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particles and a nethod for efficient production of the
same for use in the sem conguctor i ndustry. BACKGROUND
[ 0002] Most single-crystal silicon used in the
sem conductor industry is prepared by the Czochral sk
("Cz") process. In this process, a single-crystal

silicon ingot is produced by nmelting high purity
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and ot her advantages of granular silicon are described
in nore detail in co-assigned U S. Patent No. 5,919,3
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raimdact dbhe seed crystal as molten silicon solidifies at the
crystal-melt interface in single crystal form. Granular
silicon offers certain advantages over chunk silicon as a
source of high purity silicon to be melted in the crucible.
For example, granular silicon is less likely to damage the
crucible, takes legs time to load into a crucible, and can
be used to recharge the crucible with silicon during the
crystal growing process. These and other advantages of
granular silicon are described in more detail in co-assigned
U.S. Patent No. 5,919,303, the disclosure of which is hereby
incorporated by reference.

[0003] Granular silicon particles can be produced in
fluidized bed reactors by chemical vapor deposition (CVD).
This process and related technologies are described in U.S.
Patent Nos. 5,405,658; 5,322,670; 4,868,013; 4,851,297; and
4,820,587, the contents of which are each hereby
incorporated by reference. In general, a particle bed
comprising silicon seed particles is fluidized in a reactor

and contacted with a thermally decomposable silicon



and contacted with a thermally deconposabl e _
silicondeposition gas conprising a silicon-bearing
weommpoesd at a tenperature above the deconposi PEDIS2005/040559
tenperature of the conpound. This results in _
deposition of silicon on the,surfaces of the particles
in the fluidized bed. It is often desirable for the
silicon-bearing conmpound in the deposition gas to be
silane (SiH4), but it is also possible to use other
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reactor within a desired range.

[0004] Decomposition of silicon from silane in a
fluidized bed reactor can result in heterogeneous deposition
(i.e., the silicon is deposited on a surface such as the
surface of a seed particle) or homogeneous decomposition
(i.e., the silicon decomposes as a new very small amorphous
particle). Generally speaking, heterogeneous deposition is
preferred. Homogeneous decomposition presents several
problems. First, the amorphous particles produced by
homogeneous decomposition, also known as fines, are very
small (e.g., 10 microns or less). Because of their small
size, the fines can easily be blown out of the fluidized bed
and into the reactor exhaust system or otherwise lost.

Under some operating conditions the production of fines cuts

the process yield (i.e., the percentage of decomposable



and into the reactor exhaust system or otherw se |ost.
Under sone operating conditions the production of

wo 2wed6wt s t he process yield (i.e., the percePCHYS2005/040559
deconposabl esilicon in the silicon deposition gas that
is converted to useful siligpn particles) by 20
percent or nore. Fines that do not get lost in the
exhaust pose problenms as well because they can coat
the harvested silicon particles, which nakes them
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fluidized bed, the velocity of gas bubbles through the
fluidized bed, the total surface area of the particles in
the fluidized bed, the concentration of the silicon-bearing
compounds in the deposition gas, and a variety of other
factors can affect the ratio of homogeneous decomposition to
heterogeneous deposition.

[0006] It is generally desirable to increase the
reactor throughput (i.e., the rate at which silicon is
deposited on the seed particles) to reduce the manufacturing
cost of granular silicon. Throughput can be increased by
increasing the concentration of the silicon-bearing compound
in the deposition gas. When the concentration of silane is
above about 10 mole percent, for example, silicon is
deposited on the surfaces of the particles at a

significantly faster rate than when the silane concentration



in the deposition gas. Wen the concentration of
silane is above about 10 nol e percent, for exanple,

W@ 200606860 S deposited on the surfaces of the pBCT/U81085040559
at a significantly faster rate than when the sil ane
concentrationis about 5 nole, percent or I|ess.
Unfortunately, increasing the silane concentration is
also correlated with an undesirable increase the ratio
of honbgeneous deconposition to heterogeneous
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silicon deposition during the low throughput phase tends to
cement fines to the surfaces of the particles. Fines that
are cemented to the surface of a particle are added to the
silicon yield rather than being lost as waste. The amount
of dust in the final product is also greatly reduced. The
tradeoff is that throughput of the reactor is limited by the
need to operate in low-throughput mode. It is often
necessary to operate the reactor in low-throughput mode for
more than 15 percent of its total operating time in order to
achieve adequate dust reduction. Furthermore, some of the
fines generated during the high-throughput mode are still
wasted. Similarly, U.S. Patent No. 4,784,840 teaches that
dusty silicon particles grown in a reactor operating in
high-throughput mode can be transferred to another fluidized

bed reactor that performs the cementing process by



achi eve adequate dust reduction. Furthernore, sonme of
the fines generated during the high- throughput node
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O teaches that dusty silicon particles grown in a

react or operating in high- gyroughput node can be
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performs the cenmenting process bycontacting the
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Vi i nt:rel |sfactor because t he
COds%e%l\(l:‘F(;tng{% ea ﬂu{ Zpré']ft cq‘t £ %/ojz%vﬁp%?n‘b?mf FiQR @M sitane
gaSMMHHbW&yqnﬁ#Ehrﬂﬂﬁ?tnptnenthrﬁﬁyrghﬁigfaf%?¥§¢§?@?u§b the

ond .react.or. .t ate a | ow roughpu
SR TR CHIHLI ' GO G DY s hocieueE T He
wodﬁ@ihdwrmiﬂﬁmblr@am Qstvdfd Sﬁaﬁlngilrthésj.uﬁfeim in a
t ranul ar silicon is anather concern.
‘%3 H%let"’ﬁcetéxi &ff%hte ed?ﬁﬁea?r 14} 13 dRY gerqughete gppde .
Alsm)nttﬂm eited d N> Iﬂxtmn fitlds gbhaise defard s i be
ncor par at ed |nto the crystal, ingot. A nunber of
thro@@%ﬁ?gﬁ:o B4 & St Us & i s¥duce the inpurities
i n [groasl arPLﬁ:':L't'yCQi‘f oy gfbiﬁﬁ%&e,sfil%orfafse'&nd\&er
4,871,524 is directed to a hydrogen purification

