FLU D BED REACTOR CROSS REFERENCE TO RELATED APPLI CATI ON Thi s
clainms the benefit of U S. Provisional Application No. 61/262,401, filed
5Novenberw0011268®;7 whi ch is incorporated herein by ref@censeo10l5HED

The present disclosure relates to pyrolytic deconposition of a
silicon-bearing gas in a fluidized bed to produce silicon-coated particles.
10 BACKGROUND Pyrol ytic deconposition of silicon-bearing gas in
fluidized beds is an attractive process for producing polysilicon for the
phot ovol tai ¢ and sem conductor industries due to excellent nmass and heat
transfer, increased surface f Hig jqng conti nuous production. 15
Conpared with a Sienens-type ?ggtﬁgﬁbtﬁ}g&?l ul di zed bed reactor offers
consi derably higher production rates at a fraction of the energy

consunption. The flyj di r n [ nd hi ghly
automated to signi Mi\%@g@@ﬁ@a‘ﬁﬁﬁ@@ é%%‘l%%%@omn problemin
fluidized berhif 8amhhs bbefit 08U N Pr&Nisibha ApptichiorNel Gwraxoimdiing react or
wal s as silicon deposits formaround the nozzle opening and on the walls.
Si | ScorNovzmbse 48.i20§° gekichisiocoragrattddenpo b redfpgnereposit silicon within the
nozzle if the tenperature is sufficiently high. Another common problemis
contam nation of the fluid bed at high operating tenperatures by materials
used to construct the reactor. For giEMp e, ni ckel has been shown to
diffuse into a silicon layer fromthe base netal in_high-nickel alloys.
25SUMVARY  The presepi dipdedirpesdntesstadystlytis decemposigen pf deilieen-berra 935 §ha purity
Si'iCOQﬁﬁ&@&fﬂxﬂ%rE&ﬁk§§ﬂﬁ6§c %&féﬁﬁ§g Di scl osed enbodi nents of fluidized
bed reactor systeﬁ% reduce fouling of the nozzle opening and reactor walls
corpared to earlier designs. D sclosed enbodi nents of the fluidized bed
reactor systens also include a renpva IE | i ner and an optional renovable
30sl eeve constructed of materi al R e contam nation of particles in
the f1uid baduor W0:20HAE3ACF RET)HE2AAA A2 TPRRdized hea X SUBLEN COMPI i ses
a vessel deflnlgg a reaction chanber. The vessel has an outer wall, an

i nsul atproges$ foy erodukag posysddioadarthe photavoliannard sundadectof indhgrieudwrtonal |, a

I lit f heat it d al id dradially i dl f.th
nsul at oA PEr Gied Rt BrEaist rPas " dsnsoihen HE PRUBF U PIELg | and
a rgnov@EhhfareIRNB L didtersyiy pd¥ab©Rlthd flii@Ized bed reactor offers considerably higher

production rates at a fraction of the energy consumption. The fluidized 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.



5positioned inwardly of the plurality of heaters, wherein the liner defines
a chanber that contains a plurality of seed particles and/or silicon-coated
particl eswothe/wsy®rem further includes a central inlet mrozaiSeqio@sPbairality
of fluidization nozzles, at |east one cooling gas nozzl e positioned bel ow
the plurality of fluidization nozzles, and at |east one outlet through a

| ower surface of the chanber wall for silicon product renoval

10Advant ageously, the liner is nade of a high tenperature alloy. In certain
systens, the systen1a|so i ncludes a renovable, generally cylindrical sleeve
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I'n particular systens, entral zzl e has an upper
openi ng:optammatmgenlatmals n]chmiun@bptrnmrﬂmytega& qlnlamarsdiopnl lntwemt]hﬂ allendtigr-

chanber.. The no tub | ar .i nner || nd a t ubul outer wal
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flows through an WO 2011/ 063007PCT/ US2010/ 057058 annular regi on defined by

t he |nneﬁﬂMaHMaﬂﬂdhpmeﬂhumﬁﬁmnammﬂﬂﬁdwémmagb®93@¥ t he annular regi on has a
wi dt h at enlqgwthat seed £ In some
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liner expansion device may be corrugated metal or a wave spring. In certain systems
20  comprising a sleeve, a sleeve expansion device is attached to an upper edge of the sleeve,
wherein the sleeve expansion device compresses upon thermal expansion of the sleeve. The
sleeve expansion device may be a wave spring.
In certain systems, generally cylindrical array of radiant heaters are positioned
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

S



5The primary gas typically conprises a silicon-bearing gas in conbination
wi th hydrogen and/or an inert gas, and the secondary gas has substantially
t he sane worpogicsioon as t he hydrogen and/or inert gas. POTASRA1RI0A70SySt ens,
the primary gas conprises silane and hydrogen in a ratio from1:1 to 9:1 by
volume. In particular systens, the secondary gas flow facilitates formation
of a primary gas vertical plune centrally in the reactor chanber such

10t hat silicon deposition on the upper opening of the central inlet nozzle

and the chanber walls is substantially avoi ded. In certain systens,
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description, which proceeds with reference to the acconpanying draw ngs.
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25FIG 3 is a schematic elevational view of the i nsul ation | ayer of the
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expansi.on 30devi ce, %: nd a sleeve. WO 2011/063007PCT/ US2010/ 057058
FIG 61 §Ut§F?n8ﬁ1I13é’f“(j)é dschematic cross-sectional view taken along line 6-6

of FIG 7A depigh 's?gerﬁs,gﬁesplﬂ%ﬁ}l' & RidiAGod £#F1eR%uRburd &4d ate 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.



FIG 7A is a schematic cross-sectional elevational view of an upper portion
of the nozzle of FIG 6. 5FIG 7B is a schematic cross-sectional view taken
al ong | i neo2BHAB3I®I FI G T7A. FIG 8 is a schemati eCeluse@iooras
cross-sectional view of a |lower portion of the nozzle of FIG 6.

FIG 9 is a schematic cross-sectional view taken along line 9-9 of FIG 1,
depicting a 10plurality of radiant heaters. DETAI LED DESCRI PTI ON Di scl osed
herein are fluidized bed reactor systens for the formation of polysilicon
by pyrolytic deconposition of a silicon-bearing gas and deposition of

silicon ontqgf H'@ér?&ﬁaré@&kéh‘eﬁﬁﬁc PRk 'secéltlgﬁal% aﬂa‘i&@ﬁ aRAEHNPBLLd G198 (€. 9.,
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sil aneqogSebiHR3d 15t2) , dichlorosilane (SiH2C12), trichlorosilane (Si HC13),
silicon tetrachloride (SiCl4), 20di bronosilane (Si H2Br2), tribronosil ane
(Si BBr3), sililGedR it esehghataicpss-¢SitiBpal)vievd takod oink dine 7BSi-HR PP) |,
tr||odq%§> ane (SITHI3), silicon tetraiodide (Sil4), and m xtures thereof.
The silicon-bearing gas may be m xed with one or nore hal ogen-contai ni ng

gases, defi mad. 83s @sshenihatit BRvATREPcroELabiaNgiedf oftdlbotel paticidRIhe ndygeogen
chl ori de ﬁHCl) brom ne (Br2), hydrogen brom de (HBr), iodine (I2),
hydr oge Filgde-de (H'), and nixtures thereof. The silicon beari ng 25 gas may

I b i
ol 50 Pe. I XSAclbil, Qg TRKE.OLDRN A0 By LB L DO INOHROTTULRER 0F one
and Oneqgriura)af rhdiapaettessul ar enbodi ments, the silicon-bearing gas is

silane, and the silane is mxed with hydrogen. The silicon-bearing
gas, along with any acconpanyi ng hydrogen, hal ogen-containing gases and/or

inert gases, is introduced phRTAINRHZHESCRIPTRON Ui di zed bed reactor and
thermal | y 30deconposed within the reactor to produce silicon which deposits

upon seed pdpisilo$edsherais ngdltitiged balkteartor systems for the formation of polysilicon by
pyrolytic decomposition of a silicon-bearing gas and deposition of silicon onto fluidized

15  silicon particles or other seed particles (e.g., silica, graphite, or quartz particles). Also
disclosed are methods for operating the fluidized bed reactor systems.

