufficien éggékﬁﬁgM/to
fluidize the particles within the reactor bed. In operation, the fluidized
bed i s mai ntﬁ-isﬂl@[d.laj &nfreldhRoadHee 20 BWrodled fdrige@iontdTe primirgdigzathiqipghnozz| es
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production and during normal opeéerations, seed ipartl cles are 10i ntroduced
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anot her non-contam nating |liner/coating material to prevent surface
cont animemalibrofeilapereszles, si.| theesrsilepanertlgsarith edch silanegmzrlgparowided hysixat i on
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operation of reactor "10. 25The ustrated l1ner 140 and sl eeve 150 are
gener althay capké theripsatd flornod gas themeshahé seactior tubeaat differetoriaities mbdigtesantt i on,
extend_ﬁﬂenrelr ally vertically through regions 114', and define a reaction
zone. TH¢%8%ttor 10 is charged with seed particles through seed nozzle

110. The quatdactoy 107 udiRe Snddddds a G117 INAdiYatRASAS no PR 4oneadlifigasi ons of
the reactor. For exanple, a reactor having a height of 6-9 neters and a

react i drydragee adilaninedrgap tanjoe dddiveradrinlp thereactor through the fluidization nozzles 40
25  to provide sufficient gas flow to fluidize the particles within the reactor bed. In operation, the

fluidized bed is maintained in regions III-IV. The flow rate through the fluidization nozzles
40 can be adjusted to maintain the profile of the bed as the mean particle diameter of the
silicon-coated particles changes and/or the fluidization conditions change. The fluidization
gas typically has substantially the same composition as the non-silicon-bearing gas in the

30  primary gas mixture.
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expansion joint system includes a liner expansion device 160 that extends upwardly from the

20  upper surface of the liner 140. Liner expansion device 160 can compress to allow for thermal
expansion of the liner 140 during operation of reactor 10. A second expansion joint system
includes a sleeve expansion device 165 that extends upwardly from the upper surface of the
sleeve 150. Sleeve expansion device 165 can compress to allow for thermal expansion of the
sleeve 160 during operation of reactor 10.

25 The illustrated liner 140 and sleeve 150 are generally cylindrical, have a generally
circular horizontal cross-section, extend generally vertically through regions II-V, and define
a reaction zone. The reactor 10 is charged with seed particles through seed nozzle 110. The
quantity of seed particles may vary based upon the dimensions of the reactor. For example, a
reactor having a height of 6-9 meters and a reaction zone diameter of 40-50 cm may be

30  charged with 800-1000 kg of silicon seed particles.
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gas nozzles. For example, there may be three primary gas nozzles, each surrounded by six

secondary gas nozzles. Additional fluidization nozzles also may be included. Furthermore,

there may be only one withdrawal outlet, or there may be more than two withdrawal outlets.

20 IL Insulation
In particular systems, the reactor is insulated with high efficiency, high temperature
insulation. Suitable insulation may include a high-temperature blanket, preformed block,
jacketed insulation, refractory brick, or other suitable insulation.
FIGS. 3 and 4 illustrate an advantageéus construction of the insulation layer 130. As
25  shown in FIG. 3, insulation layer 130 is constructed from three rings 133, 135, 137 of
insulation. Each ring is constructed from six substantially identical pieces or sections 132,
134, 136 that fit together to form the ring. The illustrated pieces are 60° sections of the
insulation tube. The sections typically range from 2 to 3 feet in vertical length. As shown in
detail, the vertical edges of the sections are stepped so as to fit together in step joints 138

30 when assembled to form insulation layer 130. Ceramic fiber is placed between the sections to

-8-



through regions H 1V, The |liner 140 provi des contai nnent of the fluidized
bed and separates it fromthe radiant heaters 100, the insulation |ayer
130, and the outer wall 80 of the reactor. B.Sleeve 5In sone systens, a
renmovabl e sl eeve 150 is provided adjacent to the inner surface of the liner
140. Sl eeve 150 protects the liner 140 fromattrition by silicon-coated
particl d particles in the .fluidized bed and

particlvgé2 ?@%@ﬁgntanination by the |iner and/or vesseﬁQ&gkﬁgﬁg?ggfals.

Sl eeve 150 is constructed frommaterials that will not contam nate the

parti clsesl-thSidtdPFRS. M6 @rpeshsctiverviel 6£¥ portidf of iulatien 1dyet 130, vhiet | i nited
to, 10non-contamnating materials including, but not limted to, quartz,

sili cgril,lust@v@sms@qpépinall Baybetwyperhseciprsel3deuti@bal | oy, cobalt alloy. silicon
nitride, gragphi i1 [ r qq%qﬁgh [loy. In
particul ar 35S?é%%¥ﬁ?ﬂ%%@$%%®%9fgﬁﬁéﬁﬁ%%@gﬁgﬁﬂkPgéng |h%n car bi de,

ol ybdeyausad with Aitispény fodesutadt reactive Basso de neyaiterthe aslubaspack5OVhec| udes a

coating on its inner surface, Suitable materials for the coating inglude,
but Sar dwdegen isHsedén the reagtery pugingseith nifggen dlse cAMAEAYSNE BeToRFaPEIehum
Iow- ni GKel @Gy %?)&‘ﬁl@(ﬂn thetﬂf@‘ggrtﬁe?maﬁ&-lc{)&d?f&ti% ﬁ\}drggen B0 (R ARMNHCBS of