Conﬁﬁﬁgbssﬁﬂmqﬁ%ﬂ%?ﬁ(ﬂn;ﬁhﬁfgnaﬂyﬂﬂnhﬂxﬁacqn)paﬂumﬂﬂes can
conk@@magd tRROSANGIRMS me-E.ly U Rd J%f%fc%%e ns g)nrsp 2 E d

used as a carrier gas for the silicon-bearing ¢
mCPé‘PﬁE\?ﬁ{t@@elﬁlﬁ@ pi}@ﬁ WY@ftaQJr dmgodr. siA imombepr aduced in

tecRrblileee el JedCitleg BMlBhie ECNI0NO0N NA5 1

been devel oped to puri A58 G
grapudaucsiddcon.gr Foul dmssianioson har.t ikdltemit These, 871,524

f ul b
1a ShLOLLE B DECR QUL rsessAL | B onalld 10, S

purffyiidoz bgrdvede@Vbor eatboe. HoReH9 kndh phive peidierudhantthi s
pux SSURCLOB U380l PBKGaR LoD Seed dods ballng i
silgenerakhyivharampeundedobympirgher the purity of granular
silicon produced in a fluidized bed reactor. Similarly,
technology has been developed to purify silane gas for use
in production of granular silicon particles. These efforts
have been quite successful in enabling very pure silicon to
be deposited on particles in a fluidized bed CVD reactor.
[0009] On the other hand, technology used to make
silicon seeds lags behind in that seeds used to feed
fluidized bed reactors are generally characterized by higher
levels of contaminants than the silicon deposited by CVD
reactors. It is difficult to make seeds without
contaminating them because the seeds are typically produced
by grinding, smashing or otherwise causing larger silicon
particles to break into smaller seed-sized particles. This
generally requires the seeds to contact surfaces that have
been contaminated by metal. For example, one common method

of producing silicon seed is disclosed in U.S. Patent No.



| evel s of contami nants than the silicon deposited by
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produced by grinding, smashi ng or otherw se causi ng
| arger silicon particles to break into smaller
seed-si zed particles. This égnerally requires the
seeds to contact surfaces that have been contam nat ed
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fluidized bed reactor can be decreased by forming some of
the silicon seeds inside the reactor. Some self-seeding
naturally occurs inside fluidized bed reactors as some of
the homogeneously deposited fines coalesce into particles
that are large enough to avoid being blown into the exhaust
system and that provide a large enough surface to accept
silicon deposits. While this natural self-seeding may
account for some of the seeds needed to keep the number of
particles in the reactor within a desired operating range,
it is not enough. Thus, various self-seeding reactors have
been developed to increase the number of seeds produced
inside a fluidized bed reactor. For example U.S. Patent No.
4,424,199, describes a fluidized bed reactor in which a high
velocity gas jet acts on larger silicon particles collected
in a boot separation chamber at the bottom of the reactor to

comminute some of the larger silicon particles and produce



silicon deposits. Wiile this natural self -seeding nmay
account for sone of the seeds needed to keep the
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operating range, it is not enough. Thus, various self
-seedi ng reactors have been peveloped to increase the
nunber of seeds produced inside a fluidized bed
reactor. For exanple U S. Patent No. 4 ,424, 199 ,
describes a fluidized bed reactor in which a high
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sidewall of the reactor to prevent the homogeneously
decomposed particles from adhering to the sidewall.
Materials that could be made porous to serve as the sidewall
can contaminate the gas and introduce contaminants to the

seeds.

SUMMARY OF THE INVENTION

[0012] 1In one aspect of the invention, a method of
producing semiconductor grade granular silicon particles
generally comprises introducing primary seeds produced in a
fragmentation process and having a first average size into a
first chemical vapor deposition (CVD) reactor. Additional
silicon is deposited by chemical vapor deposition from a
silicon deposition gas flowing through the first CVD reactor
onto the primary seeds to increase their size and form

secondary seeds. Other secondary seeds are formed by



seeds . SUMVARY OF THE I NVENTI ON [0012] In one aspect

of the invention, a nethod of produci ng sem conduct or
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i ntroducing primary seeds produced in a fragnentation

process and having a first g//erage size into a first

chem cal vapor deposition (CVD) reactor. Additiona
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seceRiRast tdcamgeneral |y conprises a plurality of
freefl owing silicon particles having a total weight of

at 1004st] abusgtag asRRCH At i e siniant Wn avergganular
iR R Tty SR L RS, LD 2P e
£l oyrigneulserl isldn qer teiorisss itd winmgenaratidly veoigitt sef @t least
bl 1oy of APONI0 3 B0 B e
metper comcegit ettd quardfl dlesss arlmrbet viegpkabout 250 and

ab%tOI ﬁOOIrH' %/re nsétrloQ:hSelrzeaspect of the invention, a
granular silicon composition generally comprises a plurality
of free-flowing silicon particles having a total weight of
at least about 300 kg. At least 99 percent of the particles
are between about 250 and about 3500 microns in size.

[0015] 1In still a further aspect of the invention, a
method of producing granular silicon particles generally
comprises introducing primary seeds having a first average
size into a first chemical vapor deposition (CVD) reactor
and depositing additional silicon by chemical vapor
deposition from a silicon deposition gas flowing through the
first CVD reactor onto the primary seeds to increase their
size and form secondary seeds having a second average size
larger than the first average size of the primary seeds.
Secondary seeds produced in the first CVD reactor and having
the second average size are introduced into a second CVD
reactor. Additional silicon is deposited by chemical vapor

deposition from a silicon deposition gas flowing through the
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[0017] Fig. 1 is a schematic cross section of a
granular silicon particle having a seed forned in a

BR IR @EIURIBTION A e, JrOMINGEFig. 2 is a wor kfl ow

di a[%roa}l.n%]Of Faign?tlhoids Oa].c schematic cross section of a
granular silicon particle having a seed formed in a
fragmentation process;

[0018] Fig. 2 is a workflow diagram of a method of
manufacturing granular silicon;

[0019] Fig. 3 is a schematic diagram of a three-
reactor system suitable for production of granular silicon
according to the present invention.

[0020] Corresponding reference characters indicate

corresponding parts throughout the drawings.

DETAILED DESCRIPTION

[0021] Granular silicon of the present invention is in
the form of a plurality of free flowing silicon particles
(granules) . Some of the particles comprise seeds produced
in a fragmentation process and other particles comprise
seeds formed by coalescence of homogeneously decomposed

particles inside a reactor. Referring to Fig. 1, for



manuf acturing granular silicon; [0019] Fig. 3 is a
schemati c di agram of a threereactor systemsuitable

wo oroefpsseuct i on of granul ar silicon accordi ng POT/UR®05/040559
present invention. [0020] Correspondi ng reference
characters indicate correspggding parts throughout the
drawi ngs . DETAI LED DESCRI PTI'ON [ 0021] G anul ar
silicon of the present invention is in the formof a
plurality of free flowing silicon particles (granules)
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decomposed particles in a fluidized bed reactor.