Silicon is deposited on particles in a reactor by decomposition of a silicon-bearing gas
selected from the group consisting of silane (SiH,), disilane (Si,Hg), higher order silanes
(SinHon12), dichlorosilane (SiH,Cl,), trichlorosilane (SiHCl5), silicon tetrachloride (SiCly),

20  dibromosilane (SiH;Br), tribromosilane (SiHBr3), silicon tetrabromide (SiBry), diiodosilane
(SiH,l,), triiodosilane (SiHIs), silicon tetraiodide (Sil4), 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 (Br,), 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.



WO 2011/ 063007PCT/ US2010/ 057058 Foul ing of the nozzle and surroundi ng
reactor walls may occur as silicon deposits form around the nozzl e opening
and on t hwowall®300%i | i con- beari ng gas al so may deconposecCans$2aeponss
silicon within the nozzle if the tenperature is sufficiently high. As

di scussed in U S. Patent No. 5,810,934, which is incorporated herein by
reference, 5it is helpful to heat the silicon seed and other silicon bed
particles to a higher tenperature than the reactor wall to reduce wall
deposits. One nethod is to provide nmuch of the heat at or close to the
interface OfFo%hﬁ%BPfh% roBhie bnd QA aitetibad v fIRIm ] ddeGORL ke The
particles quickly heat up the |ncon1§g gas, but are cool ed thenselves. It
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Silicon-coated particles are g@pmn by pyrolytic deconposition of a
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suitable for coating wt l'icon. Suitable g ositions are those that do
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under the conditions present in the reactor chanber. Exanples of suitable
seed particle conpositions include, but are not limted to, silicon,
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Seed partl | e may . have,an irsequl ar h T seed

sopart peredindie T8 Tl Ree fhvd b Lo IchIRs Rl cor Bl b e
0. 2- 0. 7erowh 0k pYradytiddeofPosition of a silicon-bearing gas within reactor chamber 15 and

such as

deposition of silicon onto particles within a fluidized bed. The illustrated reactor 10 is

20  particularly well suited for silicon production by the pyrolytic decomposition of silane.
Initially the deposition is onto small seed particles. Deposition continues until particles are
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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WO 2011/ 063007PCT/ US2010/ 057058 A solitary central inlet nozzle 20 is
provided for injection of a primary gas through a central passageway 22 and
a secondaw9 2ga6807ough an annul ar passageway 24 surr ouRdirng2eiensTas
passageway 22. Sone systens may include a plurality of inlet nozzles (not
shown). The primary gas is silicon-bearing gas or a m xture of
silicon-bearing gas, hydrogen and/or 5an inert gas (e.g., helium argon).
The primary gas al so nay include a hal ogen-containing gas. The secondary
gas typically has substantially the sane conposition as the hydrogen and/ or
nert gas | n LoiRaRl deRANn@ARo SN BroyidkBE iR lor RpRARGCERMh Sugh e
primary gas is a xture of silane and hydrogén, and the se ondar§ gas is
hy dr ogemntrdlrpassagthay 23 yrst esacOmbtry ghrovugh anpniuter passpeswap 24 serrowdpreovi ded

for injection of the 10sil ane. Surroundi n he .pri.nmar nozzle is a
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gas nozzle. In sonme systens (not shown), the reactor includes a plurality
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surrounded seconda n_such systens, .t %m@éurality of

Si X r S nozzl es. , 31
S TFesech%%r% 583 ‘c)}zpchHgﬁas su%stalatlailé/i tile same composition as the en

. as.
si |l ane Mozzl'es ar e’ arrange n an arr sur roundi-ng nd spaced

| at er aldnyl/of i @s G tHelpimdrpead ndfu Thpartithler ieaet@Ents] the Fﬂﬁia?gi ShsSyst ens,
one of the silane nozzles may be positioned at the central |ocation.
The redBtxgie eDsikape andiBydeay and (heypegandary 4ay is yliogencent ral axi s Al, and may

h ' . ’ . t hat . . ‘ ti '
The.react or ‘SRBuet e EPEROL G (Ehm B Gl hbdl g Al hikateh PRVt ons
cr d¥s- sdlatd. chatovddimgnisd piaadtgay aviAeis aghlendityi efisscontihey &0 noeded. i on chanber

may be defined by walls of different cross-sectional dinensions, which may
cause tH@IGHNaTHSFOBIRYRAYRLZ% A A FANERS I aartayysuprgupiing andysmaces ent

vel oci tjh@s 3t e Sk gh@ﬂ&‘zie%ﬁ sote 3Gkahs At (U Sthe kGt @RFudRs Rl Ural ity
of fluidization ga noz% es 40. Additional hydrogen and/or inert gas can be

del i verpdaralitytad stliwee megales,ox 8. 1 threpughnd inezziek with el sidamemozzt esrad@d2dbp sipr ovi de
S RS R0 o Bk RS T e DR FRS haiih Tac o
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of the bed as’ the nmean particle dianmeter of the silicon-coated particles
changeseraid/sgstembeong|of it szlane oerzéas maivt hearpsitiohesh glethe Tendraf lagatderzat i on
The reactor 10 extends generally vertically, has a central axis A;, and may have cross-
sectional dimensions that are different at different elevations. The reactor shown in FIG. 1
has five regions I-V of differing cross-sectional dimensions at various elevations. The
20  reaction chamber may be defined by walls of different cross-sectional dimensions, which
may cause the upward flow of gas through the reactor to be at different velocities at different
elevations.
Reactor 10 further includes a plurality of fluidization gas nozzles 40. Additional
hydrogen and/or inert gas can be delivered into the reactor 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.



gas typically has substantially the same conposition as the
non-silicon-bearing gas in the 30 primary gas m xture. WO

2011/ 063000RCT/168®010/ 057058 Al so provi ded are a sanpl e PadaBsk@0®8706%1r ough
whi ch product is sanpled and one or nore pressure nozzles 60 for nonitoring
pressure within the reactor, which nozzles are laterally displaced fromthe
central inlet nozzle 20. One or nore purge gas/cooling gas nozzles 70, 72
are | ocated bel ow the fluidization nozzles 40 and extend radially through
outer 5wall 80 and into the reactor 10. The reactor 10 further

i ncludes oneaQs pRRIRANAEL Elrtpld 80, AOSH i HRRAABNBEY, 106 bR LndBhd 080 1 1
region IV. In sgme systens, heaters 100 are radiant heaters. The reactor 10
al so mayorepcdsade nanzlentEfonalontednppatere 9ithinithe tdaetoowisieh nofzlgsrangduct i on and

during .nornmal ..operat.i ons, seed.particl e 10introduced into reactor 10
b ougHeerU8 i HigES P S8R g oz e Do Bt PITEBSF SSEER L1 1 but i on
W th aneayes agedirdRhel belowaRP FRiFHibe h¥zAe U Aldexhau\eshed by dhesmyal

