METHODS FOR | NCREASI NG POLYCRYSTALLI NE SI LI CON REACTOR PRODUCTI VI TY BY
RECYCLE OF SI LI CON FI NES BACKGROUND OF THE | NVENTI ON [ 0002] This invention
rel ates twof2bedsesed bed reactor systens for producing paorsuseysnasois ne
silicon and, nore particularly, to nmethods for increasing reactor
productivity during production of polycrystalline silicon froma thermally
deconposabl e silicon conpound such as, for exanple, silane. [0003]

Pol ycrystalline siliconis a vital raw material used to produce nany
comer ci al WEBHORS sSFORCINGREYSINGr PRLEGRY STALRINGr STIBHCONr BEACTORNd
photovoltaic (i.e. PRODUGTIVEEY|BY RBCYCLESOR| BLhECEN| FIBESi s typically
produced by a chem cal vapor deposition nechanismin which siliconis
deposi ted fron1a theﬁgall deco -osable silicon conpound onto silicon

particle 54 The seed particles continuously grow

in size unt| | Edtﬁ)’z]exmhé hiemfé?r@@lt&{ as palycrystalidnesiddeon particles
product (i.e., "granular" polycrystalline silicon) . Suitable deconposable
silicon d@ﬁpﬁUﬁd&WﬂﬂﬂWﬁkﬁOﬁ(HIQ§@ﬂqﬂ§3pQﬂYQﬂKﬁQﬁﬁﬂiﬂﬂ(ﬁﬂl%ﬂ&% dredg.
trlchlor05|lan 2r 140f04ﬂ PoI cr ttqﬁll e "squ" artlcles Jray be added to
the react'i'on chanber %rtlate eposi o 5 S 1O S H R partlcle si ze
of the cryﬁd@ajctsjaeﬁtyaaidﬁﬁ@smﬁ&yucb@dﬂmafhplujcﬁpsmlmeammlc&ﬁﬁ mm and
nore typically may be from about 250 nn1to about 600 nm. Two types of
silicon seed partiemst ]aYéjech?Wﬁﬂﬁ%P]t%eﬂl O SRR BT ot

for example, silane.

[0003] Polycrystalline silicon is a vital raw
material used to produce many commercial products
including, for example, integrated circuits and
photovoltaic (i.e., solar) cells. Polycrystalline silicon
is typically produced by a chemical vapor deposition
mechanism in which silicon is deposited from a thermally
decomposable silicon compound onto silicon particles in a
fluidized bed reactor. The seed particles continuously
grow in size until they exit the reactor as
polycrystalline silicon particles product (i.e.,
"granular" polycrystalline silicon). Suitable decomposable
silicon compounds include, for example, silane and
halosilanes (e.g., trichlorosilane).

[0004] Polycrystalline “seed” particles may be added
to the reaction chamber to initiate deposition of silicon.
The particle size of the crystal seed particles may be
from about 50 pum to about 800 um and more typically may be
from about 250 pum to about 600 pm. Two types of silicon
seed particles are commonly used. One source of silicon
seed particles are product particles collected from the
reactor that are ground to a typical particle size from

about 250 pum to about 350 pm. Alternatively or in



seed particles are product particles collected fromthe reactor that are
ground to a typical particle size fromabout 250 mmto about 350 nm.

Al t er nat iwel2gosrssésnaddi tion, small polycrystalline partipciras2gaimied with
and separated fromthe granul ar polycrystalline product having a particle
size of from about 500 nmto about 600 mm may be used as seed particles.

[ 0005] A variety of reactions nay take place in the reaction chanber. The
reaction nechani snms which are known to occur in a silane fluidized bed
react or sydtiemare gener atdywityustrlated par Hagee dethaiwderigcthani sns in

no way |im¢t enbodinents of the present inventio t hey do not constitute
the. ont| 1 betoiot: T oRbtl onb Wht GH 0y Bedtr T The T ede o SyStem [ 0006]

Wth refeiapogy to Higkidie dinva Sf |@ng syishemssd | iane hetrgragenepusl y
deposits onto the growing crystal particle (1). Silane nmay al so deconpose
t o produqen sidy den wegabraq Peanhirsr tcan dronogenousl y nucl eate to form

desi r abl il t |y ref dt ilicon "fi "
howder 3 (4 LB A e s S G kS T Bt e (o)
The silicarmdings @aiugsow Tk SiZe- byordepasidi oimOfwisi di core fiamisi | ane (2)

or fromsilicon vapor (5) . The fines can agglonerate to formlarger fines
(7) . Si 1t T oI Fihes? cars 8l & cloftbi hez S thed arpert Yr oW HigE8idi<on particl es,

ociiof AR EERT T PER T SERYenns b e saspran g Sl son
| ess t harwabauimis) embahidnémt sonfe Erdbqeiarenits Imeyention as they do

not constitute the entire set of reactions which may occur

in the reactor system.

[0006] With reference to Fig. 1, in a silane system,
silane heterogeneously deposits onto the growing crystal
particle (1). Silane may also decompose to produce silicon
vapor (3) which can homogenously nucleate to form
undesirable silicon dust (synonymously referred to as
silicon "fines" or "powder") (4) and which can deposit on
the growing silicon particles (6). The silicon fines can
grow in size by deposition of silicon from silane (2) or
from silicon vapor (5). The fines can agglomerate to form
larger fines (7). Silicon fines can also combine with
larger growing silicon particles, i.e., the silicon fines
may be scavenged by the larger growing silicon particles
(8).