[0022] Because of the well-known difficulties in
breaking silicon particles down to seed sized particles
without introducing contaminants, the seed 3 generally has a
higher level of contamination than the surrounding silicon
5, at least initially. In particular, the seed has a higher
concentration of transition metals (e.g., Ni, Fe, and Cr)
than the surrounding silicon. The different contamination
levels of the seed 3 and the surrounding silicon 5 is
schematically indicated in Fig. 1 by the different density
of speckling. Diffusion of contaminants from the seed 3 to
the surrounding silicon 5 can alter the levels of
contamination of the seed and the surrounding silicon over
time, but this diffusion does not affect the overall
contamination level of the particle 1 or of a granular

silicon product comprising a plurality of such particles.



breaking silicon particles dowm to seed sized

particles w thout introducing contam nants, the seed 3
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surrounding silicon 5, at least initially. In
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[0024] Those skilled in the art will recognize that
granular silicon of the present invention will generally be
handled, transported, sold, and used in the form of a large
number of silicon particles. Further, the particles
normally vary somewhat in size, shape, and structure. For
example, some or all of the particles may be oblong or
irregularly shaped rather than approximately spherical. The
particles will not all be the same size. Instead, the
particles will have a size distribution. Further, in
contrast to the particle 1 shown in Fig. 1, particles £formed
from seeds generated inside the fluidized bed reactor
typically have the same low contamination levels in the seed
and the surrounding silicon. The granular silicon product

will be made up of particles having both kinds of seeds.



silicon deposition procedure. [0024] Those skilled in

the art will recognize that granular silicon of the
wWEe@so6660 nventi on will generally be handl ed, PCT/US2005/040559

transported, sold, and used in the formof a |arge
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account for between about 0.5 percent and about 1.5 percent
of the total mass of the granular silicon.

[0026] Because the contamination attributable to the
seeds produced by fragmentation is diluted by a larger
amount of higher purity CVD silicon, the granular silicon of
the present invention has higher purity than conventional
granular silicon. Seeds produced by fragmentation are
notorious for transition metal contamination. Thus, in one
embodiment of the invention, the granular silicon contains
less than 0.2 ppba transition metals (i.e., sum of Ni, Fe,
and Cr). More preferably, the granular silicon contains
between about 0.15 and about 0.1 ppba transition metals.
Most preferably, the granular silicon contains no more than
about 0.1 ppba transition metals. The iron content of the
granular silicon is preferably less than about 0.13 ppba.

More preferably, the iron content is between about 0.07 ppba



silicon. Most preferably, the seeds forned by
fragnmentati on account for between about 0.5 percent
wareeabwed 1 .5 percent of the total nass of tPET/US2005/040559
granul ar silicon. [0026] Because the contam nation
attributable to the seeds pggduced by fragnentation is
diluted by a | arger anount hi gher purity CVD
silicon, the granular silicon of the present invention
has hi gher purity t han conventional granul ar silicon.
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[0027] It is desirable for the particles to be
suitably sized for use in a CZ crystal puller. Size of the
particles is also important because operation of a fluidized
bed reactor being supplied with seeds below a certain size
(e.g., 50 microns) is impractical and inefficient. However,
larger seeds produced in a fragmentation process introduce
more contaminants. As noted above, the particles normally
vary somewhat in size and other characteristics. Therefore,
particle size is specified as an average. Thus, the silicon
particles of the granular silicon preferably have an average
size between about 800 and 1200 microns. More preferably,
the particles have an average size between about 900 and
1100 microns. Most preferably, the particles have an
average size between about 950 and 1050 microns.

Preferably, at least 99% of the particles range in size from



silicon is attributable to surface dust. As used

herein, the termsurface dust refers to materi al
w@odvess2s60 t 0 t he surfaces of the particles thapCT/aR2008040559
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size of the seeds generated by a fragnentation process
s1liigozh o gapsd tHes @%s.gl{wfﬂr THe Gidh Afarthg RRSIETY
1invidit e SRAGHINE WAt 300 kg can be packaged (e.g., in a
drum) for transportation. Also consistent with current
industry practice for conventional granular silicon,
guantities of granular silicon of the present invention
weighing about one metric ton can be sold as one unit.

[0029] The granular silicon of the present invention
can be used in virtually the same manner as ordinary
granular silicon. Because of the low level of
contamination, however, the granular silicon contributes
fewer contaminants to silicon products (e.g., semiconductor
material) made with the granular silicon than would be
contributed by conventional granular silicon. This
facilitates production of silicon products having higher
purity and fewer defects. The relatively uniform size
distribution and low dust content of the granular silicon
also makes it easier to handle, and facilitates charging and

recharging of crucibles with the granular silicon.



can al so be produced in commercially rel evant
guantities using the nethods described bel ow. For
WO p@basse) consi stent with current industry prBECT/USE05/040559
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Manufachurdhd Hracessi|led in the art will recognize

that031] Referring to Figs. 2 and 3, a manufacturing

method of the present invention includes the following basic
steps. First, as shown in Fig. 2, primary silicon seeds are
produced by breaking larger silicon particles into seed
sized silicon particles of a first average size. Then the
primary seeds are fed to a first fluidized bed reactor where
they are grown into intermediate-sized secondary seeds of a
second average size by thermal decomposition of a silicon-
bearing compound in the first reactor. The secondary seeds
are fed into a second fluidized bed reactor where they are
grown into granular silicon particles of a third average
size by thermal decomposition of a silicon-bearing compound
in the second reactor. Then the granular silicon is fed
into a dehydrogenator that reduces the hydrogen content of
the silicon particles and eliminates some of the surface
dust adhering to the granular particles. Each of these

steps will be discussed in more detail below.



for any of nunmerous other reasons, it is possible or
even desirable to relax or deviate fromone or nore of

W b@eobmss@ct eri stics |isted above w t hout depaP€T/N§2005/040559
fromthe scope of this invention. Manufacturing
Process [0031] Referring tq, Figs. 2 and 3, a
manuf acturing nmet hod of thé present i nvention includes
the follow ng basic steps. First, as shown in Fig. 2,
primary silicon seeds are produced by breaking |arger
silicon particles into seﬁd sized silic artic es of
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Into the first reactor have a first average size of
and| @BeutnafOaBdGEOPS50 microns. Preferably, the primary

seq@933] The primary seeds can be formed by crushing,
grinding, milling or any other process for breaking silicon
particles into smaller particles. One particularly
desirable way to produce silicon seeds is to strike a
silicon target with a stream silicon particles (e.g., 300 -
2000 micron particles) substantially as described in U.S.
Patent No. 4,691,866. The resulting silicon fragments are
sorted by size to separate particles that are suitable for
use as seeds from other particles. For example, the
particle classifier shown in U.S. Patent No. 4,857,173,
which is hereby incorporated by reference, may be used to
sort silicon fragments according to size to obtain a supply
of suitably sized seeds. It is desirable to produce primary
seeds having as little contamination as possible, but the
seeds will usually have a transition metal concentration of
about 5-10 ppba. Advances in seed production technology may

allow seeds having lower contamination levels than can



have a first average size between about 50 and about

150 mcrons . Mire preferably, the primary seeds have
w@2doeele6@ver age si ze between about 75 and 125r@i/TRINF040559