I n sone arrangenents, sleeve typrcally I's constfucted in sections,

si m | arth¢ msulagorh.at i on | ayer 130; the sections are joined with step joints,
and the joints are sealed with ceramc fiber, cenent, or high-tenperaturc
pol yner sealant. In other arrangenments, the 20sl eeve can be constructed as
a nmonolggf h. 1her ﬁﬁfsl&"@r eferably can sustain a tenperature of 1600F (8700
and maintain stability. Mol ybdenum has exceptional properties,

i ndDudi ng hig4h cdiinesi on resi stance, |ow thermal expansion, excellent

strength and,sfiffness Lgh te t . | t .t ] ivity,
and ducti 1 CyRh rBRES e OO of 1abagte pieEn b S LS Ry R o 1
25bel oWectiARITEVIo YRy d@n ume RN eRtddi 18 is generally cylindrical with a generally

circular cross-section. The liner can be constructed from any suitable material that can

tolerate the conditions within reactor 10 and is well-suited to the high temperatures utilized to
15  transfer heat into the fluid bed. The liner is constructed from materials that will not
contaminate the silicon product particles and are suitable for tolerating the temperature
gradients associated with heating the fluid bed and cooling the product. Suitable materials
include, but are not limited to, high-temperature metal alloys such as INCOLOY® alloys,
INCONELDP alloys, and cobalt alloys (e.g., RENE® 41). The liner can be of different material
20 than the reactor vessel. Because the pressures internal and external to the liner are similar,
the liner can be thin. In some systems, the liner has a thickness of 5-10 mm, such as 6-8 mm.
If a removable sleeve 150 will be used, the liner 140 can be made with a wider variety
of materials, including materials of lesser technical sensitivity, since contamination within the
reactor will be less of a concern when a sleeve 150 is placed between liner 140 and reactor
25  chamber 15. For example, the liner can be made of INCONEL?® 625 (a nickel-chromium-
molybdenum alloy with smaller amounts of niobium, tantalum, and iron). In one
embodiment, an INCONEL® 625 liner has a thickness of 6 mm.
In the system shown in FIG. 1, the liner 140 has a substantially constant inner
diameter throughout its length. In some systems (not shown), however, region V of reactor
30 10 may have a larger diameter than region IV. In such instances, the portion of liner in

region V similarly may have a larger diameter than the portions of the liner extending
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through regions II-IV. The liner 140 provides containment of the fluidized bed and separates

it from the radiant heaters 100, the insulation layer 130, and the outer wall 80 of the reactor.

B. Sleeve

In some systems, a removable sleeve 150 is provided adjacent to the inner surface of
the liner 140. Sleeve 150 protects the liner 140 from attrition by silicon-coated particles and
seed particles in the fluidized bed and protects the particles from contamination by the liner
and/or vessel wall materials. Sleeve 150 is constructed from materials that will not
contaminate the particles. Suitable materials for sleeve 150 include, but are not limited to,
non-contaminating materials including, but not limited to, quartz, silicon, low-nickel alloy,
high-temperature alloy, cobalt alloy, silicon nitride, graphite, silicon carbide, molybdenum, or
a molybdenum alloy. In particular systems, the sleeve is constructed from silicon carbide,
molybdenum, or a molybdenum alloy. In some systems, sleeve 150 includes a coating on its
inner surface. Suitable materials for the coating include, but are not limited to, quartz,
silicon, silicon carbide, molybdenum, low-nickel alloys, cobalt, tungsten, silicon nitride, and
graphite.

In some arrangements, sleeve 150 typically is constructed in sections, similar to
insulation layer 130; the sections are joined with step joints, and the joints are sealed with
ceramic fiber, cement, or high-temperature polymer sealant. In other arrangements, the
sleeve can be constructed as a monolith. The sleeve preferably can sustain a temperature of
1600°F (870°C) and maintain stability.

Molybdenum has exceptional properties, including high corrosion resistance, low
thermal expansion, excellent strength and stiffness at high temperature, excellent thermal

conductivity, and ductility. Typical properties of pure molybdenum are shown in Table 1

below:
Table 1
Molybdenum Properties
Density (20°C) 10.28 g/cm’
Melting Point 2620°C
Specific Heat (20°C) 0.254J/g' K
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Thermal Conductivity 140 W/m-K

Recrystallization Temperature 1100°C
Coefficient of Thermal Expansion | 4.9 x 10°/°C

Modulus of Elasticity 46 x 106 psi

Molybdenum, however, experiences severe oxidation at temperatures above 750°F (400°C).
Thus, exposure to oxygen at high temperatures is minimized. In particular systems, the
sleeve is constructed of TZM molybdenum alloy, with a composition of 99.2-99.5 wt%
molybdenum, 0.5% titanium, and 0.08% zirconium.

Another suitable material is silicon carbide (SiC). Silicon carbide also has a low
thermal expansion coefficient of 2.2-2.4 x 10 /°F, or 3.9-4.0 x 10 /°C. Thus, a silicon
carbide sleeve may expand vertically 6 mm to 13 mm as the reactor is heated. Silicon
carbide, however, is less robust than molybdenum and its alloys, and may be more prone to
breakage.

Sleeve 150 may be constructed in sections, similar to insulation layer 130. The
sections are joined with step joints. Joining can be performed by any suitable method,
including riveting and welding. For example, the sections may be riveted with molybdenum
rivets spaced approximately 2 cm apart. In some systems, the seams subsequently are
sprayed with molybdenum for improved leak resistance. Riveting is preferred over welding
because welding typically produces weaker joints.

If welding is utilized, it is performed in a vacuum environment or argon atmosphere
to prevent oxidation and maintain the desired molybdenum properties. To maintain ductility
at the weld, no contact with air should occur. Before welding, all parts are meticulously
cleaned and preheated.