[0007] Typically, the particle size of the silicon
dust is less than about 50 pm and in some embodiments may
be less than about 5 pum. Granular polycrystalline product
typically has a particle size of from about 600 pm to
about 2000 pm and more typically from about 800 um to

about 1200 um or even from about 900 um to about 1000 um.



be |l ess than about 5 mm . G anul ar polycrystalline product typically has a
particle size of fromabout 600 mmto about 2000 nm and nore typically from
about 800wormamssdsout 1200 nm or even from about 900 mMMPCE/IER@YD4HAO0 MM
.[0008] As silicon deposits fromsilane onto a growng silicon particle,
hydrogen is rel eased fromthe silane nolecule. The silicon dust is carried
out of the reactor with the hydrogen gas and unreacted silane as well as
carrier gases typically added to the reactor with the silane (collectively
"spent gas"). [MHO&] |4z ont dusin | demeparatioctbn romate Fpenta gasethad exits
the reactor, b for .ex I ag-filtration, cyclone separation or liquid
scrubberss%l][%cabécjarﬁelc%l\%’r gjdycgri%ecnonlSdu%%lenaa%/e%e%ru%% %}é; ulgjtarrlleal ly but it
has | ess nvalawen Tdhanmigs anul eforpalyed yisd add e diduc ot Hor ddwsdance, silicon
dust may be used to produce nonocrystalline silicon by the Czochral sk

net hod, = @' et HOtP tthatt GFR/bl s QNGRS ift & 6r3rd &S s193e ot from nel t ed

pol yerystal line %Aéﬁ%@id@ﬂﬂ;} e $esd @flyé/%@alc@apwgih&h o contact with

I
the nolten polycrystalline silicon. Wien silicon dust I1s used in the
Czochr al skilaret hoth 1 tdwt sidicdhsmust dgass'ti f fTlould4itioccorelduandist is nore
rystal fromthe ne esult, silicon dust is

S0l d ot LI oI TS THHArdF (b S0 S T yEFYAA H¥e i1 con.
Thus, a need exdgdse f Wad-eactora Syst ey @nshdretdindsa f oin reduciqgid he anmount
of silicon dust produced in granular

scrubbers.

[0009] Recovered silicon dust may be used

industrially but it has less value than granular

polycrystalline silicon. For instance, silicon dust may

be used to produce

monocrystalline silicon by the Czochralski method, a

method that involves drawing single crystal silicon from

melted polycrystalline silicon by pulling a seed crystal

brought into contact with the molten polycrystalline

silicon. When silicon

dust 1is used in the Czochralski method, the silicon dust

is difficult to melt and it is more difficult to pull the

crystal from the melt. As a result, silicon dust is sold

at a large

discount as compared to granular polycrystalline silicon.

Thus, a need exists for reactor systems and methods for

reducing the amount of silicon dust produced in granular

polycrystalline reactor systems.

SUMMARY OF THE INVENTION

[0010] One aspect of the present invention is
directed to a process for producing polycrystalline

silicon wherein silicon particles are contacted with a



pol ycrystal li ne reactor systens. SUMVARY OF THE | NVENTI ON [ 0010] One aspect
of the present invention is directed to a process for producing

pol ycr ystwibl20eve1586shi con wherein silicon particles are ceorasted/owsoud
athermal | y deconposabl e silicon conpound In a reaction chanber to cause
silicon to deposit onto the silicon particles, the silicon particles
increasing in size as silicon is deposited. A portion of the silicon vapor
formed by the thermal deconposition of the silicon conmpound is converted to
silicon dUSEtrH(Qa]llSBO d@d@m%ﬁbbe asl figms)ceamebunsd dis chargfeek ferom t he

reaction q@ q%_r to a&ggt flportlon of the discharged silicon dust is
recycl ed T6'the reaction ¢ T \Werein the recycled silicon dust is at

| east parddw@dd yt seavenged émyljsctdn G ripaFld €] eshe saich ddratpdhel clusd
scavenging rate increases with the recycle, [0011] Another aspect of the
present iMVEMRIOMT s i TR P 19 Poces S Prstuch mPPot Yergstal i ne

silicon eélnlﬁdc!r{ cb partd Gl&s @ egontiacteth wdh, g, dhermml 1 ye

deconposabl e silicon conpound In a reaction chanber to cause silicon to
deposit ort® the silicon particles, the silicon particles increasing in

| d ted. A t f 1h | i f d by th
Ther i QEECHROR TR BT (1 111 Cort LORpOU 14 ciiver /B Lo oi 11 con dust

and is discharged {4 o thendLactdon £harhetardd | east enporddonien nearly
all of the discharged silicon dust is recycled to the

chamber. At least a portion of the discharged silicon dust
is recycled to the reaction chamber wherein the recycled
silicon dust is at least partially scavenged by silicon
particles, such that the dust scavenging rate increases
with the recycle.

[0011] Another aspect of the present invention is
directed to a process for producing polycrystalline
silicon wherein silicon particles are contacted with a
thermally decomposable silicon compound in a reaction
chamber to cause silicon to deposit onto the silicon
particles, the silicon particles increasing in size as
silicon is deposited. A portion of the silicon vapor
formed by the thermal decomposition of the silicon
compound is converted to silicon dust and is discharged
from the reaction chamber. At least a portion or nearly
all of the discharged silicon dust is recycled to the
reaction chamber wherein the recycled silicon dust is at
least partially or even completely scavenged by silicon
particles at a rate substantially equal to the rate at
which the silicon dust is formed, thereby lowering the net
dust formation to a rate at or about =zero.

[0012] Various refinements exist of the features
noted in relation to the above-mentioned aspects of the

present invention. Further features may also be



reacti on chanber wherein the recycled silicon dust is at |east partially or
even conpl etely scavenged by silicon particles at a rate substantially
equal to wbeosstsessat which the silicon dust is formed, whensbyoiosssesi ng the
net dust formation to a rate at or about zero. [0012] Various refinenents
exist of the features noted in relation to the above-nenti oned aspects of
the present invention. Further features may al so beincorporated in the
above-nenti oned aspects of the present invention as well. These refinenents
and addi tinnalrdeatan esn ndye esddsite imadi i ahead |3srclis ahytloonbigestiton. For

I nst ance’iﬁ/vaerr% OiuoS fa?satvyél diﬁ'?eusseserde ierlaeon\%rl ns raer|1c9tailc9 i%ioonaanJy of the

i |1 ustratdd Bhvodi ment's of* t he present i nvention may be T ncorporated into
any of the-ahowes deserdbietk aspeictsdfl Thepriasemy | duresiti O o) aer or i n
any conbi nati on. BRI EF DESCRI PTI ON OF THE DRAW NGS [0013] Fig. 1 is a

gr aphi cal 1 HEp G o’ B ®act i on mechani sns that take place in a granul ar
pol yer ystallinie. Sidi&an J&aalorosyst e J 00441 Fidyy 24 Sy, schemtic flow
di agram of an enbodi ment of a granul ar polycrystalline silicon reactor
system and J90dE]edigub@limemgrapht stiomwipige ddret calcul ated fd ndse
concentration for a#l.ui di zed bed reactor _as. a fu.rg:etc'ion of time, with tine

zero bei Mg tHETIHET i HES & i Hi tiaf ISP TECYET B 101 HEHeact of.  DETAI LED
DESCRI PTIHON [ &dn Thenpeocess, of1dhe o esendny nvandi e idic) udes

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] Fig. 1 is a graphical depiction of reaction
mechanisms that take place in a granular polycrystalline
silicon reactor system;

[0014] Fig. 2 is a schematic flow diagram of an
embodiment of a granular polycrystalline silicon reactor
system; and

[0015] Fig. 3 is graph showing the calculated fines
concentration for a fluidized bed reactor as a function of
time, with time zero being the time fines are initially

recycled to the reactor.