Most preferably, the primary seeds have a first

aver age size of about 100 g}'o,;rons. Al'so, in the
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the vessel 203 to an exhaust system (not shown). A heater
217 is provided to heat the vessel and its contents. The
heater can be any of a variety of heaters, such as
electrical resistance heaters, electromagnetic heaters,
magnetic induction heaters, or any combination thereof.
[0035] Operation of the reactor 201 involves forming a
heated particle bed 221 comprising the primary silicon seeds
in the vessel 203 above the distributor plate 209. The
particle bed 221 may be entirely made of primary seeds, but
it will typically be a combination of primary seeds,
previously added primary seeds that are already in the
process of growing into secondary seeds, and some particles
that have grown from homogeneously decomposed particles.
The particle bed 221 is fluidized by flowing a stream of
heated gas 207 up through the gas inlet 205 and distributor
plate 209. In the exemplary embodiment, for example, the



into the first fluidized bed (chem cal vapor
deposition) reactor 201. The configuration of the
WO e@eaa666 s not critical to the invention, butP€hES2005/040559
basi c design and operation of the exenplary reactor
shown in Pig. 3 wll be desgribed for illustrative
pur poses. The reactor conprises a generally
cylindrical vessel 203. A gas inlet 205 is provided at
;Pe 3otton1of the reactor 201 for supplying a
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in the gas 207 deconposes
percent silane. More preferably, the particles are
contacted with a gas comprising between about 16 and 24 mole
percent silane. Most preferably, the particles are
contacted with a gas comprising between about 18 and 20 mole
percent silane. Preferably, a mixture of silane and carrier
gas having the specified concentration of silane is
introduced to the reactor at the inlet 205 as shown in Fig.
3. However, it is understood that silane and the carrier
gas can also be introduced to the reactor separately, in the
appropriate amounts, and mixed in the reactor without
departing from the scope of the present invention. In the
present embodiment, the reactor 201 is operated with an
internal pressure between about 5 and about 15 psig.
However, the internal pressure can range from subatmospheric
to several atmospheres without departing from the scope of

this invention.



because of the heat provided by the heater 217 and

stored in the heated gas 207, the silicon particles
WQ2W6/060860 t he structures of the reactor 201. FPET/US2005/040559

exanpl e, the tenperature inside the reactor 201 may be

bet ween about 1100 OF and a?%ut 1300 OF . This causes

silicon to be deposited on e surfaces of the

particles 221. [0036] One aspect of the invention is

that the first fluidized bed reactor 201 operates

subst I al continpously in high- throughput node.
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avd®yaldize of at least about 250 microns. More preferably,
the average size of the secondary seeds is between about 250
microns to about 600 microns. Most preferably, the
secondary seeds have an average size between about 400 and
about 500 microns.

[0038] The amount of particle growth for a fluidized
bed reactor is commonly expressed as a growth ratio, which
is the ratio of the mass of the seeds added to the reactor
to the mass of the harvested silicon particles. The growth
ratio of the first reactor 201 is between about 13 and about
20. That range of growth factor indicates between about 1 /
13 and about 1 / 20 of the mass of the secondary seeds is
attributable to the primary seeds. The rest of the mass is
attributable to decomposition of the silicon deposition gas
and has a higher purity than the primary seeds. The growth
ratio of the first reactor 201 is augmented by production of

additional seeds formed by coalescence of homogeneously



For exanple, a portion (e.g., 15 percent) of the
particles can be harvested periodically (e.g., about
wer@cpeteour hours) . Additional prinmary seeds BECEUS2005/040559
periodically or substantially continuously fed to the
reactor to keep the total nupper of particles in the
reactor within a desired range. Because the particle
bed is thoroughly m xed by the fluidization process,
sonme of the secondary seeds harvested fromthe first
spent. no n . the first reactar ,
ael GRS rkr S8 et R heRer b b nEoaBtbhaary Saghgosed in
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preferably, the secondary seeds have an average
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EHombe riots Yt el et t92F 307 P FEng | g stllane
cor@ati i ti@e GhSLLSS etham about 7 mole percent and less

than the silane concentration of the gas 207 used to contact
the particles 221 in the first reactor 201. More
preferably, the particles 321 in the second reactor 301 are
contacted with a gas 307 having a silane concentration
between about 7 and about 13 mole percent.

[0041] The secondary seeds grow into larger granular
gsilicon particles, which are periodically or substantially
continuously harvested from the second reactor 301 in a
manner similar to the way particles are harvested from the
first reactor 201. Preferably, the granular silicon
particles harvested from the second reactor 301 have a third
average size between about 800 and about 1200 microns. More
preferably, the granular silicon particles harvested from
the second reactor 301 have an average size between about

900 and about 1100 microns. Most preferably, the granular



nore detail below [0039] The secondary seeds are fed

into the second fluidized bed (chem cal vapor
walewossaebdn) reactor 301, where they are gr ownPECTUS2005/040559

| arger granular silicon particles. As was the case

with the first reactor 201,25h¢ configuration of the

second reactor 301 is not critical to the invention.

I'n one enbodinent, (shown Fig. 3 ) the basic design

and operation of the second reactor 301 is

i Suhst 2 g lar to.-the first reactor except as
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321r§f8£8£z§8;bggg? ?£s3¥§53 esﬁg%fegeggeggeaggg know,
average particle size influences a number of other
characteristics of a fluidized bed. For example, for any
given ratio of fluidizing gas velocity (U) to the minimum
gas velocity capable of fluidizing the bed (U,.), bubble
bypassing is greater when the average particle gize is
smaller. An increase in bubble bypassing favors homogeneous
decomposition.

[0044] The average particle size of the particles in
the first reactor 201 is smaller than the average particle
size in an ordinary silicon producing CVD fluidized bed
reactor. It is also smaller than the average particle size
of particles in the second reactor 301. Conversely, the
average size of the particles in the second reactor 301 is
larger than would be found in a typical silicon producing
CVD fluidized bed reactor. For example, in one embodiment
the average particle size in the first reactor 201 is

between about 300 and 600 microns and the average particle



900 and about 1100 m crons. Most preferably, the
granul arsilicon particles harvested fromthe second
WO e@oha266B801 have an average size between abouPCEES20a51040559

about 1050 m crons. [00421 The growth ratio of the

second reactor 301 is bet vve? about 5 and about 10.