In some systems, the sleeve 150 is fabricated from multiple layers of molybdenum or
TZM molybdenum alloy plates (e.g., 0.6-mm to 3-mm thick plates) laminated together. For
example, 2-5 layers may be laminated together. In a particular arrangement, four layers are
laminated to produce a sleeve having a thickness of 3.2-6.4 mm. When constructed in layers,

the layers are offset such that any joints between the plates in adjacent layers do not overlap.
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IV.  Outer Wall to Sleeve Configuration

FIG. 5 is a schematic diagram illustrating one system of a reactor configuration from
outer wall 80 to sleeve 150. Insulation layer 130 is disposed adjacent to outer wall 80 and
maintained in position between an insulation support ring 210 and a lower seal ring 220. The
liner 140 is positioned inwardly of insulation layer 130 and is supported by the lower seal
ring 220. A flange 225 is provided between the liner 140 and the seal ring 220. In some
systems, flange 225 is a gasketed seal. The sleeve 150 is positioned inwardly of the liner
140. There is a narrow annular gap, e.g., 1.5 mm, between the liner 140 and sleeve 150 to
allow for horizontal thermal expansion. The radiant heaters (not shown) are disposed
between insulation layer 130 and the liner 140 in region IV of reactor 10 as illustrated in FIG.
1.

An upper guide 190 is attached to the top edge of the liner 140. An expansion joint
system includes a liner expansion device 160 that extends between upper guide 190 and an
expansion support 200, which is attached securely to an upper seal ring 230. The expansion
joint system accommodates the differential expansion of the liner 140 and the outer wall 80
of the reactor. Extending downward from expansion support 200 is an L-shaped lower guide
205. Installation guide 240 facilitates proper positioning of expansion support 200 and L-
shaped lower guide 205. Liner expansion device 160 is a spring-type device having an inner
diameter similar to the inner diameter of the liner 140. Liner expansion device 160 exerts a
downward pressure on liner 140, compressing flange 225. Liner expansion device 160 is
constructed of material suitable for withstanding the temperature and pressure conditions
within the fluidized bed reactor. For example, high-temperature, high-strength metal alloys,
including INCONEL® 718 (a nickel-chromium alloy), may be suitable. In some systems,
liner expansion device 160 is an expansion joint of corrugated metal alloy. In certain
systems, the liner is silicon carbide and liner expansion device 160 is a wave spring, i.e., a
coiled flat wire with waves in the wire. As compared to coil springs, wave springs provide
the same force with a significantly lower work height.

As the temperature rises within the reactor, the liner 140 expands and liner expansion
device 160 is pushed upward and compressed. For example, if reactor has a height of 6-9
meters and the liner 140 comprises an INCOLOY® alloy, the liner may expand 7.5-10 cm

vertically when heated. Upon cooling, the liner 140 contracts and liner expansion device 160

-12 -



WO 2011/ 063007PC17US2010/ 05 058 Mol ybdenum however, experiences severe
oxi dation at tenperatures above 750F (400C), Thus, exposure to oxygen at
high tenperatures is mnimzed. In particular systems, the sleeve is
constructed of TZM nol ybdenum all oy, with a conposition of 99,2-99.5 wt% 5
nmol ybdenum 0.5% titanium and 0.08% zirconium Another suitable materi al

is sili e (SIC). Silicon carbide also has a lo ansi on
coet {1 oy SRt RhAbHS 2,4 x 10-6/V, or 3,9-4.0 x 10.6 1C. gﬁlr’%f‘g&éfﬁ con

carbi de sl eeve may expand vertically 6 mmto 13 mmas the reactor is

heat ed. exehdsC AR ERIAE05 hﬁ%yﬁémudrﬁwitﬁaﬁpér%bi&tl9t)h1axﬂ1tMe>e&eba§Mmoanﬂeﬂ ts
all oys, and nay be nmore prone to breaka eeve 150 may be constructed in

sect i ongxpaghianidayice 660. nkincnexipensiprigerice BY) alyhexests prassirs onitle finsirdd@d and t h
step j Okgégﬁgﬂrgilgkﬁageﬂcﬁg?wgr é%ﬁpﬁ“ggi?(ﬂ by any suitabl e nethod, including

riveting e sections may be riveted with

ol ybdenum r AvginHas@asdo@opiteystemtietiides aCsiféea!B&f(pansioﬁ deoite 16y sHaee®tendshe
seans subse(auentl y are 15sprayed with n&gbdenumfor n&loved | eak
resi St ahewardhy femisiegve $5Qlocrcspmedaigdhe fifiermntia! proertiabolderAg0 eghresr | y

pr Oduce@aﬂ%@‘%ﬁ& all?\lvgéls\(zie';té%arll e)égdnglo%lf%meelvé q éel«!f ég%n dlbltl dbvﬁc@ d’§ s dina

vacuum envi ronnen nosphere to preven ation and nal ntain
t he desﬂds\eﬁiwardlpyksdenewm sheevp @ 50.i S&evér@(pammm dévicalLaS is lcotigyruated tofinateriatl, no

cont act ccur. Before welding, all parts_ are | ously
20 cl eaﬁéﬁ‘i’gﬁg g e temperaying SuhRresyEg capditiong Mg euidird

fabri caﬁe%eltoirp&? &aﬁ}dg%@l @hBEaAL km%}-at?égg}%m ATAMR) BRGansE &l doe

plates (e.g am nat’ed t'oget her. For
exatpl esysmnﬁ blaywscpanqiorbée\heerﬂéias edvavegpmm@rSIww B 0paayt be:mpaortairamlngerrent :

o SIS TRt QBRSSPI Y M S SRRl > ©
j oi nts pataeesleéhel latl et MEAhIERREYENE (ot IRoWd! a A¥AEL @saendk%wardly
from the upper surface of the sleeve and securely attaches near the top edge of the liner. In
such systems, the sleeve may be supported at its lower edge with a flanged and gasketed
15  connection to outer wall 80.
A purge gas nozzle 250 extends through outer wall 80 above insulation support ring
210. A gas baffle 260 is positioned between nozzle 250 and lower guide 205. The annular

space between outer wall 80 and liner 140 typically is filled with an inert gas, e.g., nitrogen.