DETAILED DESCRIPTION

[0016] The process of the present invention includes
introducing a feed gas including a gaseous silicon
compound capable of being thermally decomposed and silicon
particles into a reactor. The silicon particles are
fluidized by the incoming feed gas. The feed gas is heated
in the reaction chamber to cause at least a portion of the
silicon in the silicon compound to deposit, by chemical
vapor deposition, onto the silicon particles thereby

growing the silicon particles into larger particles



i ntroducing a feed gas including a gaseous silicon conpound capabl e of
being thermally deconposed and silicon particles into a reactor. The
silicon paothelesssare fluidized by the ingcom ng feed gagCT/iseobeesdigas is
heated in the reaction chanber to cause at |least a portion of the silicon
in the silicon conpound to deposit, by chem cal vapor deposition, onto the
silicon particles thereby growing the silicon particles into |arger
particlestypically referred to as granul ar polysilicon. Another portion of
t he t her nalwycalebompoisabted sid | aore conpound decoinpioses. tandigray anong ot her
things, sili.con vapor,. [1%0%7%51 The silicon vapor nmay deposit, at least in

part, on BHe 571 iCon par sl]tlﬁereby contributing to the growth of the

parti cl esdeddm@skitions i hoyeyefomddendidd € yveport § of dmn,srahdngol ysil i con
crystals, typically referred to as polysilicon fines also referred to
herei n aLgotysititdh dirstl IR7 RGHSeneous nucl eation. At |east a portion of

the polysilicopghust Recaones; ey rained j0, theddw d passing thyough the
react or chanber and] di scharged with the spent gas. The spent gas nay be
processedrant separtdte atlleastpar portéonlofradie cinticdmdusy fo dgrha he gas

stream and t siJicon dust. be returned to .the reacti,on chanber. Once
reint rodt%%odﬁi too%t £ rpeae@i]iﬁg%hg%ﬁ)ear#&tn%eo%’l 16 Hust et eased! t he dust
scavengi ngagat ef AR i NGO d 10y Silicnn paydiLl£s therebyl § ordidigred

aggl onerates of increased size conpared to the particles prior to the

silicon dustaadteryhigltern Heltes urfec el IRt dgedisisin the process of
enbOd'nEq5§i§giffE%ﬁ”&ﬁ§¥“by homogeneous nucleation. At least a

portion of the polysilicon dust becomes entrained in the
fluid passing through the reactor chamber and discharged
with the spent gas. The spent gas may be processed to
separate at least a portion of the silicon dust from the
gas stream and the silicon dust may be returned to the
reaction chamber. Once reintroduced into the reaction
chamber, the silicon dust increases the dust scavenging
rate by adhering to silicon particles thereby forming
agglomerates of increased size compared to the particles
prior to the silicon dust adhering to their surface.
Advantageously, the process of embodiments of the present
invention thereby converts silicon dust, typically sold at
lower prices than the granular particles, to be sold as
part of the agglomerated particle thereby improving the
profitability of the process.

[0018] It should be noted that any reactor capable of
carrying out the above described reactions may be used
without departing from the scope of the present invention.
Such reactors are generally described as fluidized bed
reactors. Furthermore, the process of embodiments of the
present invention may carry out the reaction in a single

fluidized bed reactor or may incorporate one or more



i nvention thereby converts silicon dust, typically sold at |ower prices
than the granular particles, to be sold as part of the aggl onerated
particl e whenemssésnprovi ng the profitabiljty of the proeesais2¢i00iBie | t
shoul d be noted that any reactor capable of carrying out the above

descri bed reactions may be used wi thout departing fromthe scope of the
present invention. Such reactors are generally described as fluidized bed
reactors. Furthernore, the process of enbodi nents of the present invention
may carryflouwtdided resttiorctiora simgleufedidi zeor el graict or or may

i ncorporate e or reflui di zed .bed reactors configured in series or in
par al Fel .paﬁace)ﬁﬁlu'l i zeedJEt ]bueldéj lrzeeacil;:itboerés:i rnenaf/c%oersop%ar%tbe% A et ibed, for

exanpl e, ddsdhidet, Stat eschadent PubunNosd 2006/ 0L 05Nt the emid re contents
of which are incorporated herein by reference for all relevant and
consi st ent? Pt pidse 5 [ 081D S Istchetrit {0 e iy R F WSS ati ng an enmbodi ment

£ th g f o S Cted i
0 e pr%@fgﬁ%@%ﬁ%ﬁ%%f he-presenty 1 aventd o, 4.5 depicted in

Figure 2 . Thermal | y deconposabl e silicon conpounds incl ude
conpoundscgenertanty wapabdes of being thernally deconposed in a gas phase to

produce silico itional products may . rooduced from the. deconposition
process, Wt hoﬁqo%gﬁtﬁcﬂbeW$%ﬁ tcﬁ a%rcao%elbjgflpﬁfea Fesett SHVEMTGh, as | ong
as it provi des s ee of siddeonedios gowidhe R s licampaiticd es to

form polysilicon granules. Thermally deconposabl e silicon compound gases
i ncl ude #lgpicted in Figure 2.

Feed Gas

[0020] Thermally decomposable silicon compounds
include compounds generally capable of being thermally
decomposed in a gas phase to produce silicon. Additional
products may be produced from the decomposition process,
without departing from the scope of the present invention,
as long as it provides a source of silicon to grow the
polysilicon particles to form polysilicon granules.
Thermally decomposable silicon compound gases include all
gases containing silicon that can
be heterogeneously deposited by chemical vapor deposition,
such as silicon tetrahydride (commonly referred to as
silane), trichlorosilane and other silicon halides,
wherein one or more of the hydrogen atoms of silane is
substituted with a halogen such as chlorine, bromine,
fluorine and iodine.