The conbined growth ratio of ‘the first 201 and second

301 reactors together (i.e., the ratio of the mass of

the primary seeds fed to the first reactor 201 to the
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than the gas velocity for the first reactor because of the
influence of average particle size on the value of U,
[0046] Because of its relatively lower U,;, the first
reactor 201 can be operated with a lower gas velocity than
the velocities ordinarily used for production of silicon in
a fluidized bed reactor. This allows a comparatively larger
fraction of the homogeneously decomposed fines to remain in
the fluidized bed 221 of the first reactor 201 rather than
being blown out through the exhaust outlet 215 into the
exhaust system. Accordingly, the first reactor 201
experiences an increase in the amount of self-seeding
because some of the homogeneously decomposed fines that
would normally be lost in the exhaust coalesce inside the
reactor to form internally-generated seeds that then grow
into secondary seeds. The increase in the fraction of
homogeneously decomposed particles that coalesce to form

seeds in the first reactor 201 also reduces the seed



CVD fluidized bed reactor. For exanple, LE ope t
enbodi nent the average particle size in e firs
WO e@oa66201 is between about 300 and 600 m crBEEUSIVES/040559
the average particlesize in the second reactor is
bet ween about 800 and 1200 mgicrons . [0045] The
smal | er average particle size of particles in the
first reactor 201 is nore favorable for honmpgeneous
deconposition and results in a | owner ng for :he EBESts
Gany I for th second reactor [
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velaghey of ThéshdoegenedustytHecampasedoti BesrtBakding in
the second reactor 301, but this is more than offset by the
increase in the ratio of heterogeneous to homogeneous
decomposition caused by the larger average particle gize in
the second reactor 301. Moreover, the higher gas velocity
in the second reactor 301 translates to more silicon
deposition gas being passed through the particle bed 321 in
a given amount of time for a given concentration, thereby
increasing the throughput of the second reactor 301.

[0048] The granular silicon harvested from the second
reactor 301 can be used as is without departing from the
scope of the invention. If the granular silicon is to be
used for recharge of a crucible in a C%Z crystal puller,
however, it will be desirable to reduce the hydrogen content
of the granular silicon. It may also be desirable to
further reduce the dust content of the granular silicon

harvested from the second reactor 301. Both hydrogen and



woul d normal |y be lost in the exhaust coal esce inside
the reactor to forminternally-generated seeds that
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fracti on of honobgeneously deconposed particles that
coal esce to formseeds in thg first reactor 201 also
reduces the seedrequirenent for the process, thereby
i nproving efficiency. The benefits of the self
-seedi ng nmake it economi cal to increase the
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silicon to about 0.3 to about 1.5 ppmw. This step also
reduces the dust content of the granular silicon. For
example, granular silicon particles harvested from the
second reactor 301 can have a surface dust content of about
0.1 to about 0.4 weight percent. The dehydrogenation
process can reduce the surface dust content to between about
0.01 and about 0.02 weight percent. More preferably, the
dehydrogenation process can reduce the surface dust content
to between about 0.01 and about 0.006 weight percent.
Preferably, the dehydrogenation brocess reduces the dust
content by at least about 80 percent. More preferably, the
dust content is reduced by at least about 95 percent. Most
preferably, the dust content is reduced by at least about 98
percent.

[0049] The methods of the bresent invention provide

advantages from the standpoint of product purity. They also



301 can be used as is w thout departing from

{ﬁzcgggpe of the invention. If the granular silicon is
Wwo oobecssed for recharge of a crucible in a CZPCT/ys10a5/040559

pul l'er, however, it will be desirable to reduce the

hydrogen content of the granylar silicon. It may al scr)]

be desirable to further reduce the dust content of the

granul ar silicon harvested fromthe second reactor
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antifipated gHtatherleasr . P el pirg erleb| ynvédeive methods will
want to take advantage all the advantages listed above
and/or discussed elsewhere herein, but it is possible for
skilled artisans to use the teachings herein to obtain the
benefits of fewer than all the advantages, if that suits
them, without departing from the scope of this invention.
[0050] Further, a variety of fluidized bed reactor
designs have been used to grow granular silicon from silicon
seeds. Those skilled in the art will be able to adapt
virtually any fluidized bed reactor suitable for
conventional production of granular silicon for use
according to the present invention. For example, there ig
great flexibility in the manner in which gases are flowed
into the reactors. Silicon deposition gas (e.g., silane)
can be introduced separately from the carrier (e.g.,
hydrogen). Some prefer to do this because it can facilitate

keeping the silicon deposition gas below the decomposition



dehydr ogenati on process can reduce the surface dust
content to between about 0.01 and about 0.006 wei ght
W@erco6des0 Pref er abl y, the dehydrogenati on pr oCcBEEUS2005/040559
reduces the dust content by at |east about 80 percent.
More preferably, the dust cont ent I's reduced by at
| east about 95 percent. Most preferably, the dust
content is reduced by at |east about 98 percent
[ 0049] The nethods of the present invention provide
teﬁ%%%%ﬂ&ﬁ@g e, st.andpoint of product purity. They
égso rOV|3@£%PEL%€e%§d?e%gﬁég?%g%%ef?%%?aﬁrom the
Parki¢kiencysicmdpo ntedBye Comdi v NMOGEHEE | & 51 5 .
on s&g@;}fg%lqhdétzed ed reactors_in t,he]?manner égglgr?%%‘a?lts
~ the yie d'can be 1Her PafRROSL LRGNt cande t he
intpeduashvwenttilonatequrast ifess Artdesa ' the
f14135%¥%§n&acan be increased about 1532?%£§%E§R %ﬁ p the
the bast Xonvent] SiaItiHroah Geelumalsiighmf tebet deat
varsasurledatn drerits e theydw@dd 0 «f A r of silic
couddrqduct i an .ta% the size of the re.actalcglﬁl?e \?éeussgcela few 'GP the
expl essed o SRRt ARe Rassddd ecr oss sect i onal
ar €4 06fL]t hemeeasefibdudiig @ L roughput
in t hr ough t he_ second reactlél‘rgi s%?Jte\ﬁlteslglg?tft ra%l%loeut ’%ﬁ?%/h
VBEFiRE or| khenprefssarede smbodsoeinied then@iot, R articles
"art hraughputhah tBhgyse ul tor.i s between about 140
kg/h per n2 and abou%%§ 5 E%%h185?n§§% ¥E@“ﬁ§Fh6@§t there
AT BB Pri RoresPgnithec ademeatisct i Thei Rethe G@&ﬁ?ﬁH%QHan
ninelufiAa sltgﬂa .S _hLn_conparisaqn.to the bhes . !
conven?ional p?gé?ﬁggs g?ngpgaﬂgﬁﬂgtﬁrEﬁuP§€1§ﬁPW@oﬁnd
meannthehefhprei maysbanaidipavedlt baembheseobhact kGLRd e
listbe enygotiye methods will want to take advantage aIP
t he advantages |isted above and/or discussed el sewhere

hef@PP2] budsivaisopssshivhge§ otoskill bednanti $ans Lo Hgee
erein to_obtain the benefits of Pewer