20V, Central Inlet Nozzle
The location of silane injection into the reactor 10 provides control of the reaction

zone in which silane decomposition occurs. Advantageously, nozzle 20 is positioned such
that silane is injected near the vertical centerline A; of the reactor 10 and at a distance from
sleeve 150 sufficient to control silane plume 180 geometry. Advantageously, the upper

25  opening of nozzle 20 is geometrically aligned with the center of the reactor for silane plume
and bed mixing control. In particular systems, nozzle 20 is positioned such that the vertical
centerline of the reactor extends through the throat of the nozzle. Advantageously, silane is
injected at an elevation about 1 meter above the bottom head 170, as shown in FIG. 1.
Nozzle 20 extends upward through regions I-III such that silane is injected into region IV.

30  Nozzle 20 is positioned such that hydrogen injected below and around the silane injection

point contains the vertical silane plume 180 in a region near the core and substantially
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upper guevat pematyre deeampasitioaxafdhessibeprobearng gas wihiibe sentiabinleta02de 201 ner
expansinn Vi ce al t i kgeps it
PPy SRnEN fGomilaRof Bufiteld BuBhERRHPGeBRg bERo AL, AdBeBRREPT

syst emgilighustafing gad temyperacup aihirothe dexile & aintaidedtbett thatisf dgsumpadsitiod r om

sl eeve 150 to acconmmodate the differentjal expansion of sleeve 150 and
out er vRdIsilEOn SgPOSHIqL o Graplet W Q}E‘QQH%%‘E’G I&ﬁgatsﬁ%siqnﬁetg‘g tenagpraliye

expa”S!&@hig% &&zﬂeggn%ﬁ&ihéd 9&&@%9600%%% Ror BRGNS whBGh regldpeve

expansi on device 1 I's constructed of material suitable for wthstanding
t he tenpeblatpyrdytindecompssitioe of tredilidoorwaring pisrantisebselquénd isitisdn Hepbsitwact or .
For exanqbe, Ei%h:Henperature, hi gh-strength netal alloys may be suitable.
| n Done?YE PP Seve expansi on device 165 is a wave spring. Sl eeve 150

may be suppoqtafi e afaREsknRY caittal SHbiRRYIR 20RBADriSeic ot iBtaiaslydoes not
flow fromthe fluid bed Tnto the annul us between sl eeve 150 and |iner 140.

| n sonecybipdtientuben ttat steowhjtantiallyeiicelar ixeressassciigras dhapi mdrGSh 6 appfeA

surface,of the sleeve.and securely attaches near PPN l'i ner.
In suc hﬂ%‘yg{rgﬂ@?rﬁg?égg Ipééﬁgﬁﬁﬁ\}&btéeg%ﬁrorre od 03? a§s%§§1raér\j\'%r e g%algv%not Eﬁg
fl angecbrﬁﬂﬂy%@ﬂ&?ﬁ&ﬂ 1RI0IR QGHliRA-Hearifu Y diwadd wBRhydrogen ornfitéggasgda
nozzl e 250 extends through outer wall 80 above insulation_suppaort ring 210.

A §8s e asrapgemends, e pamaryegs hetilpae dilped vith pdoogerd Thewdanegitilde 205. The
| het wal i i eall i 6o fidled with
o norpORAER (ALHRAR: BIEH: tHRlaihy Ml AR rab B A £ b%:1 By lblbpe] 14 1

of silane injection into the reactor .}4Q _provides control of the reaction
zone in which silarie deconposition occurs. Advantageously, nozzle 20 is
positioned such that silane is injected near the vertical centerline A of
the reactor 10 and at a distance from sl eeve 150 sufficient to control
silane plune 180 geonetry. Advantageously, the upper




250peni ng of nozzle 20 is geonetrically aligned with the center of the
reactor for silane plune and bed m xing control. In particular systens,
nozzle 20 is positioned such that the vertical centerline of the reactor
extends through the throat of the nozzle. Advantageously, silane is
injected at an elevation about 1 neter above the bottom head 170, as shown
in FIG 20 extends upward through regions 1-1 sil ane
is inj eg{ ﬁ%"ﬂc’)&r egion IV, 30Nozzle 20 is positioned sh%%/%?&;?/aﬁggér ogen

i njected bel ow and around the silane injection point contains the verti cal
si | ane pld¢BEndhBP L%asrxzas REIAPed @ACeritAel§UréuRINte Stlhst bl el Akdagewayl gion VWO

2011/ 063007PCT/ US2010/ 057058 elim nates fouling (La, silicon deposit

f or mat i %Zm)n Yharmylar ieeion e papkRseay aﬁdeﬁmedsby ianer wlb%a@wter@p@lh Tifon

mul ti pl he 1 fflwofth l.an s, .and may be
about O%ee ﬁ&n’? tgas tlyﬁféng?sgtﬁ? ah?e co OSIt qn\?st 2 BasJnix w?t'h tﬁ1 9111(%’}1 ge has a
hei ght gis. %eeﬁamplb,het (Prﬁﬂa&y@hyﬁﬁlualas/sﬂh@wwhmbgﬁi twsee&daﬁy gdsn
operation, a seed particles is provided inside the reactor and is

f 1 uidi z%l%l}ygsalsydif%e@ct ed through the solitary central inlet nozzle 20 and
t he suppl enme i

chanber are E‘f%{leesya e%ﬁl gﬁgﬁbﬁ?er aﬁﬂ(ﬁ1 éegi[?ltg%@%cgﬁgm&lwe ragl ant
heat er Sisibﬁi@led'ﬁhe)varé]lymﬂ&? suoh t]mttt]m throae flates tovidrd dhd dphing an aw dndhaled opor t i ons

of the re to For l e, when operating with silap the

si licon€ a%gae%gﬁ%ﬁ AHTRPEN 53 PG G Peagend ] geﬁgiﬁlﬁa&?he

terrper aﬂMg%sQ'?a-E%ﬁh gacet?eanert\m m&ﬁ%ez&ﬁ@vwéﬁﬁéo 100 * C. hi region
.e., the cooling zon tenperature typically ranges from50-700 C. In