[0021] In one embodiment, the thermally decomposable
silicon compound is silane. The chemical vapor deposition
(CVD) of silane is slightly exothermic, typically goes
substantially to completion, is nearly irreversible, and
may be initiated at a lower temperature of about 600°C

compared to silicon halide gases such as trichlorosilane,



gases containing silicon that can be heterogeneously deposited by chem cal
vapor deposition, such as silicon tetrahydride (commonly referred to as

si |l ane) ,wonbehisessosi | ane and ot her silicpon halides, whecgius2@me4s96 nore of
t he hydrogen atons of silane is substituted with a hal ogen such as
chlorine, bromne, fluorine and iodine. [0021] In one enbodi nent, the
thermal |y deconposabl e silicon conpound is silane. The chem cal vapor
deposition (CVD) of silane is slightly exothermc, typically goes

subst ant ivdllgh ttoyorpl ket i trguisehearignperaversi®df et ambsmyabeit niti at ed
at a | ower erat ur e . of. about. 600 0C conpared tq silicon halide gases
such asmﬁrliiﬁ?(;'r O@rll I%Cg%l,%clmc’h %lylpallr%:ealéiri/&rleqsui reecsonﬂocfselr}:pleornat ure of at | east
about 11G9-G@ctd n addi tioin,iSid anp@ntanid sheecorposidiomdr-oducts, i.e.,
silicon vapor and hydrogen, are noncorrosive and non-polluting. In

conpar i sorP T itel HecHth ISR ikt Bt 119 chibroditanes iy a-heversi bl e and

i nconpl et g L gacti o yhich results ddy the productd.on of, hypeducts which are
corrosive. In general, therefore, silane is a preferred gas for use in
enbodi nentrscafp tdiee pressemnton nikenth org sl thoughttot heroduerimal |of deconposabl e

gases cont ai ni sili.con may be utilized wthout departing fromthe scope
of the preGentoTHvenlTon 100551 Tt (her thl 95 HecomdSHtT & Sompound may be
i ntroducegi iqateo thes neactor-od thouts g lwdd o amd e gas: drayr bendsi luted with
a carrier gas such as hydrogen, argon, hel i um or conbi nati ons thereof.

During detiissst tiben by hr ctiidt ol rdgear | i preivcededrteeraP e used as

needed asgases containing silicon may be utilized without departing

from the scope of the present invention.

[0022] The thermally decomposable compound may be
introduced into the reactor without dilution or the gas
may be diluted with a carrier gas such as hydrogen, argon,
helium or combinations thereof. During decomposition, by-
product hydrogen is produced that may be used as needed as
a carrier gas for additional gquantities of thermally
decomposable feed gas in the operation of the reactor

system.

Reaction Chamber

[0023] The reaction chamber is typically a fluidized
bed in which silicon particles are suspended by an upward
flow of the fluidizing gas in the reactor. Fluidized bed
reactors provide high mass transfer and heat transfer
rates between growing silicon particles and the gas phase
which enhances the deposition rate of silicon onto the
particles. The fluidized bed reactor is generally a
cylindrical vertical vessel; however, any configuration
that is acceptable to fluidized bed operations may be
utilized. The particular dimensions of the reactor will be

primarily depend upon system design factors that may vary



a carrier gas for additional
in the operation of the reactor system Reaction Chanber
wbantyersséss typically a fluidized,bed i n which Ciriusesopasdié cl es
are suspended by an upward flow of the fluidizing gas in the reactor.

Fl ui di zed bed reactors provide high mass transfer and heat transfer rates
bet ween growi ng silicon particles and the gas phase whi ch enhances the
deposition rate of silicon onto the particles.

reaction

The fl ui di zed bed reactor

gquantities of thermally deconposabl e feed gas
[ 0023] The
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heat transfer efficiencies and systemfluid dynam cs, w thout
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mai nt ai nech@boviest hes M i daindlad i Zati ore el weidy Ofeddrecsi|icon

particles.

a velocity of fromabout one to

Reaction Conditions

[0024] During operation of the reaction system, the
fluidizing gas velocity through the reaction zone is
maintained above the minimum fluidization velocity of the
silicon particles. The gas velocity through the reactor is
generally maintained at a velocity of from about one to
about eight times the minimum fluidization velocity
necessary to fluidize the particles within the fluidized
bed. In some embodiments, the gas velocity is from about
two to about five times and, in at least one embodiment,
is about four times the minimum fluidization velocity
necessary to fluidize the particles within the fluidized
bed. The minimum fluidization wvelocity varies depending on
the properties of the gas and particles involved. The
minimum fluidization velocity may be determined by
conventional means (see p. 17-4 of Perry's Chemical
Engineers' Handbook, 7th. Ed., incorporated herein by
reference).

[0025] The minimum fluidization wvelocity is
preferably calculated for conditions as they exist near
the gas distributor. Using these conditions, which include
temperatures that are normally cooler than the rest of the

reactor, it is possible to ensure the minimum fluidization

t hods for heating
i ncl ude, fortlexanplre, a@pdcidh viehdhemts migcomehuets oMedidds amad- el ectri cal

resi st ance elenenlsj_R action Cbndifions OO%#% Dﬂg%ﬂgﬂgPeration of the
reacti on S8 EN tHe 11U di Y nggus el G 15 tht 'reaction zone is