fromreactor 10 through one or nore product outlets 120. Qutlet(s) 120 are

def Pnedvill8Gurd iateetbe eevgtosdOwi t h sili con carbi de or anot her
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concentric liner 140 extends vertically through regions I1-V of the reactor
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Vel . o ( avi Lt n th
circutar cr %tstfolg S%é:eth?#)ﬁd;ﬁrll%%_&?&&n o OEP%Patj!oﬁ%%g@d 5@&8&&% roxinmate tne

i nner surface An expansion join emincludes a |iner
exdansiiomodlewd aro 1a0tol hAthrexgensted mpwee dI§. Silioon-thee®@Partipipest ssivd ace of the

| i ner 140._Liner expansi on device 160 can conpress to allow for thermal
expansi BHIBRIGEIh piyayeragesligietehef pEranrsh b @3@@5@8@@%}&6@%@6 figm

expansi j O i e i VG ext ends
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165 carrogedprithssliton caltidsorf amothieh eomradntempatisg bnergloatinemsiegielto pt&&ndur i ng

operation. of react or 10f 25The .i | | usttr ted |liner 140 and sl eeve 150 are
generalsluaral SA9nfRER RGN ofpasng SIHEQRsF A9 PACIES ) ar hori zontal cross-secti on,

extignd generRlidy¥r ¥Ehbdi&@dn Y30t heuathddeddRnte IdmeVsurld oflehibnga@gheact i on
zone. The reactor 10 is charged with seed particles through seed nozzle

110. Themgquahie.icopcapfricslanes 146 exterdsevriwajlyatoyehbeegens db¥rofitheredétae Hgi ons  of
ters, and a

e R PP LR AR B S B S £
si | i conemeesblPaeéieCl50Ss positioned proximate the inner surface of the liner 140. An
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.



WO 2011/ 063007PCT/ US2010/ 057058 Advant ageously, a silicon carbide
coating or a coating of other material that does not add contam nation to

t he finalwpnrodussoocan be provided on all surfaces that ecFAS2MWO5HENt act
with silicon-coated particles to prevent surface contam nation. Insulation
| ayer 130 thermally insulates outer wall 80 fromradiant heaters 100.

S5l nsul ation layer 130 additionally may reflect heat back to the |iner 140
for inproved heat transfer. In sonme systens, insulation |ayer 130 keeps the
external tenperature of outer wall 80 to less than 95 C (200 F), and

advant ageoUSAd’vah%éE&i%gycta@ﬁﬁoﬁ@ax@lcfe]c%gtl@ or &Mﬁng 699111&81' RGreRal Y EeVRbl "

reactor. FIG hemati ¢ cross-secti onal i ew of one systemof a
bot t omadddadntaimination t¢ the fﬂrﬁky@ﬁmﬁcatn beprovidedenn 4l wirdeesahateomeontmlcestada- ¢
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central inlet nozzle ) Efrson of ordinary skill in the art understands

t hat otlhedatiypdayard 3ﬂasid1itln@al deaynstlectl®at bagh tothe lmer h#t for gapraved ht¢as, each
| d b | Ly f d I F
2; :'a.gglr éra%a'%{a n nzszomee 3 lthrf:{Ilg;J NS at%qr%llﬁyerq 5§ i@e | s gxtersngg‘tgeﬁlpglrjaﬁrgﬁﬁa&orz ngyl?:l X or

secondaytog&s tm295I %B(zoAdH) th® a@«lanfalga@m;mtlhmhmﬂ@aS@I FQ thgy be
i ncluded. Furthernore, there nay be only one withdrawal outlet, or there
may be H*f@fihl@lftgn?aﬁoi%aw tepglPawal outlets. 201 1. Insulation In parti cuI ar

syst erms, %gﬁ???{)fgcheﬁlah{‘ §1t6:s§ige%ﬁomlrvtﬂe\{] b8bheSdy Eeﬁ%hcﬁfhc%ttoﬂl @dtﬁ ‘” €

|nsulat|on i nsu on nmay i ncl ude a era

pr dbor ngstelnl shokn, U]lﬁiEIﬂaildidatldmtdzale o@a c Blﬁfdﬁtﬂﬁtamdylrd)hate@dﬂy d)SplﬂieﬁEffonS thet abI e

i nsul ati on. FlGS. and 4 illustrate an advantg ?gus constructij on of the
l

i nsul atqeaﬁalualytew%o?o AV BB GiVithrpy & oudets; el 295, ayamglpdiozalg ol &

constr t‘[ﬁ&s’%ﬁlrefr{o%[bfébrﬁﬂ 4 ﬂhE'&%ovéle?rﬁ?z éi?t?arela’t@raﬁ& APt AfbRMnd5aRBuld Mg 1S
constructed fromsix substantially i1dentical “pieces or sections 132, 134

136 t haientfratltlnlteowbeﬁto to for m t he ring. The illustrated pieces are 60
Sections of K e S B0 e THe. BESLL DRl YRLEGM s L AARLEOMR L 3
15  than one primary gas nozzle, each primary gas nozzle surrounded by a plurality of secondary
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 1L 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 advantageous 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-



detail, the vertical edges of the sections are stepped so as to fit
together in step joints 138 30when assenbled to forminsulation |ayer 130.

Ceram c fwbeniw3@aced between the sections to WO PCT/US2010/057058
2011/ 063007PCT/ US2010/ 057058 seal the joints. FIG 4 is a perspective view
of a portion of insulation layer 130, which illustrates a step joint 138a

bet ween sections 134a, 134b. In sone systens, the annul ar space between
i nsulation 130 and liner 140 can be purged with nitrogen to ensure that
reactive gases do not enter the annul ar space. Wien 5 hydrogen is used in
the reacliGhe idAS IFRY % bibeRpbARGRAbFLDGHRN bR BMEok S pPIf QhiEance of the
i nsul ation b excl udi ng the highly therﬁally conductlv rogen fromthe
i nt er stillggsitasfa sttetpaomhé&&abatwnen dektionsi I%dn, Bdd. Sl eeve 10A. L| ner Wt h
reference t a renova ncentric |In§ Qg exte ertlcally
84"

t hr ough S ociISHEe (TSiey e DML CbIES PTTAEn ol ffigy 140 BReral Iy

cyl i ndrgys@dd witt Rit@d o SERERble¥h & irédfetl @baset 88 Sos@edri tannll® s aﬁeww%%n be
constructed fromany suitable nmaterial that can tolerate the conditions

wi t Bi n hydeagen s usod amtheirgacis| purgumgtveith lnltrogehealm ga«n imprignerthe p@ré@rrutmer pized to
15tran t into.t b | i onst erials
that -withs ns R Y sl fa ethhud Bt e e v B PR L L B o
for toltke alsiAgot.he tenperature gradients aSSOCIated with heating the fluid
bed and cooling the product. Suitable materials include, but are not
limted to, high-tenperature netal alloys such as I NCOLOY(r) all oys,

INCCNEHﬁf) th8{§nd§PQ§%0balt alloys (e.g., RENE(r) 41). The liner can be

of different materia than the reactor vessel. Because the pressures
i ntlérnal andi.extdiipal to the liner are simlar, the Iiner can be thin In
sone systens he |liner has a thickness of 5-10 as 6-8