' in
com oL L L NP adiat o 23 e ChiiaE S but hdnpamiingufron

an a

the depape iof fronirenstone of 15 SnidNEOEI PBat 211 matter

contained in the above description and shown in the

accompanying drawings shall be interpreted as illustrative

and not in a limiting sense.
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[0050] Further, a variety of fluidized bed reactor
desi gns have been used to grow granular silicon from
wa@doboascceeds. Those skilled in the art w || PeT/akioes/040559
to adapt virtually any fluidized bed reactor suitable
for conventional production_of granular silicon for
use according to the presen%7invention. For exanpl e,
there is great flexibility in the manner in which
gases are flowed into the reactors. Silicon deposition
as (e.g., silane) can be introduced separately from
WHA&hésc&li%iIé’iED( d%., hydrogen) . Sone prefer to do this
because it can facilitate keeping the silicon
deposi tion gas bel ow the deconpositiontenperature
unti-l i B methest @f Bradve inshts emisanove eyt (dradss granular
. i N SHE%' i foiSddd deposits on
Sl%é’?gé’?a‘i%n c&%%ﬁ%]e sﬁpiitig{ﬁ%gleegosm iﬂiéo‘r%iﬁgas can be
i ntingadwcatitng o megat tssredst prafivdest ém 4 domgnamntfatoimn
proRSd LULHEIAGO2S Al &YER LU A Rl Lo 0l
inl'ets at "various location in e reactor, to nane
chepista la viegwrofdepos idduat | (88 )varsaaticons that are

po |.e. 00 . Nt s i I ts of 1
PP Rt idp B S Al P I v
depolzdrtdoin fAdven ar tdidliesord’ algpd'sintion tdeed' £ laovdi g diltt'owsgle the
,_int ed to . nean that .there are one or ,nore of the .

Firgte T SRR SRS S Tl ,Se’aidgsciti?dﬁibc'r,eaa%ed their
sizeéhavinForar edotreadsd deedes | ncl usi ve and nmean t hat

there ma e additional e]enents .qther th the |ist

L ot 2o teroy i GOl Al s kst (6D
realch®rabedd tiemRas iddcvitiapf aleriss; and nmet hods wit hout

departi fromthe scope of the inventjon, it igs,

T HC R, SERS AR UGRY i ity first cvD
read@Ihy isid QRvaRd ShWEdnY tHeeReEO Iy I IRG-FHAWHES the

. shall be interpreted as illustrative and not in a
finsithiaietg Se ST HS @TAMMELY |Sgeds into a second CVD

reactor; and

depositing additional silicon by chemical vapor
deposition from a silicon deposition gas flowing through the
second CVD reactor onto the secondary seeds to increase
their average size and form granular silicon particles
having a third average size greater than the second éverage

size of the secondary seeds.

2. A method as set forth in claim 1 wherein the ratio
of the mass of primary seeds added to the first CVD reactor
to the mass of the granular silicon particles of the third
average size produced in the second CVD reactor is less than

about 0.07.
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1 . A nmethod of producing sem conductor grade granul ar
silicon particles conprising the steps of :
WO nioso6ds6d Ng primary seeds produced in a fragneet/asi005040559

process and having a first average size into a first

chem cal vapor deposition (CYD) reactor,- depositing
additional silicon by chem Al vapor deposition froma
silicon deposition gas flowi ng through the first CVD
reactor onto the prinmary seeds to increase their size

and form secondar% seeds; ,form ng by honpbgenous
decdnpost £ oReFRohet f FE3imcyDpeseinr thadfirehapverage

siSeCcONday SeeHsSry LBLHSIYSI POLHEEANEBEYLSE8USnAT 9HHGE 150
in the first CVD reactor and having a second average

M1 | arger than the first average size of the primary
seeds into a second CVD reactor; and depositing
addi tional silicon by chem cal vapor deposition froma
si 14 con Heposethod @ésclﬁbw hgvheéreughthhessecnddatybage

sii@aﬁf0@h@h§@c$ﬁ&a§§°§@§&éyi%e@9§w%8ni3558§S§0P2§£& about

average size and formgranular silicon partic
60hamAFEPRst hird average size greater than the second
average size of the secondary seeds. 2 . A nethod as
set forth in claim1 wherein the ratio of the mass of
prifary Beedsetldd@dof octdimfl reie®nrelbet bhitd &herage

s Jsse afd he . grapul ac. sf Lico rticles féhethird
Sl%Verage size pﬁr?o ucée%jﬂén&%hga’%g%%%% d/%ol?% Wegh fout 800
and edxouthaR @dauicHoRg. 3 . The nethod of claim 1l wherein
the first average size of the primary seeds i s between
about 50 and about 150 microns . 4 . The nethod of
cl & m 1 Tierme rhodeo s echaihn av ewlagee 5ih zehof stéps of
depsoescl nidr% ySl fgg’n'c‘f’nbﬁén}"@f@l&boﬂ t%'?eo Pf:gs‘gbgrlf second CVD
reactors each comprises contacting the particles with at
least one silicon deposition gas, said at least one silicon
deposition gas comprising silane, wherein the deposition gas
in the first CVD reactor comprises between about 16 and 24
mole percent silane and the deposition gas in the second CVD
reactor comprises between about 7 and 13 mole percent

silane.

7. The method of claim 1 wherein the step of
depositing additional silicon in the first CVD reactor
includes passing the deposition gas through a first particle
bed including the primary seeds with the first particle bed
in a fluidized state, and the step of depositing additional
silicon in the second CVD reactor including passing the
deposition gas through a second particle bed including the
secondary seeds with the second particle bed in a fluidized
state, wherein the step of depositing additional silicon in
the first CVD reactor comprises flowing the deposition gas

upwardly through the first particle bed at a velocity that
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600 mcrons. 5 . The nethod of claim1 wherein the
third average size of the granular silicon particles
WO 200b06206€N about 800 and about 1200 mi crons. BCT/US1065/040559

met hod of claim 1 wherein the steps of depositing
silicon on particles in the flrst and second CVD
reactors each conpri ses congactlng the particles with
at | east one silicon deposition gas, said at |east one
silicon deposition gas conprising silane, wherein the

|t|on i.n the first CVD reactor conprises
eX%§$ Ween Ao éb%édgéﬂlab?%tb%?d%%%O%%FﬁnEOEnEh@hﬁlrSt
rewketpms,l twlmm:@m metia@ts@c:@ﬂdtlié/aféf@@i@y GEWPﬁéSEEOW of
npl e percent silane

ween .a %Jr
T2 SOHRG 1% A e BT {7 e S ofP of e dpbainengbed
£ 1 aickitti A4 toine xseicb@pmylﬂofh&lélfﬁfs%é@@&fois'ﬂéwgéﬁ 1 and
bcg%%r?g}% %)osmlon gas through a first particle
v d’fef}f*g‘f % nglrsp s%%diemﬂﬁ%% wcistlonal
s:LlelaIdn clre ted dddnd | el Zedsd At Com@nts %@%@f the

jting additional silicon in the secon
%&J&n iSRRI b sthmpudie tdeq)cﬁ,eqcmm rpst idteughd aat a