The gas velocity through the reactor is generally maintained at



about eight times the mninmum fluidization velocity necessary to fluidize
the particles within the fluidized bed. In sonme enbodi nents, the gas

vel oci ty we 2besrss@bout two to about five inmes and, in @CTIuSa@0/0e8v86

enbodi ment, is about four tinmes the m ninmumfluidization velocity necessary
to fluidize the particles within the fluidized bed. The m ni num
fluidization velocity varies depending on the properties of the gas and
particles involved. The mninmumfluidization velocity may be determ ned by
convent i orrlogeansc{svel gred e 4w fiRergyt stChiel icdil zEngishesrtst reHandbook,
7th. Ed., ei corporated herein by reference) . [0025] The m ni num
fluidization velocity is preferably calculated for conditions as they exist
near the maseIhwdtdduldipe tdsiunged haser«e ot td oSy i e, 141ed ude
tenperatures that are normal]y cooler than the rest of the reactor, it is

possi bl e Y Ehiskre dHe i Find fIaH 2R T ohiviet te§d yt ¢t et at @ bee
sufficient; 19,5} uidize 1he enti el t etfrlp,eg bove the
di stri but olr ,l t%e v%%%si%%ﬂd évlg[f%%lgf yﬂvear iiét;?e{éjnu%li i ze?%qﬁaa cul ate the
m ni num fresuitzatn on wieliooin yf larel hwdti gensttovetanthatmylsesult in a
mnimum fluidi zation velocity that i.s not sufficient to fluidize the bed at
The cool it SERAL ko d SR dded Ble el ity e Wit Lot B 0. by

cal cul at id@ wEndn ndwarmdd ah ti zatd onevelaed 1 yriaseth e the cool er conditions,

it is possible to ensure the cal culation of the |owest fluidization gas
vel oci ty RtV 1INT |2 Yeihet Bmdr@ ben e 1dough RIeprasemte

cooler conditions, it is possible to ensure the
calculation of the lowest fluidization gas velocity that
will fluidize the entire bed. Although the present
invention is not limited to specific minimum fluidization
velocities, minimum fluidization velocities useful in the
present invention range from about 0.7 cm/sec to about 350
cm/sec or even from about 6 cm/sec to about 150 cm/sec.
[0026] Gas velocities higher than the minimum
fluidization flow rate are often desired to achieve higher
productivities. As the gas velocity increases beyond the
minimum fluidization velocity, the excess gas forms
bubbles, increasing the bed voidage. The bed can be viewed
to consist of bubbles and “emulsion” containing gas in
contact with silicon particles. The gquality of the
emulsion is quite similar to the quality of the bed at the
minimum fluidization condition. The local voidage in the
emulsion is close to the minimum fluidization bed wvoidage.
Hence, bubbles are generated by the gas introduced in
excess of what is required to achieve the minimum
fluidization. As the ratio of actual gas velocity to the
minimum fluidization velocity increases, the bubble
formation intensifies. At a very high ratio, large slugs

of gas are formed in the bed. As the bed voidage increases



invention is not limted to specific mninmumfluidization velocities,

m ni mum fl ui di zati on velocities useful in the present invention range from
about 0. Wormh@eisséso about 350 cnisec or gyen from about PETMISR@EO48906 about
150 cm sec. [0026] Gas velocities higher than the m nimum fl uidization flow
rate are often desired to achieve higher productivities. As the gas

vel ocity increases beyond the mninmum fluidization velocity, the excess gas
forms bubbles, increasing the bed voi dage. The bed can be viewed to consi st
of bubbl esl @nd-tend & brdfasoht @i niaige gashd rcoomactbatitdesiddiors parti cl es.
The quality,of the.enulsion is quite sim.l to the quality of the bed at
the m ni rfaltjr}r:%i 97 oif zba%(foo%escglneasi iaeofn%.ecﬁ'ulevﬁ 'ogfga * v"jbi(%jla‘@eg1 i‘ﬁojt%ée eorr%I sion is

cl ose to dte vadi mua fduwt H zatd oew betl vl dagein Heneesctbubblies are generat ed
by the gas introduced in_excess of what is required to achieve the m ni num
f1 ui di zatiBH A9 tFESTRtIT BT 3Rt d”élltl“ga?sn%%%]ift%/ R HE FAHF num

1 ui di zatdion. vedocity. iNarEases: 14ie;ubhle. formtion, injensifies. At a

very high ratio, large slugs of gas are forned in the bed. As the bed

voi dage itrcreasklswiddrdanmtadtilad ges ddoweaste, Gdreveontactmdetaveen sol i ds
and gases, becones | ess eCLf ective. For.c?rgi ven. vol ur%gof he. bed, the
surface ared ot° Sl 9ds’ SHContEET WTH FEact i HY Yases HEtreades wit h

i ncreasi ngi bed-ooi dages siThus, rd it 1des giaen ded dengt hat thegrconver si on of
thermal | y deconposabl e gas decreases. Conversion may al so decrease for
reduced ¢gasteestiRtitelng mate |ingiliti on, different undesired reactions can

take place at fﬂdﬂﬁﬁ'fﬁ%‘%%ﬁ5é¥ﬁ%ﬂ£5Jfﬁ”éhéiféﬁ%tor is maintained

within the decomposition temperature range of the
thermally decomposable compound and the melting point
temperature of silicon. The temperature of the reactor may
be maintained from about 200°C to about 1400°C, typically
from about 600°C to about 700°C or even from about 625°C
to about 655°C. The heat that is used to maintain the
reaction zone at such temperatures may be provided by
conventional heating systems such as electrical resistance
heaters disposed on the exterior of the reactor vessel
wall. The pressure in the reactor is typically about 1.73

atmosphere at the top of the bed.

Fines Separation and Recycle

[0028] It has been discovered that silicon fines
exiting the reactor in the spent gas may be recovered and
recycled to the reactor without detrimentally affecting
reactor system dynamics. It was found that recycled fines
may wholly agglomerate with the larger silicon particles.
The fines may be partially or totally recycled to the
reactor system. Under total fines recycle operation, the
system comes to a steady state condition in which the

overall fines production rate in the reactor equals the



[ 0027] The tenperature in the reactor is maintained within the
deconposition tenperature range of the thermally deconposabl e conpound and
the nel tiwgQ 2p@irsgesbenperature of silicon.,The tenperatureTafS2a0am489e@act or
may be mai ntai ned from about 200 OC to about 1400 OC, typically from about
600C to about 700 OC or even from about 625C to about 655C. The heat that
is used to maintain the reaction zone at such tenperatures may be provi ded
by conventional heating systens such as electrical resistance heaters

di sposed @retdlel exater iar Wildthethreattnrs vessedcaedigeTHey prlessure in the

r eact or issiltflcpi Calally‘ilg&%(u)%zaéjg?&hat s ehcetrivaeatnetthefitngé)% ?ﬁ‘aﬁot&e tb.ed. Fi nes