If a renovablVéhdsferspee todgGaili ¢ removahlsgeoncpprip ﬂlﬁ%rrlwz?@teéléwﬁ&%}bya@r%gbh a
wi der vk Sli1-9f of RIS 1@ Sihel 1pﬁ:slt1lzl$drlﬂlef7ﬁt ﬁéf% Sc indh%a%rth ag&walgal

senS|t|V|ty, since contamnation within t elac or wl | ess "of a
concer riwhencassheave. ThOling qph he ednshmtisd élroni amesuitayle namdlai dat tar
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,
INCONEL?® 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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25 chanber 15. For exanple, the liner can be nade of I NCONEL(r) 625 (a

ni ckel - chr om umol ybdenum al l oy with small er anmounts of niobium tantalum
and i r on)wol2n1igaoognbodi ment, an | NCONEL(r) 625 |iner hasTaStéiookmess of 6
mm In the systemshown in FIG 1, the liner 140 has a substantially
constant inner dianeter throughout its length. In sonme systens (not shown),
however, region V of reactor 3010 may have a | arger dianeter than region
V. In such instances, the portion of liner inregion V simlarly my have
a larger dianeter than the portions of the liner extending WO

2011/ 0@??1%@1%5%&1%%9 ?/ QﬁZ Qr& 1t4|@ dﬁ’b‘ﬂﬁesr KAt LfRedt! of I frifiGed bPIndldPaRicoVvi des
contai nnment of the fluidized and separates it fromthe radi aht heaters
100, t hefromshd atdlannhctaac;reriOQ:iﬂc; inanldtioikyeaut3®y anvthe 08@r efalltbef tiactapr.

B. Sl eeve 5l n sone systens, a renovable sleeve 150 is provided adjacent to
the inner surface of the Iiner 140. Sleeve 150 protects the liner 140 from
attrition bygsiligghecoated particles and seed particles in the fluidized
bed and protects the particles fromcontam nation by the |iner and/or
vessel wal | Iﬁa@@ﬁisaﬂt@ns SIre@véabiﬁeiec‘r@ lé@dspméieé@djacmﬁtwﬁteénmealssrfmaqf will

not Corﬁl ?er 4@1 #ﬂ:&v?%é I Clteec S the algllq om a&rlh §¥ si 1<r:onscl:oe V ’[chesD %l ude,

but are nho non con S |nc % not

l'i m t edseédparitlas trzthe Sluldi£e@rbed laBdvprit€diethe @hﬁt@}@s ffainglsbrttﬁﬁmaﬁ@i by ﬁheélinle@y,
cobalt alloy, silicon nitride, %ra phite, silicon carbide, nolybdenum or a

mol ybdewdipr apsselwall majegiats; Slgexe §9@St@ﬁ§truqt¢defr@1né@ai@ﬂql%th@bw§¥ RQfct ed from
silico oﬁ%hﬁhaﬁ@th gﬁhé(é? YU 1 1Qm e f/o?g sy ?136%? ¢ 2R TR ﬁ%ﬁ?&g sl eeve
ace. naterla or t

150 i nc es a co on 1ts I nner sur he
codui nglant@htadﬁnatblgtmﬁBHalmﬁiclddlﬂg bethdt dimigdas tquartd 5$lidonclom,-niskdliation

car bi de,, | ow- ni ckel alloys, cobalt, tungsten, si I icon nitride,
and gr dp#- feénperaturemﬂpﬁ OBk 2ley é%@%ﬁ?%e ggapélée,esﬂi@@ cathyde galypdegum, or

constr %?ﬁbﬂéﬁuﬁ?ﬂidyo MR paﬁic{ﬂa& é‘ystén?s HRSWAE Hsoébn'st%{&éd @rgﬂ silidof cffdd, ons are

joined w step joiI'nts, he joI'nts are sealed wth ceramic fiber
cenent moirybdlﬂngm Dewpeaﬂ)dtdﬂmﬁnpﬂbynhrsosrwdyamms {leevetlhB incudeangeatrg @) itg he
582![ :Ie\r{}glée%asﬁlﬁg%r ;tonfsﬂt%llé gx(fz;[tgrlals or The (2 coatlné }nrcl:lude hbut %lreer(lao\{ Ginl {e?iftg,rq%gllrtg, can
15  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

20  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

25  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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1600F (870C) and maintain stability. Mol ybdenum has excepti onal
properties, including high corrosion resistance, |ow thermal expansion,
excel | entwetnamgsw7and stiffness at high tenperature, epceluseo/ostees mal
conductivity, and ductility. Typical properties of pure nolybdenum are
shown in Table 1 25 below Table 1 Ml ybdenum Properties Density (200
10.28 g/cnB Melting Point 2620C Specific Heat (20C) 0.254 J/g.K  Thermal
Conductivity 140 Wm K Recrystallization Tenperature 1100C Coeffi cient of
Ther mal Expansi on

Thermal Conductivity 140 W/m-K

Recrystallization Temperature 1100°C
Coefficient of Thermal Expansion 4.9x 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%

5 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

10 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

15  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

20  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,

25  the layers are offset such that any joints between the plates in adjacent layers do not overlap.
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4.9 x 10-6/C Mydulus of Elasticity 46 x 106 psi Mol ybdenum however,
experi ences severe oxidation at tenperatures above 750F (400C). Thus,
exposur e wo 20xygaww7at hi gh tenperatures is mnimzed. | RCPAISRI10O5TSS
systens, the sleeve is constructed of TZM nol ybdenum all oy, with a
conposition of 99.2-99.5 wt% 5 nol ybdenum 0.5% titanium and 0.08%
zirconium Another suitable material is silicon carbide (SiC). Silicon
carbide also has a | ow thernmal expansion coefficient of 2.2-2.4 x 10-6 /F,
or 3.9-4.0 x 10-6 1C. Thus, a silicon carbide sleeve may expand vertically
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sonme systens, the seans subsequently are 15sprayed with nol ybdenum for
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ductility at the weld, no contact with air should occur. Before welding,
al | park®y. dhereqppinapy@8nylangape b-§adednah feipycah &gt ligr 140 and slegyedgRdo sy st ens,

t he sl I I.Cat - | I or TZM
ol ybdam o Re gt RS Afahdi 7 T iR o YR BloofB NS % oo
t 0gét heretwdearinaxaivplleyer 236 ahdiherigiend0 inaeiamlViak echctondBtak dtustrhted én FIG.

particul ar arrangenent, four |ayers are lam nated to produce a sl eeve
having]a t hi ckness of 3.2-6.4 mm Wen constructed in |ayers,

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

15  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

20  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

25  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

30  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
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25t he layers are offset such that any joints between the plates in adjacent
| ayers do not overlap. WO 2011/ 063007PCT/US2010/ 057058 IV.Quter Wall to
Sl eeve Combi2gurm@sioon FIG 5 is a schematic di agr amCirluse&ostosshig one
system of a reactor configuration fromouter wall 80 to sl eeve 150.