vekﬁﬁmﬁyjdﬁﬁﬂ|é¥déé&§jérﬁiﬂ&HdM’§u|d?@%x % éﬁwﬂer21%@y

Hjz'lsecon article bed in a f
S5 LT ngvheick i gl Isartlm:cmf ithe heeIdebty of

th&%@dmﬁ%ﬁt e]5e); Qsid 1,00, gas
upwar dl y %rsgla%h (%Lﬁgg?fi{ﬂrés)}%({)}'g)rrﬁ]% %%e S \%te? dty
minyiigite ek dd vd dizs taen Besllod iidifet itdre \eedamid yrdattor is

abogj%egét%ter{qa%trﬁ, B@_ﬂ&r n the ratio of the velocity
of the flow of gasat oﬁjg'h the first particle bed to

the m ni mum bed fl uidization velocity for the first
regctor ut »5.and wherein the step
of deposTllht%l ﬁlgtt\gg)?t | o%%lgf% té”o FHHY HdSs SR D
depogdttiog eddpciose Iy [rawitig licdve itepts tHi0m t0 s/ i dr
comb@&%%%hfﬁg%ligc%%% %%défaly % %dﬁgh a first particle bed

including the primary seeds at a first velocity and the step
of depositing silicon on secondary seeds in a second
particle bed in the second CVD reactor comprises flowing gas
upwardly through the second particle bed at a second
velocity, wherein the first velocity is slower than the

second velocity.

9. The method of claim 1 wherein the first and second
reactors combined have an overall growth ratio between about

65 and about 200.

10. The method of claim 1 wherein the throughput of

the second reactor is at least about 140 kg/h per m?.

11. The method of claim 1 further comprising the step
of producing at least 300 kg of the granular silicon



vel ocity that exceeds a m ni num bed fl ui di zati on

velocity for the second reactor, wherein the ratio of
wo b@ewedooci ty of the flow of gas through the sPCDO82005/040559

particle bed to the m nimum bed fl uidization velocity

for the second reactor is about between 1 and about 3

8 . The method of claim 13®herein the step of

depositing silicon on particles in the first CVD

reactor conprises flow ng gas upwardly through a first

particle bed including the primary seeds at a first
raxteiokes y vhirre e 22 awoxd thposi iprresnt coh ke granular

; SEEds e c

S R ot Ses T g e ooy Mg R e

second particle bed at a second velocity, wherein the

fir % ' I.S.S : n [ty._ 9 .

The Hiet Rod STES L gt g ol ot EE L
plumsslitoyr o oirsaerell dvavey agil biverral paigr ovk és risvionded weeba 1

: t ut %9?. GJhe net hod of claim
e et e?]ﬁ%%ewﬁahr ouag%pu 30@&51%’ s“ércl:%%e I}e@?:? o?a¥%l%—ltes have
an |ssestagh dutarish i deg/re tpel axdhedrit ratwomed ot of chaan no . 2
pp]_further conprising the step of producing at | east

'0 kg of the granular siliconparticles, wherein no
nore than 10 percent of the granular silicon particles

ar ess..t han abaut 60Q microns in size. 12 ._ A
o St ar T SRR b 195h GO S H 51 SHAT (32 of
whedreitr fHOW RIS ivid Tt PHf titied aSahevd Tk aid ol 1e®éghdbout
of at | east about 300 kg, wherein the particles have
ong Mt Adtransition netal concentration of |ess than
0.2 ppba. 13. The granular silicon conposition of

claim 12 wherein the total weight of the particles is
at 44astThSHIBHA et I ke fomposition of claim 12

wherein the particles have an average transition metal

concentration between about 0.15 ppba and about 0.1 ppba.

15. The composition of claim 12 wherein the particles
have an average boron concentration of no more than about

0.1 ppba.

16. The composition of claim 12 wherein the particles
have an average phosphorous concentration of no more than

about 0.1 ppba.

17. The composition of claim 12 wherein the particles
have an average carbon concentration between about 0.02 and

about 0.1 ppma.

18. The composition of claim 12 wherein the particles
have an average hydrogen concentration between about 0.3 and

about 1.5 ppmw.



14 . The granular silicon conposition of claim 12

wherein the particles have an average transition netal
w@omesdes@t i on bet ween about 0. 15 ppba and aboR€T/0S2005/040559

ppba. 15. The conposition of claim 12 wherein the

particles have an average bgion concentration of no

nore than about 0 .1 ppba .~ 16 . The conposition of

claim 12 wherein the particles have an average

phosphorous concentration of no nore than about 0 .1

ppba. . 17 . The co ositign of , claim 12 wherein the

partd vl eShatRRASLYEPRRE (At dHR tontRRTELRi bhcteerkéales

hawd it Hvélagads 8O Ube Bwedn Pitsdut 4068 andhgps@pPOSHYHI ON
., of claim12 wherein the particles have an average

MLHRIHgen concentration between about 0 .3 and about 1
.5 ppmw . 19. The conposition of claim 12 wherein the
particles have an average size between about 800 and
abotlt - 178te e erppeition offelabnpbli vhierebr keavasn2about

0. VErBld bedyees, §P ol b 006, ANt abput 50 02 pgggfﬂ%ueéble

the weight is attri'butable to surface” dust

to FFEMiae® 44¥$% con conposition conprising a plurality of
free-flowng silicon particles having a total weight
of at |east about 300 kg, wherein at |east 99 percent
of 2the pargramebanrsl bktorerrrposit P50 eorpaboing 3500

o . 76 The =< e

PR 48 FLA8 e S A ot LLper Garmes 4| e

welightatof extstlemst mtoutt I0h.kP3 whithein onpokedsonoofpercent
i ) [ i C an. aver age

ot i BAANELE fod 6 ORI SRS Y PUEARE 2500

microns in size.

22. The granular silicon composition of claim 21
wherein the total weight of the particles is at least one

metric ton.

23. The composition of claim 21 wherein the particles
have an average transition metal concentration of no more

than about 0.1 ppba.

24. The composition of claim 21 wherein the particles
have an average boron concentration of no more than about

0.1 ppba.

25. The composition of claim 21 wherein the particles
have an average phosphorous concentration of no more than

about 0.1 ppba.