r egl(bn L, ﬂh?_imathr@asagmw 24 ise/er)emmmvawhe? it epeps lrgo rtreadtion c_hhmb@a(rjre as

in regi e centr orti on reactian

spl ash AR (RTINS R TSI IR
V, W tmilngt pLAVIES ALtHE Bed, N6 pRASAL B, mgo&@%a&éﬁ%&s When vaitks of region

|V, La, the radi ant zone. The upper portion of region V. La, the quench

zone, ha@S&eW@rsraa thas & dmmgter200he sdial @idtiod ahowler passageway 24 iHaO0HBRE or

are' ned rature m.ni mze or ven

deconpodDer 5 ER =5 o8 ROk et £ oG ibeRinn 2% R LLaBeBrBH hodm b o
20. 1520 Propraapelitke FER0 WREE of bamuligsieddpswhy 24 aidlyibe®.Gasnphitbigtapedet. Gazzl e 20.
Accor di ngl y, the silicon-bearing gas tenperature within the nozzle is

mai nt ai e 38diuewngh pzrul affpaa@gg\r-@o%‘? W@Wnaﬁléy elimingish sidiepw derasisien apginddhainpl e,
when t he g téﬁgw(pearl ng gas is sihnme, the tenperature within the nozzle is
mai nt ai ne ow 150 'C. The higher tenperatures within region |V enable
pym yti c decOhgpasizid 2is @bndthetedidsing@iny beacra thag &sacaasials v bsthinhelexpéckddc on

deposition
P pressure, temperature and stress requirements. Suitable materials include high-temperature

20  metal alloys such as, but not limited to, INCOLOY® and HASTALLOY™ alloys. The
surfaces of inner wall 26 and 28 may be coated with silicon carbide for product quality.

FIG. 8 shows a lower portion of the nozzle 20. Primary gas 30 flows into the center
passageway 22 through a bottom inlet (not shown). Secondary gas 32 flows into the annular
passageway 24 via an inlet 34 in outer wall 28.

25
VI.  Heaters

FIG. 9 shows a circular array of heaters 100 located concentrically around the
chamber 15 between the liner 140 and insulation 130. In some systems, twenty radiant
heaters 100 are utilized with the heaters 100 spaced equidistant from one another. The rating

30  of the heaters is selected based at least in part on reactor size. In some systems, the heaters

are rated at 2500 W each. With respect to the system illustrated in FIGS. 1 and 9, the heaters
-15 -



250n the seed particles. In particular arrangenents, central inlet nozzle
20 conprises two substantially cylindrical tubes that are substantially
circular in cross-section, as showmn in FIGS. 6 and 7. A flow of primary gas
30 passes through the center region or passageway 22 of nozzle 20. The
primary gas typically includes a silicon-bearing gas diluted wth hydrogen
or an i In 30sone arrangenents, the primary ¢ i i diluted
W th hﬁé@éﬁ?ﬁ%e silane and hydrogen typically are pfpz:g'étﬁsgﬁo%??@?s
silane: hydroge.n ratio ranging from1:1 to 9:1 by volune. - 14 - W

2011/ 0630 %@ﬁééﬁﬁ%ﬁﬂ? of BrSnAIARAANDAFYr B@snple. ih 8 rédddrftCLReight of 6-0
concentricall'y around the outlet of the passageway regi on an annul ar
r egi on ntenpathe Agasovayl 00 anaydfe 2 ndtgrs lamgeand wadyl bepacad2- gmanwagily obBe The

secondar as ically is.the ne I ti4.0n the. gas.m xed with the
S+ contapuBing Mg beveet eic e DTRATY G R chifind AaiMatE g

hydr og@imodphere36 ke&F e ¥inSdar PavPinea! |y is hydrogen. In a desirable
arrangenent, the uppernost portioner surface of inner wall 26 is angled

out dar dl y atA teBpetatkretgnadient hiepreband it the ireactes 100w ethighegijempergtusgs near
| nel ud 0Bl fgd idred| gl f t th
ng n Iu n gge %ra&%),g% ?c pﬁlg?&r% 1§3‘re8}1?e§gv6§12 %E@%?lgg \(I\ilg%tagﬁg 5% Bl th%atérs.c FHf €

rates space e Tnner wall 26
from t hgstanse eduriti@l dpedion of the reddier 1@NWith gitangas SROENEN-brAring gy the ceatrilow
where it opens into the reactjon chanber. Best results are achieved with an

annul aPoptsigesiay [ it maimtaingd atiodP/oPRG: andadyaniapetusi Q60940 skal | est
particl ' Vv f-ouf i SPIE : BhHS en center
passag é‘%ghf e%&%glseggtﬂ% ?ltggrveétofess)’ %eqhhlg Hﬂr0 gﬁggltﬁévﬂ\l} dth })@" zﬁ%%g?@gag's\ggemy 24
i 5 10. 0Xbéetspstém€) 2hosurface kengyserdiufEof radiant hextarspl 08,is BO0-880P€r HpatesadOvay 22
has a gliﬂarret er of 1,3 cmgg(s .the 15 top edge, the radial 6 w dt hing annul ar
passag&Rdst tomperalpre eomrah apd,dnsame tsy.péelﬁ%lgheetg@gara@;g centeRies et PRI igh annul ar
passagmaﬁﬂa(ﬁugg(?]%gagg%dq&hﬁgrgﬁ}@s silicon deposition around the tip of
nozzl e 20. The nozzle 20 Ts constructed using any material that is
accept abl e \Heabion 10 hetlex peytiecugdy ewsumegre cemyeetine beaterafd. Thesedweaters
requi renents. Suitahle erials include high;tianperature 20 netal alloys
such a§f@°ﬁafntﬂ§?e {hiuﬁizf"égea‘iB{reﬁq&éyé?(sﬁ?wﬁﬁbp&@TALLOYm al | oys. The surfaces
of jgnner wall 26 and 28 may be coated with silicon carbide for product
quality.