I nsul ation layer 130 is disposed adjacent to outer wall 80 and naintai ned
in position between an insulation support ring 210 and a | ower seal ring
220. The 5 liner 140 is positioned inwardly of insulation |ayer 130 and is
supported by the |lower seal ring 220. A flange 225 is provi ded between the
liner 14Q.andpshe: %ﬁc@é 203, ﬂgc%ggraﬁbﬁl WSROV &R0, fihARYR: Sdensich & 1S ket ed
seal . The sleeve 150 is positioned i nwa gly of the [itner 140. There 1s a
nar r ow expmsiardeyage, 160. duiner Expansion deeiced 60 alsh exédrisreessikOonahe lis¢releend50 t o

al l ow for horizontal thermal expansjon. The radiant heaters (not shown) are
disposéﬁe@b%gpﬁgﬁﬁg?ﬂgﬁﬁﬁﬁf§ﬁ3p§§§§'130 and the liner 140 in region IV of
reactor 10 ag sinﬁila‘ﬂ%k%a@ﬂ'si%ﬂ joilt f!?s@m theludes a sleéVe APRRToHaH R 1530Qhdtexahlii@ched
to the top edge of the |iner I40. An expansion joint systemincludes a
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L- shap . Tl Xpapsi . . o

devi oo s ng on S Mk o bl AR R B SO kT bEBBRITER HEE | ey
1400 Lisyetemexysens eopandevideeicd 605 exewhw pria@dSlvevert 30 pne s wigpoond hidier 140,
conpressing flange 225. Liner expansion device 160 | s constructed of

mat er | a?Falé‘g PY aBY BHifaBie RFany §F‘§h‘§?ﬁﬁjstdﬁés R ioer Hemrthe Hpid s dafe (a8l ti ons
wi t hin | t holhah-
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al | oy) ,fromayheheppsusurtabé ef the slesvarendssestrelysattachayarcacthp sopsédga ofléheiloer.1B0 i s an
expansi on joint gf corrugated netal allpy. In certai,n 25 syst the Iiner
Cs e ieon St the SRE PR QR Sunmeidi i ededRth Pl ey, T el n
coifsed dohadctivh ki&oivet Havgyes in the wire. As conpared to coil springs, wave
springs provide the same force with a significantly | ower work height.

As the tenpehanigeeas hezazde WG dxitends Huongneuteryalt Beabdveapsulioneupraitiingand

| i ner ansi o vice 160.is pushed U rd~and, conpre . or _exanmple, if
Fenot or Hads & af e i PESGL B HRIEN AR AN R oS, P cn A

| NCOLO¥phge tihwedn, outdiavdli §EindTaier 4P ampitally 3s filledCwitl @h iregtadak ye Whgirob&at ed.
Upon cooling, the liner 140 contracts and |iner expansion device 160

extends. Lower guide 205, in cooperation with upper guide 190, limts the
exbﬁngﬁm1CﬁC&hﬂﬁﬁnﬁﬁﬁﬁﬁﬁkon devi ce 160. Liner expansion device 160 al so
exérts pressure on e [itner 140 and keeps it firmy sealed to | ower seal
ring 220. A HierfbtagioneX pidansiinjectiai into thy sdaetor il O pkarvdés cansbdlad ke ex@amsi on
devi ce 165.thﬁ1 e tqus . . .
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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5 upwardly from sl eeve 150 to acconmpdate the differential expansion of

sl eeve 150 and outer wall 80 and allow for vertical expansion of the

sl eeve. Sveeva/w3@ansi on device 165 exerts downward pre®suus2an/ostosgeve 150.
Sl eeve expansi on device 165 is constructed of material suitable for

wi t hstanding the tenperature and pressure conditions within the fluidized
bed reactor. For exanple, high-tenperature, high-strength netal alloys may
be suitable. In sone 10 systens, sleeve expansion device 165 is a wave
spring. Sleeve 150 may be supported and seal ed by any suitable neans such
that gagifRgss Alind F%‘!‘,’ sil{c%mdtsgk%itfﬂoﬁhﬂio%%n LR 25 e TRBAUHBRGhMEFnR! eeve
150 and It ner 140.7 I n sone systens (nhot shown), a deV|c§ ext ends” upwar dl y
from t hiOwlepards sipoi andtipdé faches,shadedieg dredawead dlosl of tht tikenhess,medmayte t op

edge of .the liner. In sych, syst ,.the sleeyve nma suppor t t its
oaer SR aer UG Hedisgh Ak it rBE i S rbRY Fi SREER ] Co.

A purgqhggﬁmgggﬁﬁgng§ga@g§gg drisneygh outer wall 80 above insul ation
support ring 210. A gas baffle 260 is positioned between nozzle 250 and

| ower gui de Ir@Beratipia adheddif agedgpatedeshie puredrddnside theatdct@@ndndflyidized by40
Nowal o 2 et o5l Sy B 82 snitd BPF R FRLREFAER o ovi s

cont r olno@flet h& TRAEInteHs ORE rdabtonbhfhbes iat At ted AP Ot draDiht @64 Wed -
Advant ageousl y, nozzle 20 is positioned such that silane is injected near

the verhepigaPO aehtherpdipns hagtestl00he reactor 10 and at a distance from sl eeve
150 sufficieff, LQ SONLL f%rﬁthi%%?c@@r R HPB 180 ﬁg&%ﬁ%}tﬁ&m ‘ﬁ%’e%&&ﬁr‘?%?' y, the
PRozzl e is g Py al g

upper 25opening o eonetrica ned wth thé center of

t hd Or eashmplef ahes bpeaign gowitireilaeds eckilidonkcogtaiiting cempodnal fpan twhich dlicay st ens,
nozzle 20 is positioned such that the vertical centerline of the reactor
ext endds thPOGER AN BettFnBefptust inREIOR dZ dhe pefierm eafe SO0 & Wirfsgion 1,

i nj ect ; i bat ¢ Oheas shown
G e P o e P R A e ane

i s i nj ecteedediatt @one gicommpttat@O NombitentRllyitbe posd 4siiomegors IEhThdedntiay dr ogen

i njected bel ow and ground the.silane.injection i.nt ¢ i ns -t he vertical
511 ane FSFRATEOLEBBON AT et & of ScHP sl BaPEe.dr o B 0Pkl Py Oy

2013/ 06309 EEbLHS2044-BRY Q58w it ih@té}ﬁf)&'&ufe%ibﬂeﬂﬁn% to B0-90 10 QR 1tePAS t
formation) on the nozzle. The height of silane plunme 180 depends upon

mul ti plad régien bY.g;e. ithetadiinhgonehd'he appergfortiorogd region e i, theruegelszongnthsmay be
about QHE‘fouﬁﬁQ0§ _EﬁjQ@t of region IV. For exanple, if region IV has a
hei ght of "84G EhY The s1 1dne pl unme may have a height of 60 cm 5In

operation, arteddweif pssed tipakhdtel €6 niasntpihey htdecboldrsérdgerhtie: toedigimize and i s
fluidized by gas injected Ihroug; the solitary central inlet nozzle 20 and
t he supBtERERICEIANEE deqpmnesition oh desiliconAwaring gascyiiia fhescepfrak iplet pezzde -

chaberp RStk SRR O 00 DI DR SRR 20 0t
of the slilé}&né‘tﬁtaring:gds temperature within the nozzle is maintained below that of decomposition
and silicon deposition. For example, when the silicon-bearing gas is silane, the temperature
within the nozzle is maintained below 150 °C. The higher temperatures within region IV
enable pyrolytic decomposition of the silicon-bearing gas and subsequent silicon deposition
25  on the seed particles.
In particular arrangements, central inlet nozzle 20 comprises two substantially
cylindrical tubes that are substantially circular in cross-section, as shown 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 with hydrogen or an inert gas. In
30  some arrangements, the primary gas is silane diluted with hydrogen. The silane and

hydrogen typically are present in a silane:hydrogen ratio ranging from 1:1 to 9:1 by volume.
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10 exanpl e, when operating with silane as the silicon-containing conpound

fromwhich silicon is to be released, the tenperature in region |, i.e.,

t he bott owp2on#63403 50- 100 C. In region IIl, i.e., the cecriusgopos®sst he
tenperature typically ranges from50-700 C. In region Ill, the internediate
zone, the tenperature is substantially the sane as in region IV. The
central portion of region IV, i.e., the reaction and splash zone, is

mai nt ai ned at 620-760 C, and 15 advant ageously at 660-670 C, with the
tenperature increasing to 700-900 C near the walls of region IV, i.e., the

radi ant ' ' lo- has a
A %&%ﬁda&%g% 1_75% %gﬁ%WcE& 9&#{1]%{(:%%11}@ tHe-Futlet $fftfe %gé(;%%gzagf P& on