. .1 OT .
Separ ati on anaorhé%yc as pbeen di scovere Slcf i‘con fines

exi ting the reactal ih dtheitspento gas may be recovered and recycled to the
reactor without detrinmentally affecting reactor system dynamcs. It was

found that reclRI%Y fiAhed Sty Whdi19- a%gl%]n%er%teexwltr}ﬁ tHe® 183fer°%i | i con
par ti cl es,; (Fhe ifd nes my, e par tialdy. ar total Ly fecyeled: { o § he,d eact or

system Under total fines recycle operation, the systemcones to a steady
state condiddtorri n T chi ttheoroviersdd Fiqesegpriodust | orom atles i spdrhte react or

equal s theoverall rate at which the fines are scavenged. by the silicon
parti ol e ad t Ho BRIEHIo Tt 17 et pTOHct | OF T & Tedibed THIC zer o.
[0029] AssshowntdmbtFidh, Z2ycfdmessaxd td it her reagtid s tlbddies spent gas
are separated and recycled back to the reactor. The silicon fines are
separ at ed't ot SperfteRps § P 39 Hedd gas skirtttion Helfed Kigh as, for

exanpl e, from the spent gas fines formed by homogeneous nucleation

in the reactor. Preferably, the fines/gas separation
device removes at least about 90% of the fines in the
spent gas, more preferably, at least about 95% of the
fines and, most preferably, at least about 99% of the
fines.

[0030] Fines may be transported from the fines/gas
separation device to the reactor by conveying equipment
(e.g., pneumatic transport, screw conveyor, belt conveyor
or roller belt) or any other suitable egquipment for
transport. The fines may be introduced into the reactor at
any location, but preferably are introduced toward the
bottom portion of the reactor. The fines may also be
introduced into the reactor by an airlock or other
suitable device. For further process control, the fines
exiting the fines/gas separation device may be collected
in a separate container or a tank and the fines may be fed
to the reactor from the tank. The fines may also be
recycled by combining the fines with the feed gas and/or a
carrier gas.

[0031] The exhaust exiting the fines/gas separation
device typically contains hydrogen and carrier gases and

may be subjected to further processing. For example, a



bag filtration, cyclone separation or |iquid scrubbers. The fines/gas
separation device is effective in renoving fromthe spent gas fines forned
by honogeweao®/miss@sheati on in the reactor.;Preferably, treTfusees/ogass
separation device renoves at |east about 30% of the fines in the spent gas,
nore preferably, at |east about 95% of the fines and, nost preferably, at

| east about 99% of the fines . [0030] Fines may be transported fromthe
fines/gas separation device to the reactor by conveying equi pnent (e.g.,
pneumat i earanmport | tisr revkaonveyaot ,ndjellte comvasersot awd |wri beded or any
ot her suitable equipnent for transpart. The fines ..be introduced into
the reactor ()a1i(ehearn)}j J%)Oo%ea%%eosn,W]btu}%lnprtg?eerséﬁﬁmye%'r gle i nafn(%yoldt uced toward the

bott om particmaafitdiey r eactortidhe f ides smyawddisayde may reduced into the
reactor by an airlock or other suitable device. For further process

control , tHeYFiGest@xifts nfaHe i des? g Separdit s on el €& i de ol | ect ed

In a sepgiate gont.alner of @d %%c!e‘fkr& he; fd n&s. e he dgd 4o ghe reactor

fromthe tank. The fines may al so ecycled by conmbining the Tines with
t he feed gasoiandiortie carreervigds thg (O81dustheyax Harrstg exgdyaiged heo
fines/gas ,separat.ion device typically contains hydrogen and carrier gases
and may be ‘SuBjECt¥d to further processing. For exanple, aportion of the

exhaust gas nepodB2 comx essed andtdi | ziekd ot hefapogesses sid hin the
system In addition or alternatively, a portion of the exhaust gas may be
recycl ed R tHel 9edct Dreazea "ot | EICRass 1% Wiieh @aeentgration in

the reactor. In conventional fluidized bed reactor
systems, the overall fines production rate is generally
greater than the overall fines scavenging rate, resulting
in the discharge of fines with the exit gases. Recycling a
portion or all of these fines results in an increase in
the fines concentration and a corresponding increase in
the scavenging rate.

[0033] In some embodiments, only a portion of the
fines exiting the reactor are recycled. The net production
rate of fines is finite in the reactor but is lower than
that in an otherwise identical system operating without
fines recycle. The fines selectivity of the system (i.e.,
the fraction of converted thermally decomposable gas that
ultimately leaves the system as fines) can be controlled
by varying the portion of fines being recycled.

[0034] In some embodiments, substantially all of the
fines exiting the reactor are recycled back into the
reactor. In other embodiments, a portion or all of the
fines are fed to an additional fluidized bed reactor

rather than the reactor in which they were generated.



portion or all of the recycled fines may be recycled by conbining the fines
with the exhaust gas being recycled to the reactor. [0032] The rate at

whi ch fimnwe 2as%eisgesavenged by the particlqg increases w PhTiusesoassmg fines
concentration in the reactor. In conventional fluidized bed reactor
systens, the overall fines production rate is generally greater than the
overall fines scavenging rate, resulting in the discharge of fines with the
exit gases. Recycling a portion or all of these fines results in an
increase in the fines concentration and a corresponding increase in the
SC?V?”m'g%iﬁgft [0033] In some enbodi ments, only a portion of the fines
exiting the reaé%or are recycled. The net production rate of fines is
finite in the reactor but is lower than that in an otherw se identical

systen1operat|ng wi t hout fines recycle. The fines selectivity of the system
(i.e., trHEx3nRls by %mmmﬁ@ﬁﬂula@%mﬁ, %ﬁ%}g CRRAH LGNS| t i mat el y
Ieaves t e Sy SRR BS-dd s é}@mrﬂde@ Rcy@ &1 Ng the portion of

fi nes beim—recmm—rm%m—mmmmj—smstanuauy all of the
fines exiting [MByledtior %ﬂ&mpkmyt$nmhinmﬂ¢esnther&quﬁﬂmqn Oﬂn ot her
enbodi nent s orthy or. all. of t{ﬁ t%nes re fed to an onal

f1uidize ?ﬁﬁ%r G Or kit et %%éﬁ & %ﬂﬁg C%ﬁ%ﬁﬁ?ﬂfﬂﬁb %Q?S

gener at ed:&XAMAESHxap] erilne Lomputere S il ationeofd St eadyrstate
Conditions in a Fluidized Bed Systemw th Fines Recycle [0035%1Th|s exanpl e

denonst r AR het et Rt gff recycle. This also represents
time-averaged steady state in the standard fluidized bed

reactor without fines recycle.