VII. Fluidization

o

Referring to FIG. 1, a plurality of elevated fluidization nozzles 40 is arranged in a
circular array that is located concentrically around central inlet nozzle 20. Cooling gas at
ambient temperature is introduced into chamber 15 through cooling gas nozzles 70, 72.

20  Cooling gas nozzles 70, 72 are positioned in region II above bottom head 170 and below the
sleeve 150 and liner 140 arrangement. The cooling gas and fluidization gas typically have
substantially the same composition as the hydrogen and/or inert gas that is mixed with the
silicon-bearing gas in nozzle 20. Introduction of the cooling gas below the fluidization
nozzles 40 provides a countercurrent flow of the cooling gas and product solids, resulting in

25  cooling of the product solids prior to withdrawal through outlet 120 and preheating of the
cooling gas before it flows into region IV of reactor 10. The reactor diameter, cooling gas
flow rate, and/or cooling region height are selected to prevent fluidization in the cooling
zone, which would provide mixing and heat the cooling zone to an unacceptable temperature.
For example, the cooling gas may have a flow rate of 230-310 slm (standard liters per

30  minute) when the cooling zone (region II) has an inner diameter of 45 cm. The

-16 -



FIG 8 shows a | ower portion of the nozzle 20. Primary gas 30 flows into
the center passageway 22 through a bottominlet (not shown). Secondary gas
32 flows into the annul ar passageway 24 via an inlet 34 in outer wall 28.
25 VI, Heaters FIG 9 shows a circular array of heaters 100 | ocated
concentrically around the chanber 15 between the liner 140 and insul ation
130. | ens, twenty radiant heaters 100 are utjll L t he
heatergvig@?@géﬁed equi di stant from one another. The ré##ﬁéﬁgggkﬁgﬁe
heaters is selected based at |least in part on reactor size. In sone

syst eNgoudtBRuleRIRIW o PR cbé‘lﬁr%d%a%tcam Gin¥paaiclos bREK Bip femBEridited ohe feryst em
illustrated in FIGS, 1 and 9, the heaters - 15 -

2011/ 0dBoixPCTrtc2 and sitisaod@ositionar e spaced i nwardly of the insulation 130.

For exanple,, jn.a reactor Wt height of 6- . S, 100 may
he 2-3 met er”s‘idl?t&)‘?{’d‘E B%&“tn‘@ﬁu‘%’ﬁé %sseghﬁﬁ%g e ‘F‘%“m%r%é ﬁé&ﬁéﬁéﬁﬁ’g’@‘éﬁﬁ%} i on. The
gap betygsimh8c pBsiakmtith @k pr3seneddclobge indhede USOP oot e. 55139, 7621 isegsdn

at nosphere to keep the annul ar space inert. 5A tenperature gradient is

pr e§entAugust ke 19%£éi-§rP@E@t\NQ- 8,198 37i igFnedtAugupirer gB?ﬁaéjsSn%i’é?mtl‘ﬁ’e heat ers;
the te I re k reduc bt ok i ' . For
st ance O 8- SRR 22y ToRe IR, Bitelf ApARARQR RETLI A pER RS

si | i coakeay 1812008s, the central portion of region IV is maintained at

620- 760 "C, and advant ageous!y at'660é310 e TenBFratur%:ne&r tﬁg sl eeve
150, whi ch ilsshouiskes repegnized thitdheillsirged systems arg 9poIsmPEss apd shpldper

syste . . } ol '
P L A S A

t erper atyuhefotlontingtlhims. SWe tippefote ¢laimmamnualihyentici ald thadl comes withiddgh¢ saoge
tenperatuyre. . Reactor 10 further may include one or nore convective
heateréngéP“WHEQ@*hggpgrs extend into the fluidized bed in region IV as
shown in FIG 1. 15 VIl. Fluidization Referring to FIG 1, a
plurality of elevated fluidization nozzles 40 is arranged in a circular
array that is |ocated concentrically around central inlet nozzle 20.
Cooling gas at anbient tenperature is introduced into chanber 15 through
cooling gas nozzles 70, 72, 20 Cooling gas nozzles 70, 72 are positioned in
region Ii above bottom head 170 and bel ow t he sl eeve 150 and liner 140
arrangenment. The cooling gas and fluidization gas typically have
substantially the sane conposition as the hydrogen and/or inert gas that is
m xed with the
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:bearing gas in nozzle 20. Introduction of the cooling gas bel ow the
fluidization nozzles 40 provides a countercurrent flow of the cooling gas
and product solids, resulting in 25cooling of the product solids prior to
wi t hdrawal through outlet 120 and preheating of the cooling gas before it
flows into region IV of reactor 10, The reactor dianeter, cooling gas flow

rate, and/or cooling region height are selected to prevent fluidj zgti on in
the cooVPRYIP6187 whi ch woul d pros ide mixing and heat THERBOPHGS zone to
an unacceptabl e tenperature. For exanple, the cooling gas may have a fl ow
rate ofWZS%-irﬁ_lo slm(standard liters per 30 m nute) when the cooling zont,
(region F as an inner dianeter of 45 cm The WO

2011/ 063007PCDUS2010/ 057058 countercurrent flow of the cooling gas carries
fine particles back tip to the fluidized zone for further reaction and
silicon depdsiti ohheated silicomdgnopitian reastar SHCH ot QMBI descri bi ng subj ect

matter or bag j L.on which may be pertinent to the present
di scl osure ?ar#g%g‘yﬁég%géa@tﬁ% No. 5,139,762, issued August 18, 1992, U. S.