t enper at ure of parts of the r-are

mai nt aiX?ad aatnsulgoegen o papegarayrkt debingd hy mee woll 2praed enter prab 28t (ihe
deconposition of the silicon-bearing.gas within.the central inlet nozzle
20, 20PPUBLr & AEGHEdS I GReFEuPHLoh B Pt R At G gBIcRb P6r ot o 20.
Accor didgl Por ddagphd, lif tﬁ@PﬁHﬁ%f s RAndaSes AR/t 2oh [ the BedoR@arpQagl e i's

mai nt ai ned bel ow that of deconposition and silicon deposition.” For exanple,
whed t Hegpisilly isbodisger.i ng gas is silane, the tenperature within the nozzle
is maintained below, 150 C. The .hi gher t ratures withi.n region | nabl e
byrolyti ¢ datateolild BRengeme e o PEmODERERRg! DRI a0 s T RuBh e R o

deposi tik @ﬁ%l%@lﬁtwtahﬂy seExt spel thia€dhe Shroht¥ldeey folvatt @E opédiag geiERtiadecant r al
inlet nozzle 20 conprises two substantially c%l indrical tubes that are
subst arfopminegd apelecupiatO®jand bpos diagestar iobh.3 s atsthe apening. ArlGs 7Bgllusiates. A f1 ow

of primar %75 r j or passageway 22 of

nozzl e%%e e %&Pﬁgﬁé&%ﬂ@{“@m c%lﬁ ?§fé|6nc ggg{se?g}agi 8i con-bearing gas diluted
wi 10 hydr og€rheamnalar payeidewaga 24 i vergdanow vareran gpemin®, the hacier crmmbegas i s
silane diluted with hydrogen. The sil ane and h%/dr ogen ty{)j cally are present

in a siBhisH{idegeHeYedtE My PRISBERVaYIoutlst gapWigih (hat iy smallengn the
2011/ 0@%&@1@5%&1&%%9&%@% ré/e%?ﬁﬁﬁqg.;Yn Uige gf?a%@mi:ﬁ?sf@ﬁéﬁ%ﬁter

concentricall'y around the outlet of t passageway region 22 in an annul ar
r egi on mssagesspehveya ddmdef Xnéd rbyial winkghr ofvainula fassngevoryt Bris WI1BX28. The

second s typi y.is the s conpositio s the gas mxed with the
a1+ com R e B TR ol X p el A By Tae Fretild Ermahitang
hydsogapp ed e ieas@RtRIdh 8BshnalaY Ph&addway 8 H¥HFOYOD6 cm at the thp eded&Sdsr abl e
arrangenent, the uppernost portion of the inner surface of inner wall 26 is

angl ed fout WardpyehanneBr passheemrat24tsubstantrablatelifizatesssiliconaiedotitien apend g at an
i ncl ude[d gné%%ggbned angle a of 30 and has a dianeter of 1.3 cmat the
I

openi ng%p illustrates flanges 27a-c which space the inner wall 26

from the outEfe nkle 2B8s constructed using any material that is acceptable within the expected
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
V1.  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
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10The annul ar passageway 24 is very narrow where it opens into the reaction
chanber. Best results are achieved with an annul ar passageway outl et gap

wi dt h t hawoi2e1igssdorer t han the smallest particles in theChasomospeseyvent
fouling. In some arrangenents, when center passageway 22 has a dianeter X,
the radial width of annul ar passageway 24 is 0.015X to 0.025X, such as

0. 02X. For exanple, if center passageway 22 has a dianeter of 1.3 cmat the
15 top edge, the radial wdth of annul ar passageway 24 nay be 0.026 cm at
the top edge. Gas flow 32 through annul ar passageway 24 substantially

eli m NafRS,Si ab&Pirﬁ\xg?cﬁ9%f tHeQHSL@JtQWBOt B8y &)lal?hﬁé iRQ%&cforddth a height oflaey nozzl e
20 is constructed using any material that s adceptable wthin the expect ed
pr essurmstetsetp deattisrl®0 amy tetl-8 swtare tunigrapdemtyshe sBadeadabB emnmwerdlybsthe ncl ude

hi gh-te ratur 20 t al 1.0 suc t n limted to, | NCOLOY(r
and HAS i Fetten By Ratac o findidfp comhibed niisch bo vont ed
W t h S'a!tﬁt@%efé&B%&?thfe%ﬁmﬂﬁpﬂfd% inggal i ty. FIG 8 shows a | ower

portion of the nozzle 20. Primary gas 30 flows into the center passageway
22 Hhrough aA Eﬁ‘cljltlltemﬂllierﬂr @,iilel(tnt)presﬁhkbwmyhe r&etasri@arigh @laéllg?ﬂﬁstfttmmaiumsole@he

annul ar ia.aninlet. 34 in.outer wall aters FIG
o showehBrer gt afermeraly®of RebBielhier bl sPlnEbinetle peRs T8 ouna 1 he

chanberingibndaed rbptehﬁtoh Iof Etfe r&é’cﬁoﬂmﬁwitﬂﬂﬁwn@tab m sH&dn-Herin® ateaj‘em
twenty radi ant heaters 100 are utilized with the heaters 100 s ed

equi di Stostn efrregirBAY inmetkaped atd0r7gp;° ﬁga@btstvatlhéeqvébztaéﬁé 040§ Iect ed based
at 'easferﬁé%rﬁ%%ﬁgﬂhéﬁ%g 505 Whfeh 1L9 SATE iRh P10 é)t tgﬁgg%scarh? rated at

2500 Wea respec othes s “em 11 Tustrat e 1 and 9, the
hedler soi@Gystems sthamﬁace mmpsaﬂdltyreojf rhdientihestelsat(i0dn 8013850 For Hextarsp]loe aré N a
reactor wwth a height of 6-9 neters, the heaters 100 ma% be 2-3 neters |ong

and may'ge" @@aeeaﬂ%ceﬁ%apﬁmwm Syerpth &hq lRpPLafyreFont @%{B%’éﬁ/\een t he

i nsul atdlé}{ﬁaﬂ@QdJ%E'tngch&te'dlsﬂf‘erdtérﬂ?elﬁ&'ﬂé.a' ns a nitrogen atnosphere to keep the
annul ar space inert erature gradient is present in the reactor 10

with the hi gRﬂestorﬂ@tﬁlpﬁ’reanwryesclmwnetdrendreaomrestivct hatdrefipelbesaheatess r educed
Wi th increasin st.an rom t h hea ers. i nstance, during operation
UohiERI B it

of the FERELLP it Hhrgg]a?g He 58PV ¢bh-beari ng gas, the central

porjsi on of region IV is naintained at 620- 760 C, and advant ageously at
660-670 C. Tenperature near the sleeve 150, which is closer to the heaters
100, isVHt Adowdisgion. | n 10some systens, the surface tenperature of radiant

heaters 100 I&e%er%(r)lg tg IER}CI, a uralety of %Qfat%cri $luidization 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
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under tenperature control and, in sone systens, the tenperature controller
set point is manually adjusted to the desired tenperature. Reactor 10
further msi@20nalésmd@ one or nore convective heaters 90. Phedas2eas®ss ext end
into the fluidized bed in region IV as shown in FIG 1. 15 VII.