[0036] In a computer simulated example, wherein 100%
of the fines are recycled back to a fluidized bed reactor
producing granular polysilicon, the concentration of fines
in the reactor as a function of time was calculated. As
shown in Figure 3, the average fines concentration in the
reactor at time zero represents the steady state fines
concentration prior to recycling the fines. At time =zero,
the recycle was initiated and the average concentration of
fines in the reactor was calculated as a function of time,
using the computer simulation. The concentration quickly
increased, but leveled off at a new steady state. The
results, shown in Fig. 3, confirm that the fines may be
completely recycled without resulting in a continuous
build up of fines in the reactor system. Stated
differently, using 100% recycle, the concentration of
fines quickly reached a new steady state at which point,
the fines scavenging rate equaled the rate at which fines
were generated. While the actual fines density at a given
time-averaged steady state may vary depending on the

approximations in the computer simulation model, the



total fines density in a fluidized bed reactor with fines recycle (FRFBR)
Time zero refers to the condition in the FRFBR at the onset of recycle.

Thi s al sowpepeesessvs t he ti ne-aver aged stlﬁady state in rhe/steaadasds
fluidized bed reactor without fines recycle. [0036] In a conputer sinmulated
exanpl e, wherein 100% of the fines are recycled back to a fluidized bed
reactor producing granular polysilicon, the concentration of fines in the
reactor as a function of time was calculated. As shown in Figure 3 , the
aver age fdurlsl toncentlredtd oy o e esicttorm atetd mehlerss riegraisent s t he

st eady state Sfal1 nes concentration prior to recycling the fines. At tine
zero, the recycITe' was initiated and the average concentration of fines in
t he reactor wap)a3l cultedred rasr @ddatinet ionengdntd nef tisd ngrdhenconput er

simul ati on. The concentration quickly increased, but |eveled off at a new
st eady stIHRENTHI rPsUHiS PEHFI §h FPABenedht) rihesRtt 1 hd'9 i nes may be

conpl et el y,.r goygl ed, wi thout, resylting ina sontinuqus. buld d yp,of, fines in

the reactor system Stated differently, using 100%recycle, the
concent r athan Gierfe rrese quickdy mese held Ehaew ateady. sttat ecatmsvhi ch poi nt,

the fines, scavengi ng, rate ual ed, the rate at which fines re generated.
Wil e the GOt S ihes datoi iy #1 vatr 1 e, GVet dgd i ehdy State may
vary depenging 0re tAHed aproxi Hedt 1100Srd Md e < it i o rsd 1M Bdni ot srodel

t hequal i tative behavior of the system neverthel ess remains the sane. [0037]
When i nt rodirs Agadl efsntst e el Prsent i nvention or the preferred

embodi ment s (5906§§¥(%H’vfgwaof the above, it will be seen that the

several objects of the invention are achieved and other
advantageous results attained.

[0039] As various changes could be made in the above
methods without departing from the scope of the invention,
it is intended that all matter contained in the above
description and shown in the accompanying figures shall be

interpreted as illustrative and not in a limiting sense.



articles "a", "an", "the" and "said" are intended to nean that there are
one or nore of the elenents. The terns "conprising”, "including" and

"havi ng" woeoémisessded to be inclusive andgsmean that thepeTrsygode4sdeitional
el ements other than the listed el enents. F0038] In view of the above, it
will be seen that the several objects of the invention are achieved and

ot her advant ageous results attained. [0039] As various changes could be
made in the above nethods w thout departing fromthe scope of the

i nventioffhdt iz dimieridédighat all matter contained in the above
description and shown in the acconpanying figures shall be interpreted as
illustrative and not in a limting sense.Wat is clainmed is: 1 . A process
for produci ng polrycsysdadd i Mer Sbd Do repngad i vt Ngs t Lot rde td g Sdd | con
particles with a thermally deconposable silicon conmpound in a reaction
chanber t@8ause 'si1icon to deposit onto the silicon particles, the silicon
parti ol es | ncreasing 4y siz@ am sldiconds gdapes] tadpherein a portion of
the silicon deconposabl®e conmpound deconposes to produce silicon dust;
d|schargmqump@$ﬁnudwﬂlﬁaqnn¢¢mpqmﬁ¢tmmnidmmﬂnﬂ@nammmbﬂrdducing at

| east a portlon the dis ed S|I|g§? du to the re ctlo chanber to

cause thezﬂﬁ§%ﬁﬁ' %P%lq?céﬁ) E Y- %9%MQ%¥§ Si1i'con particles
2 . A processn asasSetc Ty tihd e Ld Bign in vmzeelans add1don is

deposited, wherein a portion of the silicon decomposable
compound decomposes to produce silicon dust;

discharging silicon dust from the reaction chamber;
and

introducing at least a portion of the discharged
silicon dust to the reaction chamber to cause the
discharged silicon dust to agglomerate with the silicon

particles.

2. A process as set forth in claim 1 wherein all of
the discharged silicon dust is introduced into the

reaction chamber.

3. A process as set forth in claim 1 or claim 2
wherein the silicon dust is discharged from the reaction

chamber with the spent gas.

4. A process as set forth in claim 3 wherein the

discharged silicon dust is separated from the spent gas.