Pat snt No. %S wi8&l havingiassuredwAllgust 25, 1998, U. S. Patent No. 5,810, 934,
i ssued Septemher 22, 199%, .and U S. P tent Ap@%l cation No. 11/996, 285,
filed Januardp aglatmgdayer tacing an jnnetgrtage ghthe QUi Malled t hat the i1l ustrated

systems are iy SeaERlcEBodchediRWARAL O thOthshRkBR1Aer;! | M ting the scope of
t he i nvention. aRa(?ﬁer et E% écope of t}ﬂée)fti nvesnti on aigls defined 10 by the

fol | owi ng claien®yahlé comenticdiner positioncdsnwandly oitbaed lopst ane heaters thedings wi t hi n
I R TR O e e e R

claim edct or systeny 'conprising: a

pl ygal i ty of, gaadl Bk hbsAE€Ravidg Mﬁ‘&%ﬁk opé@ih@positiorRdtte inj¥dlalprininy gasul at i on
| ayer facing an inner surface of the outer wall; at |east one heater
posi t i cwewprisimga wdlisonafeating ghsnenwardiygntol thy ehamber, wherein the central inlet nozzle

comprises an inner wall and an outer wall positioned concentrically around the inner wall to
channel a flow of the primary gas through a center passageway defined by the inner wall and
a flow of a secondary gas through an annular passageway between the inner wall and the
15  outer wall;

a plurality of fluidization nozzles, wherein each fluidization nozzle has an outlet
opening into the chamber;

at least one cooling gas nozzle opening into the chamber below the plurality of
fluidization nozzles; and

20 at least one outlet for removing silicon-coated product particles from the vessel.

2. The system of claim 1 further comprising:
a source of the primary gas, wherein the source of the primary gas is connected to the
center passageway of the central inlet nozzle; and
25 a source of the secondary gas, wherein the source of the secondary gas is connected to

the annular passageway of the central inlet nozzle.

3. The system of claim 1 or claim 2 where the removable concentric liner

comprises a high temperature metal alloy.
30
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a renovabl e concentric liner positioned inwardly of the at |east one
heater, the |iner having an inner surface which defines a chanber that
contains the seed particles; 10a central inlet nozzle having an upper
opening positioned to inject a prinmary gas conprising a silicon-bearing gas
upwardly into the chamber, wherein the central inlet nozzle conprises an
inner wall and an outer wall positioned concentrically nner
wal |t OVRREUKARI0% flow of the primary gas through a ceﬂQ%ﬁﬁgg@égﬁé

defined by the inner wall and a flow of a secondary gas through an annular
passageway hbetwe th urality of
fIU|d|zat|o% nozgﬁggpﬁﬁherel hf PUF §g?ﬁ%ﬁk%%@?%gnﬁ%%§ﬁuﬁﬁﬁket openi ng
i nt o t kenehaidsdecve positionat adymeat todheinnendurfage ghthe monavablogekemyc lineto t he
chanmber below tire plurality of fluidization nozzles; and 20at |east one
outlet for removing silicon-coated product particles 2. The systemof claim
1 further compri Sfagsstem of clmSPWh&S 1R rekddGable bﬂi?deﬁtrférﬁlee%%ﬁ fisdshe source
of the primary gas iS5 connected to the center passageway of e central

i nl &t rq:ua]zt silicanglogsuickd atlop nidket hléoys echmialloy, gjieon lvméleeglfaphll% sdigof ce of

t he secgg& %quiils connecfga to the annul ar passageway of the central

i nl et 11823 % Mmolybdenumgor agpRlyogei AdtY-cl aim | or clai m 2 where the
renmovabl e concentric i conprises a high tenperature netal alloy. 30 WO
2011/ 063007PC171JS20101057058 4. The systemof any one of clains 1
to 3 furtherb. conﬁﬁhewﬁgrna)fﬁM\ﬂaWh@feéWWﬁblé cenesale %Fb?%%é‘lﬁt@&jo&cent
to the.jnner rfa he r.enovah

system #Sflm&qrﬁ}l R&‘ﬁgo?‘tmﬁo&’"u “%esc nceh{lﬁ:(%l S(}Vgglg%( elcac%lrng? rlugges} a-éigﬁar tz,
si l1pconobalONHdY, §inebn ainh@eg ,grdphak,edlh@lnl dﬁbbldé; oA ideatuhoyr, a siolybdenunnialioy. de,
graphite, silicon carbide, nolybdenum or a nolybdenum all oy, 6.
The system of claim4 where the renpvable concentric sleeve has a coating
on its inner, surf e t I LI n,

| ow ni ckel eﬁ | oy ﬁl% gﬁt\%& Jtec:la{?m chob %1%910'9 Cbﬁ I con érylé"[c?lﬁlglélg&gir aphite,
sili Corplmaﬁi@ldfqoma@chbdﬂmum or a nol ybdenum aI I oy 7. The system of
claim4 where the renctne abl e concentric sleeve conprises a plurality of

j oi ned sections.

15 8. The system of claim 7 where joints between the joined sections are step joints

sealed with a sealant capable of withstanding an operating temperature up to 800°C.

9. The system of claim 8 where the sealant is ceramic fiber, cement, a high-

temperature polymer sealant, or a combination thereof.

20
10.  The system of claim 4 where the removable concentric sleeve further
comprises a sleeve expansion device attached to an upper edge of the removable concentric
sleeve, wherein the sleeve expansion device compresses upon thermal expansion of the
sleeve.
25
11.  The system of claim 10 where the sleeve expansion device is a wave spring.
12.  The system of any one of claims 1 to 11 where the removable concentric liner

further comprises a liner expansion device attached to an upper edge of the removable
30  concentric liner, wherein the liner expansion device compresses upon thermal expansion of
the liner.
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15S. The system of claim7 where joints between the joined sections are step
joints sealed with a seal ant capabl e of w thstandi ng an operating
tenperature up to 800C. 9. The system of claim8 where the sealant is
ceram c fiber, cenent, a high- tenperature polyner sealant, or a

conbi nation thereof 20 10. The system of claim4 where the renovable
concentric sleeve further conprises a sleeve expansion I hed to
an uppd¥O &y8639%7 t he renovabl e concentric sl eeve, mheré%ﬁxkﬁ@o@ﬁégge
expansi on devi ce conpresses upon thermal expansion of the sleeve. 25