Fl ui di zati on 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 (00| NG 0@FoWBE ﬂﬂe%%oﬂrgg 2%l fing %‘af‘dc% edcit ﬁ'p LAk PRididedaaY ?orb_ot tom
head 170 and bel ow t he sl eeve %50 and liner 140 arrangenent. The cooling
gas anduftherirdictiah iand sidjasn dgpositi@hl y have substantially the sane conposition

as the hydro .and/or inert gas that is mxed wt he sil.i con-bearing gas
" noszl o 208 oD atr BT e B T REHE e R P BB T on

nozzl esyKibh BaQ bk PERinBnCO W SreGlnt ARAbsrk AWl 1 BRep&eINNG, Bas7aNHsRgoduct
solids, resul |ngb|n 25cool i ng of the product solids prior to wthdrawal

t hr dughhegust B, 199D GhAdPgeieadi 19§, 167, istned dotgiubtrdy. ¢A%B, hbe$.dragentiNok | ows i nt o
regi on react 0. T ctor. di gnete cool i rate,
ond or SRR PG Sntmel e, EPRCLE U BERMG o EaEN N, BRI D e
cool i ngag@ie 18 Wrogh woul d provide m xing and heat the cooling zone to an

unaccept abl e tenperature. For exanple, the cooling gas nay have a flow rate

of 230-310 df shouid bnigapenizadithatshgBlustsgedrdystanes arpRaky exp@ples and ppuibnet
(region,l . i I 4 of the
ool ngeqaben ainilnt BREor GIRE fvefiort RERY, BPReosS At MERCHIIET ald ol

f urlDherbyrteaédliosvingeldinsd. | We olerefepodaiini oour inventionf\ald itat coaés waliianic dopeinment s
descri bi ng subject matter or background information which may be pertinent
to the PHEBEHET hesctdidiir e i ncl ude U.S. Patent No. 5,139,762, issued 5August
18, 1992, U. S. Patent No. 5,798,137, issued August 25, 1998, U.S. Patent
No. 5,810,934, issued Septenber 22, 1998, and U. S. Patent Application No.
11/ 996, 285, filed January 18, 2008. It should be recognized that the
illustrated systens are only exanples and should not be taken as limting
the scope of the invention. Rather, the scope of the invention is defined
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10 by the following clains. W therefore claimas our invention all that
cones within the scope and spirit of these clains. WO

2011/ 063000RCT/1e8D010/ 057058 W claim 1. A heat e@#C3iuse@onsweposi ti on
reactor system conprising: a plurality of seed particles; 5a vessel having
an outer wall; an insulation |ayer facing an inner surface of the outer
wal | ; at | east one heater positioned inwardly of the insulation |ayer;

a renovabl e concentric liner positioned inwardly of the at |east one
heater, the |iner having an inner surface which defines a chanber that

cont ai ngethgnseed particles; 10a central inlet nozzle having an upper
opening positioned to inject a primary gas conprising a silicon-bearing gas
upwardly into the chanber, wherein the central inlet nozzle conprises an
inner wall and an ﬁut&ﬁ.rallgfosLtioned concentrically around the inner
wal | to chanhnel a*PFEGE GHOPHEPSFHRRFSACRESYYHRSRGI S "Eent er passageway
defined by thQuiaNRest 4ed parffids;a flow of a secondary gas through an annul ar
passageway between the inner wall and the 15outer wall; a plurality
of Bl ui di zatd wnsehbavihgsan owlsewelln each fl ui di zation nozzle has an outl et
opening i nt o {Lhe GIATBRE fucing an il L83 o 0HE (GROLERY 0as nozzle openi ng
into the chanber %é1owr¥ﬁe ﬁ?uraPlty 6F° P10f di'Zat'on nozzl es: and 20at

| east one ouitlheatt dremekerpositiched it GaR-fard Beulpfiadlager; particles fromthe
vessel. 2. The systemof claim1 further conpri sing: a source of the

primary gas,? igHevahle cerengisUiespestitianed iprirakrqf thaat lpast eenbrataredie figer he
center lﬂéﬁlﬁaaﬂ%}{‘f‘?éf sglffaée%igl? BLERL ol AhSber A fitaiR e seed particles;

10 a central inlet nozzle having an upper opening positioned to inject a primary gas
comprising a silicon-bearing gas upwardly into the chamber, 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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25a source of the secondary gas, wherein the source of the secondary gas is
connected to the annul ar passageway of the central inlet nozzle. 3.
The syst ewpabiigléaom 1 or claim 2 where the renpvabl e comCentseéi0/05T08%r
conprises a high tenperature netal alloy. 30 WO

2011/ 063007PCT/ US2010/ 057058 4. The systemof any one of clains 1 to
3 further conprising a renpovabl e concentric sl eeve positioned adjacent to
the inner surface of the renovabl e concentric |iner. 5. The system of

claim4 where the renovable concentric sleeve conprises 5Squartz, silicon,

| ow-ni ckel al.| oy il Gl HahQ¥ne PO ld PtrerS) édnczﬁ{glﬂg 4 fehflfigoigr aphi t e,
silicon carbide, nolybdenum~or a nolybdenum al . The system
of cl alqmdemdmesleewehn@stnm/abacentmrthemnm mlr&llceef/éle hlaao‘aablmainlcagnohnm S i nner
surface, wherein the coating conprises quartz, silicon, |ownickel alloy,

ni ckel alloy, 10cobalt alloy, silicon nitride, graphite, silicon carbide,
nol ybdenum pr a 7RI W@ Al PYhere the rembvablBBoi¥atRMLLe 6bBpMe4 Where the
removabl e concentric sl eeve conprises a plurality of joined sections.

158 STheiugitstséinonf logl-aickel Allanerieke] allay sobet allognsitienn fjivideegrapits sibnen ar e st ep
joints %ﬁ%&?%u) Qﬁ a sqgl&g e ab%ﬁ of wi thstandi ng an operating
tenperéiure up {6800 y systenlof claim8 where the seal ant
is ceramc fiber, cenent, a high- tenperature pol ymer seal ant, or a

conbi nation t her eof . . The system of claim4 where the
renovabl e cdhcent HiesysPaafelaimd wbwe élwsmog@@e gordepwigeslasxp s WUH@\QPC e
attach p EE?B C n by the
sIeeveq%%%%ﬁgpg%gagépgggﬁggégggggé up%ﬂﬂkﬁé Il q%kk%ﬁgﬁgﬁﬁ%gly e ﬁé%ve
11.10Theobyis hldsy, eifliceh aitrild @raphee esilidoa catbedey moéyhnlammnpasr daviybéeriusn alloyave
spring. 12. The system of any one of clains 1 to 11 where the
renovabl e concentric liner further conprises a |liner expansion device

attached to an upﬂ{%rsy?cg&eof(ﬁaiﬂlh@wﬁ&g‘%’ea@hﬁvable concentric sleeve comprises a

plurality of joined 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.

0. 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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30concentric liner, wherein the |iner expansion device conpresses upon

t hermal expansion of the liner. WD 2011/063007PCT/ US2010/ 057058 13. The
syst em ofwol2aimmed®7where t he |iner expansion device is eormsgavasroset al or
a wave spring. 514. The system of any one of clainms 1 to 13 where the
annul ar passageway has a width at its upper opening that is smaller than
the seed particles. 15. The system of claim 14 where the center
passageway of the central inlet nozzle has a diameter 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 clains 1 to 15 where the
plurality of fluidization nozzles surround and are laterally displaced from
t he central Ii3nl etTheoygttm, of @iimlewlecre geHinkl exmingiat devicozolegited matal openi ng
positioned to inject a fluidization gas upwardly into the 15 chanber.