5. A process as set forth in claim 4 wherein a feed
gas comprising the decomposable silicon compound is

continuously introduced into the reaction chamber and



the discharged silicon dust is introduced into the reaction chanber. 3 . A
process as set forth in claiml1l or claim2 wherein the silicon dust is

di schar gewof2n@mssdse reaction chamber with;the spent gasPC#/US209pusIE€SS as
set forth in claim3 wherein the discharged silicon dust is separated from
the spent gas. 5 . A process as set forth in claim4 wherein a feed gas
conprising the deconposable silicon conpound is continuously introduced
into the reaction chanber andwherein the discharged silicon dust is

i nt r oducedhdrrion tiHee fdiethpasygpt i ol teon mMuwduet | o jotwcedhel rleaction
chanber . A process as set, forthinclaim4 or_claims5 erein the

di schar gefcieescl1 Iqégso dust 6‘tios lsnetpraoréz; (:L}Edl Tt olnﬁla% eéqsepern a%calsorbyg}%wkfer%’ti on. 7 .
A process as set forth in any one of clains 3 to 5 wherein a portion of the

di scharged silicon dust is introduced to the reaction chanber with a
portion of the®sdetr RS B SH profcdssi s set™ forth Gitidhy’ one of cl ai s

L 10 7 WhalSidy A B tdanol ddie Sidican Pl | d esod e Jegpyagd ram the
reaction chanber as polycrystalline particles product. 9 . A process as set
forth i n srsntoremofoxl @i erdttan 8 wherein the particles are between about
800 nm and about 1200 mmin nom nal dianeter. 10. A process as set forth in
any one of clains 1 to 9 wherein the silicon dust is |less than about 5 nm

in nom nal di aneterprddesd ¥ agessrastisetn fard hhdd @nyconendfs cdaigs 1 to
wherein a portion of the discharged silicon dust is
introduced to the reaction chamber with a portion of the

spent gas.

8. A process as set forth in any one of claims 1 to 7
wherein a portion of the silicon particles is removed from

the reaction chamber as polycrystalline particles product.

9. A process as set forth in any one of claims 1 to 8
wherein the particles are between about 800 um and about

1200 pm in nominal diameter.

10. A process as set forth in any one of claims 1 to
9 wherein the silicon dust is less than about 5 um in

nominal diameter.

11. A process as set forth in any one of claims 1 to
10 wherein the temperature of the reaction chamber is

between about 200°C and 1400°C.

12. A process as set forth in any one of claims 1 to
10 wherein the temperature of the reaction chamber is

between about 600°C and 700°C.



10 wherein the tenperature of the reaction chanber is between about 200 0C
and 1400 OC . 12. A process as set forth in any one of clains 1 to 10
wher ei n twe 2oemsessat ure of the reaction ghanber is betweem/ sbavin4sSOC and
700 OC .13. A process for producing polycrystalline silicon conprising:
depositing silicon froma thermally deconposable silicon conpound onto
silicon particles to form polycrystalline particles product; deconposing
the thermally deconposabl e silicon conpound to formsilicon dust; and
scavengi ng thel3i |4 corpahst Wt hesidicorn partyel wstallisng atel subst antial |y
equal toéhncla Jate at which the silicon dust is fornmed. 14. A process as set
forth in €& M3 Wherein silicon is deposited onto the silicon particles
in a reaction ddadderindg 5 i A @0ceSsn as Sedriforth derahed sadide wherei n t he
silicon dust is discharged fromthe reaction chanber. 16. A process as set
forth i n THai TANLS WRAIETH THE di Sty 5§15 on dusioi™ recycl ed back to

the reaction, chanber; ;7 A-p&ﬁ; as,set forth in claim15 or claim16
wherein téherym [7i con dlunst Fi)as dli e af%red fromthe reaction chanber with the

spent gas. 18.dAgprnuressy ashsethdondhl vy et aion dab Wheriel icdrhe di schar ged
silicon dust is separ ed fromthe spent_ gas. 19. A process as set forth in
?é@ on dust; a

t
cl ai m 18 WHErEHH a Gm silic

scavenging the silicon dust with silicon particles at
a rate substantially equal to the rate at which the

silicon dust i1s formed.

14. A process as set forth in claim 13 wherein
silicon is deposited onto the silicon particles in a

reaction chamber.

15. A process as set forth in claim 14 wherein the

silicon dust is discharged from the reaction chamber.

16. A process as set forth in claim 15 wherein the
discharged silicon dust is recycled back to the reaction

chamber.

17. A process as set forth in claim 15 or claim 16
wherein the silicon dust is discharged from the reaction

chamber with the spent gas.

18. A process as set forth in claim 17 wherein the

discharged silicon dust is separated from the spent gas.

19. A process as set forth in claim 18 wherein a feed
gas comprising the decomposable silicon compound is

continuously introduced into the reaction chamber and



gas conprising the deconposable silicon conmpound is continuously introduced
into the reaction chanber andwherein the discharged silicon dust is

i ntroducewoizntisgése feed gas prior to inggoduction intoPCHASZ@ROE8906
chanber. 20. A process as set forth in claim18 or claim 19 wherein the

di scharged silicon dust is separated fromthe spent gas by filtration. 21
A process as set forth in any one of clains 17 to 2 0 wherein a portion the
di scharged silicon dust is introduced to the reaction chanber with a
portion ofhetmispdm Gaxchaxred Spriovesslust set fortddigedmnionetlof cl ai ns
13 to 2 Lwhereln g portion of the silicon panticles.is renpyed from the
reacti on chanber- as poﬁ ycrysrf al 19 ne particies proaeuc% X a/&“pro'cess as
set forth in any one of clainms 13 to 22 wherein the particles product is
bet ween about 800 nm and about 1200 mm.in nom nal dianeter. 24. A process
as set forth i4P arfy RMEDTS ARi TRt 1P H 25 et 8l nt & Her sF13E®nt Yust is | ess

than aboygpS.di ihaiof ials HATRLEr: 2P afb PracessLas 08 fant hfd any one

claims 13 to 24 erein the tenperature of the reaction chanber Is between
about 200 armbd490 DA tr@6iotA process as set forth in any one of clains
13 to 24 wherein the tenperature of the reaction chanber is between about
600C and 700 OC .

21. A process as set forth in any one of claims 17 to
20 wherein a portion the discharged silicon dust is
introduced to the reaction chamber with a portion of the

spent gas.

22. A process as set forth in any one of claims 13 to
21 wherein a portion of the silicon particles is removed
from the reaction chamber as polycrystalline particles

product.

23. A process as set forth in any one of claims 13 to
22 wherein the particles product is between about 800 um

and about 1200 pm in nominal diameter.

24. A process as set forth in any one of claims 13 to
23 wherein the silicon dust is less than about 5 um in

nominal diameter.

25. A process as set forth in any one claims 13 to 24
wherein the temperature of the reaction chamber is between

about 200°C and 1400°C.

26. A process as set forth in any one of claims 13 to
24 wherein the temperature of the reaction chamber is

between about 600°C and 700°C.