11. The system of claim 10 where the sl eeve expansion device is a wave
spring. 12. The system of any one of clains 1 to 11 where the
renovabl e cdBcentTheaystemenf claimtlBerharotherlireesxmnsipndeviexsansugitedimetat e
attached to an upper edge of the renovable 30 tonentrie liner, wherein the
i ner &XPARIFSP¥evi ce conpresses upon thermal expansion of the liner. WO
2011/ 063007PCML1S2010/ 057058 13. The system of claim 12 where he

| i ner expansion device is corrugated nmetal or a wave spring. 14. The
sysfem of ariy. on@hefsystbmiafeng oneofldainksel o I3hehern thel aanulon passegendy haas a

wi dth at, its.upper openi that Jjs._.s | er .t han. the seed particles.

15. Th&idhat é%%gl’er&pglinﬁgi t\‘/&ﬁ%’?aéfef H’é’ggféﬁegp pﬁlil&eggeway of the central inlet
nozzle has a dianmeter at its upper opening of X, and the annul ar passageway
has a width of 100.015X to 0.025X at its upper opening. 16 The system of
any one of dibai nslhe svﬁem@fmé%ml@rprhﬁc&n{)er 9as<§$geﬁ‘faﬁfi03 ithegenlal inlehoz 7| es
surround and are. laterally displace r t I : and
wher o GREACRLY iuR T ah bt SPHERE S X B RSB e ank e had bR Por

f 1 updi ZEg150tedRE PNElsdlppet siiedirdghe 15chanber. 17. The system of any one of
claims 1 to 16 where the primary gas conprises silane and hydrogen, and the
silane and hydrogen are present in aratio from1l:1 to 9:1 by volune. 20
18. The syst,em of | .ai . 7 A gas: W thin the
contral i ot & nosuRaYpERI Rl BBkl o) REE iRt B R e
does nebzeesaiaae and are laterally displaced from the central inlet nozzle, and where each

fluidization nozzle has an opening positioned to inject a fluidization gas upwardly into the

15 chamber.

17.  The system of any one of claims 1 to 16 where the primary gas comprises
silane and hydrogen, and the silane and hydrogen are present in a ratio from 1:1 to 9:1 by
volume.

20
18.  The system of any one of claims 1 to 17 where the primary gas within the

central inlet nozzle has a temperature at which the silicon-bearing gas does not decompose.

19.  The system of any of claims 1 to 18 where the flow of secondary gas is
25  positioned and of sufficient velocity to direct the flow of primary gas into a vertical plume
centrally located in the chamber such that silicon deposit formation on the upper opening of

the central inlet nozzle and the chamber walls is controlled.

20.  The system of any one of claims 1 to 19 where the insulation layer comprises

30  aplurality of joined sections.
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19. The systemof any of clainms 1 to 18 where the flow of secondary gas is
d and of sufficient velocity to direct the flow of primary gas into a
vertical plume centrally | ocated in the chanber such that silicon deposit
formati on on the upper opening of the central inlet nozzle and the chanber
wall's is controlled. 20. The system of any one of clainms Ito 19

where the insulation | ayer conprises 30a plurality of j.gi i.ons. WO
2011/ oé”é%‘)ﬂrys@é@%lo/ 057058 21, The system of claim 20 m@?@fﬁqgﬁ’ﬁ’%&get ween

the oined sections of the insulation |ayer are step joints sealed with

ceram c fibey].  The system4d clalid@0SWRAEE Bifks beWeeA MR Binellsadtidhs bf e 21 where
the at | east one COOP,I ng gas 5nozzle is positioned to provide a cooling gas

f1 ow t hegulat®ndayen ter tep joars saatedawith oawamic fikes. si | i con- coat ed product
particles. 23. The systemof claim 22 where the at | east one
cooling gas nozzle is positioned such that the cooling gas flow cools the

silicon-coated progugiteRatanGbas oPElhis 1 & W whete apdt 1481 6rnacblifg p@act or
system 24. The system of any one of clains 1 to 23 where the

cenfr alnoizzlk és pasitionké taprgvidew agoling Befleve shat isscoanterqusnl tatacliow of thehi bi t t he
transfer,.of heat fr t he .chanber so as to nmaintain the primary gas within
centraISll}cﬁpﬁpaﬁngng‘ma?arﬁdf%rrper ature |l ower than the 15deconposition
tenperature of the primary gas. 25. The system of any one of clains
Ito 24 where the at |east one heater conprises a plurality of heatera

posi ti oned i2war dihg systermnf claya 2w hesn thea) dfast opeoplpg g pazgleds pasjtions
26. Th c] ai | I I
o ur al rgH SpftHeSho b o, W Sellifoft iy plotult pebGaLoppri0 TSGR

on@0andtdigthe reactor system27. The system of any one of clains Ito 26 where the
seed particles conprise 25silicon particles, silica particles, graphite
particles, quartz particles, or a conbination thereof. 28. The system of

claim 27 whejge t hg,398dmRAhy 0he St 8hfnsi td 2PRhER I &h&l inlet nozzle and
fluidization nozzles are insulated to inhibit the transfer of heat from the chamber so as to
maintain the primary gas within central inlet nozzle at a temperature lower than the

15  decomposition temperature of the primary gas.

25.  The system of any one of claims 1 to 24 where the at least one heater
comprises a plurality of heaters positioned inwardly of the insulation layer in a concentric
array.

20
26.  The system of claim 25 where the plurality of heaters comprises a plurality of

radiant heaters located in a ring and spaced equidistant from one another.

27.  The system of any one of claims 1 to 26 where the seed particles comprise

25  silicon particles, silica particles, graphite particles, quartz particles, or a combination thereof.

28.  The system of claim 27 where the seed particles are silicon particles.
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