17. Thé“@???@ﬁ?ﬂ%gany one of claims 1 to 16 where the primary gas conprises
sil ane and hydrogen, and the silane and hydrogen are present in aratio
from1l:1 to 9:1 by volune. 20 18. The system of any one of clains 1
to $7 where idhe prhiemastymgdsinyionhphcleing conttd eherp teetnnpnloy passageaydas a

tenmperature at which the silicon;bearin s_does not deconpose.

19. Thé”@@%?éﬁf@?ﬂéﬁ§“%$téF&%%%a : §nf%9§%§P%g¥ﬁﬁ'flom/of secondary gas is
25posi tioned and of sufficient velocity to direct the flow of primary gas
into a vertical plunme centrally located in the chanber such that silicon

deposi t for neki onlhsriyetR@ fjshem Idpehara diesrnicnpassesevyaalof i ceptralozlet e and t he
fgagge:/a‘?%lf: lhtﬁ?'lié ﬁ}a%%ﬁl%‘%ﬂt% ﬁﬁher 0 enin%%fp )rgiz%edstﬂggmﬁmtp%ggaggwwasoﬁgida{ oclains 1

ere ayer C
10 0.015Xto 0.025X at its upper opening.

16. The system of any one of claims 1 to 15 where the plurality of fluidization
nozzles surround 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  a plurality of joined sections.
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30a plurality of joined sections. WD 2011/063007PCT/ US2010/ 057058
21. The systemof claim20 where joints between the joined sections of the
i nsul ati omOl2ayémw3@re step joints sealed with ceram c fi P€T/US2010/057022. The
system of any one of clains 1 to 21 where the at | east one cooling gas
5nozzle is positioned to provide a cooling gas flow that is countercurrent
to a flow of the silicon-coated product particles. 23. The system
of claim 22 where the at | east one cooling gas nozzle is positioned such
that the cooling gas flow cools the silicon-coated product particles prior
to withdrawel; 10fFRIOtBS JrRREMD0 WHEE Fthts between Ak joiRE sSdhEBE @E any one of
claims 1 to 23 where“the central inlet nozzle andfluidization nozzles are
i nsul atieghlatmnilayer bie stefheirtts smabfdevitlofertmmatfiferom t he chanber so as to
maintain the primary gas within central inlet nozzle at a tenperature | ower
than the 15deconposition tenperature of the primary gas. 25. The
system of amy. oneryfsy6bal ding oh®oPdaithier ® A1hehdt tHeeAMasQiR IERAEEasCONMPY i Ses
a plurality of heaters positioned inwardly of the insulation layer in a
conéentnozgleay pepjtion2d to provide2g:oolmg gas\féave thap fs cobateraupsnifharitow hethpl ural ity
of heaters camprises a plyrality of radiant heaters |ocated in a ring and
spaced ‘equi di’S ant " oth' one™ anot her . 27. The system of any one of
claims 1 to 26 where the seed particles conprise 25silicon particles,
silica particles, graphite particles, quartz particles, or a conbination
t her eof . 23. pglhepyateqyafic 2 wheap ey lagbleng coRbng gasdopale i RIsHioNgd e
St Tcon, ikl fkESoling gas fPcodh MEQRRSH cbREd BAATUT AR HbrRY Wdhdrawal
silicon-coated par 1%fes conpri si ng:

10 from the reactor system.

24. The system of any one of claims 1 to 23 where the central 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.

29. A process for producing high purity silicon-coated particles comprising:
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WD 2011/ 063007PCT/ US2010/ 057058 providing a bed of seed particles inside a
gas-tight chanber defined within a vessel having a top head, a bottom head,
and a genepablwpweswbul ar side wall that has a generally wemtuse@bloy7o6xt endi ng
centerline; flow ng gas upwardly through the chanber at sufficient velocity
to fluidize the bed, 5with at |east a portion of the gas being provided by
introducing a streamof silicon-bearing gas into the chanber through a
solitary central inlet nozzle having an opening that is upwardly facing,
the solitary central inlet nozzle further conprising an inner wall and an
outer wall_Raslibinanataceaarntrial hviaah 9uidshfanBBSlerited Lidh £0anael the
stream of si'licon- bearl ng gas through a cen% passageway defined by the

i nner Jmvinganrtdp hedd, a\]voaémdlesécaodd@eyermgaﬁ)utaoms iveillrthattivie n ggearally nert gas,
or a mxturg ther of through an annul ar passageway between the inner wall
and t he'*Bifedy eflgnging centerlinfy; oct i ng streams of hydrogen, inert gas, or a

m xture t herﬂiﬁ'&mlfx gﬁsouﬁwtﬁdl%hmgﬁ tHethOMB&: RlskfRicn®PaBEIRSS lidike Ble®eliocat ed
at one or nore elevations bel ow the el evation of the opening of the

sol bt ar\yitlcetrit:arsaa pplmoetof ithszgals éelngm@\o@@inbm@trbéum@g pelsdam @frrehlcmml@atlhg gas

flow 15tz)1€l M9 e t?lroug aso{]fElt (t:em:f‘raﬁn &A02A1E Q\;iaé A E)hee'rll g&tSEd stream of
si licombeari n ng gas a core regrontore thePeh near the

cent er lipeidigmsting, the somﬁzy bmrau hfetGRRLle Althed totpasiahambger s/uln Em@ pently that
siliconis released fromthe silicon-bearing gas and deposited onto the

seed paufiretadlpasiopederncentsicali xynuebtiedenss Madde chaset thesegam phsilicon- 30,
The pr Gn%gltﬁ gis tﬂo‘a%ﬁ]g% %Jsgdgl@wg?f 1B eﬁgytpgﬁngtﬁpﬁf y%&* off ofSd Jeh&ﬁf&nbea“ ng

gas adm n) ect he solitary central

i nliét I’gazzbmpnsmg hydrogen, it gathe mmmssh@éofahmugh BQaMtqujaEBagd:\iJa}of t he

vol unme of siljcon-bearing gas adm tted 25to the chanber is injected through
the solbet¥sep thefppavall ﬁlil‘giher?&’}ﬁf“’é 32. The process of any one of

clains 29 tq,RLi\&feh of H%%géﬂ Ve a%e&Iarlﬁlxtl!lle Iﬂ?ére&qat%ltﬁe a?anhfapat ed such
that the centerli'he extends through The opening of the nozzle.

through plural openings that are located at one or more elevations below the elevation of the
opening of the solitary central inlet nozzle, the opening being positioned and the gas flow
15  being regulated such that the streams contain the injected stream of silicon-bearing gas in a
plume at a core region of the chamber near the centerline; and
heating the contents of the chamber sufficiently that silicon is released from the
silicon-bearing gas and deposited onto the seed particles to produce silicon-coated product
particles.
20
30. The process of claim 29 wherein a majority of the volume of silicon-bearing gas

admitted into the chamber is injected through the solitary central inlet nozzle.

31. The process of claim 30 wherein all of the volume of silicon-bearing gas admitted

25  to the chamber is injected through the solitary central inlet nozzle.

32. The process of any one of claims 29 to 31 wherein the solitary central inlet nozzle

is located such that the centerline extends through the opening of the nozzle.
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33. The process of any one of clains 29 to 32 wherein the side wall is
generally circular in horizontal cross-section at the elevation of the
openi ng ovothe/walort ary central inlet nozzle. 534. The pPCOAS3G00570851y one
of claims 29 to 33 where the plural openings are horizontally displaced
fromthe opening of the solitary central inlet nozzle.

33. The process of any one of claims 29 to 32 wherein the side wall is generally
circular in horizontal cross-section at the elevation of the opening of the solitary central inlet

nozzle.

5 34. The process of any one of claims 29 to 33 where the plural openings are

horizontally displaced from the opening of the solitary central inlet nozzle.
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