26. The composition of claim 21 wherein the particles
have an average carbon concentration between about 0.02 and

about 0.1 ppma.
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than about 0.1 ppba . 24 . The conposition of claim?21
wherein the particles have an average boron
wa@omweosdes@t i on of no nore than about 0.1 ppba PCRES20051@40559

conposition of claim21 wherein the particles have an
aver age phosphorous concentration of no nore than

about 0.1 ppba . 26. The coh%osition of claim 21
wherein the particles have an average carbon
concentration between about 0.02 and about 0.1 ppna

27. The_conposition of claim 21 wherein the particles

hav# a %@%r%ﬁ%pﬁﬁh?%ﬁ%ﬁo%o%%%ﬁ?r%}|%%65%%V5EﬂeaB%HF191eS

have &E‘Cb. e Iy @rddRV cord@entPL: LOAPOSLNEOR fboGtabM ang
21 wherein the partlcles have an average size between

abiouk - BOZP®EMA about 1200 microns . 29. The conposition
of claim 21 wherein between about 0.006 and about 0.02

percent of the weight is attributable to surface dust
FB. A T m‘mnmsfp)’crm&ﬁgcjgamu2hrw13$r$i;1@ntlygerpart'esles

ha@%'é&&?a# s BLER5. Blci NLEQGLCA 89 B TREY, Sep05

having a St average sSize In |rs enlca

micrpoF. deposition (CVD) reactor; dep05|t|ng addi ti onal
silicon by chem cal vapor deposition froma silicon
deposition gas flow ng through the first CVD reactor
ont2P ¢ heTlps | cempyosiettsn taf immsmt\lnleére:‘smme'ameleﬁMMut

ry seed a sec aver a SIze | ar ger
0. R AR RFETT U2 G SR e VRN 2 E St BBleabie
tolSﬂKﬁEb@ld@BBECOﬂdary seeds produced in the first CvD

reactor and having the second average size into a
second CVD reactor

30. A method of producing granular silicon particles
comprising the steps of:

introducing primary seeds having a first average size
into a first chemical vapor deposition (CVD) reactor;

depositing additional silicon by chemical vapor
deposition from a silicon deposition gas flowing through the
first CVD reactor onto the primary seeds to increase their
size and form secondary seeds having a second average size
larger than the first average size of the primary seeds;

introducing secondary seeds produced in the first CVD
reactor and having the second average size into a second CVD
reactor;

depositing additional silicon by chemical vapor
deposition from a silicon deposition gas flowing through the
second CVD reactor onto the secondary seeds to increase
their average size and form granular silicon particles
having a third average size greater than the second average
gize of the secondary seeds, the gas of the second CVD
reactor comprising at least about 7 mole percent of a

gsilicon compound;
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depositing additional silicon by chem cal vapor
deposition froma silicon deposition gas flow ng

wo baoeaglscd he second CVD reactor onto the seconPEr/ys2005/040559
seeds to increase their average size and form granul ar
silicon particles having a ggird average size greater
than the second average sizg~of the secondary seeds,
the gas of the second CVD reactor conprising at | east
about 7 nole percent of a silicon conpound;introducing
the, granular silicon particles produced in_ the second
ovO- et inddt R FRP LR t R Hican sPakelelow PREGuUGed in

thd NEddbi @GO readtdl rHMIChog: hher HiISth pS§ 0Ll §0e Vi Be
., the granular silicon particles of the third average
1Nt A& thifheredt i reddor. 31. A nethod as set forth

in ed@idn R0 wher@hdt thesstepof edicing 35{1%91@% silicon
associated with the granular silicon particles
Paxioipke s eaf ridericiingrd awsgae peizentagehoftilind reactor.
associated with the granular silicon particles by at
| east about 80 percent in the third reactor. 32. A
method & methddras et ciemtph 30n whbr i n3 ¢ hehastepn ofhe step

or Ssaas Hgsaudionalasiloas e LUE BELIRLY, SEEfRon
prarsicoirls avenpgesss zeedicintg s acaighl ypseesstage ad £ | dast

) 1,cr f-ho s set.forth in claim
as R E IR A oradiny TRIRAT SR OB Dot f B
abait |Eagterdrnit 16 vt elperd ergaofon. sil i con conpound.
34. A nethod as set forth in claim30 wherein the gas
in the second CVD reactor conprises between about 7

and 23 rolretiesd e sdt therth | icorlaonppunthe3Sin Ahe step
t hod. .as_set %;r1i1i n claim34 wherein the silicon
of SRRSHMAR 19t ot DO 9280 af SRR eas
comprises depositing additional silicon such that the second
average size of the secondary seeds is at least about 250

microns.

33. A method as set forth in claim 30 wherein the gas
in the first CVD reactor comprises at least about 16 mole

percent of a silicon compound.

34. A method as set forth in claim 30 wherein the gas
in the second CVD reactor comprises between about 7 and 13

mole percent of the silicon compound.

35. A method as set forth in claim 34 wherein the
silicon compound of the gases of the first and second CVD

reactors is silane.

36. A method as set forth in claim 30 wherein the
first and second reactors together have a combined growth

ratio between about 65 and about 200.



reactors is silane. 36. A nmethod as set forth in claim

30 wherein the first and second reactors together have
W@ 2@ootdened growt h rati o between about 65 and BGDUB2005/040559

200.37. A nethod as set forth in claim30 wherein the

first average size of the prjmry seeds is between

about 50 and about 150 microrfs. 38. A method as set

forth in claim30 wherein the third average size of

the granular silicon particles is between about 800

and_about 1200 nmicrons. 39. A nethod as set forth in
cl a? fr 30AWREERPH BReSSEepObFRdéPoSiping3duhersan the

fisbti §08rhfet BEzEI K8l cRYDpLeAGHYr skBgLUdESHRAFSERIaLBGE 50
deposition gas through a first particle bed including

and PP nhP ) BeeBINGith the first particle bed in a
fluidized state, and the step of depositing additiona
silicon in the second CVD reactor including passing
t he3@epoBi hebhogasst AebufprhhséBofdapmr BPcwhebedn the
| Agl Ll he; secgpd L.thstk e ; I ¢l.e

D P Par SPER L i SqRoEaRE BRsh 1

betveenaphedD Gherand aheutt 2p06f mdepossti ng additiona
silicon in the first CVD reactor conprises flow ng the
deposition gas upwardly through the first particle bed
at 29fi rAtmgehodi &y aatd fhetbtép oladwpdsi whagein the step

S A ot .
or MELb S0ebe SHIACE LI DELTEGON, OB, BSELRY cER"RELEE:
inphwdés| pabeiinat the séepndivibncghy, thheufhr at fyekbcphyticle

oedELIBFAOLE! (B RE o0 RLEE! L, ALl EAELIEY bea
inreaflovidisedtsteds; ahduthddsOekgbh @eposPting additional
silicon in the second CVD reactor including passing the
deposition gas through a second particle bed including the
secondary seeds with the second particle bed in a fluidized

state.

40. A method as set forth in claim 39 wherein the step
of depositing additional silicon in the first CVD reactor
comprises flowing the deposition gas upwardly through the
first particle bed at a first velocity and the step of
depositing additional silicon in the second CVD reactor
comprises flowing the deposition gas upwardly through the
second particle bed at a second velocity, the first velocity

being slower than the second velocity.

41. The method of claim 30 wherein the throughput of

the second reactor is at least about 140 kg/h per m?.



