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METHOD OF MANUFACTURI NG THE SANE FIELD OF | NVENTI ON [ 0001] This
I nvention relates to high purity granufar silicon particles and a
nmet hod for efficient production of the sane for use in the
sem conductor industry. BACKGROUND [0002] Mbst single-crystal
silicon used in the sem conductor industry is prepared by the
Czochral ski ("Cz") Pr OeFSs - Pﬁl’& Gﬁlﬁs‘{lﬂ%%%I éﬁcrystal
silicon ingot is prod (8% siliconin a
crucible, dipping a s HOR F4 and slowy
raising the seed crystal as nolten SI|ICOﬂ solldlfles at the
crystal-nelt interface in single crystal form Ganular silicon
of fers cetiBith FaRAVEFeSover chunk silicon as a source of high
purity silicon e C F
siliconis | es[sddlblltlzel ﬁl%qu%gght%ﬁewg?g%?btg Higﬁ gﬂ?ﬁ.&z ?%Qn@&%%f
| oad i nt cidligacipsindicdes ead abametibed forr effacienthpreducthbde okt h
silicon difd Ndd G e/ SiAlerl QUIGREAGRERS 1 JgSE -GN Of her
advant ages of gr anul ar s I con are describéd in nore‘detail in
co-assigned U S. Patent No. 5,919,303, the disclosure of which is
her eby ﬁ%ﬁﬁ d by reference. [0003] Granular silicon particles
can be produc fIU|d|zed bed reactors by chem cal vapor

posi tion (Cvlm)ooz]Thuvmaw edegd eandyeebat eﬁiltieohnﬁbegl [55:] ahe
described in Pat ent_ Nos. 1§, 405, 658; 5, 322.670; 86% .
4,851, zgﬁewndzv W5, APPUSRY d6PERBRTEA Wi, ERSaFEOShER ﬁ]é%eb'cz"

i ncor por giesbdns r efer Qﬂﬁ% Pﬁ&)cﬁ%@@‘r@ slﬁgﬂlél’-bk?bﬁa@egllﬂéﬁﬁriﬁg@ﬂ is
silicon seed_particles is fluidized in a reactor and contacted wth

a therrraIIPSP‘H&ﬁﬂn?Yséftﬂ ing ihdgly purity polysilicon in a crucible,
dipping a: seed crystal into the silicon melt, and slowly

raising the 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, Eakes less 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
granuler 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).
Thie process and related technologies are described in U.S.
Patent Nos. 5,405L658;W5L322,670i,%J863,013JH4L§511397; and
4,820,587, the contents of which are each hereby
incorporated by reference. 1In general, a particle bed
comprising gilicon seed particles is fluidized in a reactor

and contacted with a thermally decomposable silicon



VO 2006/ 08B EEPRIH0US2005/ 040559 2 deposi tion gas conpriarng A
silicon-bearing conmpound at a tenperature above the deconposition
tenperature of the conpound. This res#dlts in deposition of silicon
on the surfaces of the particles in the fluidized bed. It is often
desirable for the silicon-bearing conpound in the deposition gas to
be sil ane (SiFM) but it is also possible to use other silanes of

t he for mdspddGinidar o= g:qmpmlsaltn@na) sdalhaheﬁehaﬁlﬁg cbBpfund at a
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The process can be substantlally cont i nuous or exanple
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the total number of particles |nwFﬁ dtor wi thin a desired range.
[ 0004] De(:%rﬁ)oslcthbﬁ-‘ld‘fatﬁd iSddmnesdm siBwaﬁ@nitnnalngl todrentagedthe
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i s deposi ace such as the surface a sSeed parfic
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very snal rally aking r.0geneous
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out of theuppliet zes tied remutomtte tdeplaeacthe hsbaastedyphaetioles.
OthermnseTﬂO%5rocess can be substantially continuous. For examplé,
some of particles (e.g., 15 percent of the particles) can be
harvested periodically andinew seeds can then be added, if
necessary, to keep the total number of particles in the
reactor within a desired range.
[0004] Decomposition of silicon from silane in a
fluidized bed reactor can result in heterogeneous deposition
(ﬁ, (i.e., the silicon is deposited on a surface such as the
surface of a seed particle) or homogenecus decomposition
(i.e., the silicon decomposes as a new very-Small amorphous
particle). Generally speaking, heterogeneous deposition is
preferred. Homogeneous-dedomposition presents several
problems. First, the amorphous particles produced by
hompogeneous deccmposition, also known as fines, are very
small (e.g., 10 microns or less). Because of their small
gize, the fines can eagily 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




Under sonBY@pRMI6Q6166% conditions the production of finesPELUS2005/A40559
process yield (i.e., the percentage of deconposable W 20061062660
PCTJUS2005/ 040559 3 silicon in the silsicon deposition gas that is
converted to wuseful silicon particles) by 20 percent or nore. Fines
that do not get lost in the exhaust pose problens as well because
they can coat the harvested silicon particles, which nmakes them
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deposition. (0006] It is generally desirable to increase the reactor
t hroughput (i . e | C L) i : st t seed
particles) to ?%%%%g t%@ﬁﬁ%%%?%@%Lé%é%#ééﬁgkﬁﬁi'&ggnufg?%g#%ﬁ OES

Thr oughputccarn whenncpesaeindycondict Barss ngf tHhec aeeetiaratpravide tmbee
silicon-bearing conpopnd .in the d@ osi,tiaon as..Mhe%.th%
ConcentraPpgﬂrg?né a %rigecomPOSL on to occur directly from the gas

phase rather than while the deposition gas is interacting

with the surface of a silicon particle. Thus, the extent of
gas bubble bypassing, the volume fraction of gas bubbles in
the fluidized bed, average size of gas bubblesg in the
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

C 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 incréase 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

gignificantly faster rate than when the silane concentration




above aboWO 20806163660 per cent, for exanple, silicon is dBHGYSHAYONF®
the surfaces of the particles at a significantly faster rate than
when the silane concentrati on WO 2006/ @62660 PCTI US2005/ 040559 4 is
about 5 nole percent or less. Unfortunately, increasing the silane
concentration is also correlated with an wundesirable increase the
rati o of honbgeneous deconposition to heterogeneous deposition. Wen

the depositi St 1§ hos 1 .leﬂﬁf n I-ane. for .
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conpound parcehe depesréion gas tetgl ,si10cuinWarb bed homdekaedusilyl ane
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percent. Further, he@ero enﬁgus silicon deposition during the l'ow
t hr oughpuBRPhBRES { Bnd¥Wt HLELLRFFAYFHRT (1Pt S 1ddaoRc E4168 -t he

particles. Finggobhpt oR& CaserBidieded At pdhase :¢f 3 RRkkhekeaare
added to the silicon yield rather than bei'ng lost as waste. The
amount  ofVBuSluifdizad Pedarepebomcinia higy Wusarghpute toded foThe

tradeof f js..thatyth t fﬁg% ' | Jm : h n to
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gﬁf[ ﬁtG'r %rtiéda”g%ﬁég%?i?ﬁregéé’ (8Ch! evig; adeanate (it JSU 1ane or
less) to operate the reactor in a low-throughput mode for a
specified time before removing any particles from the
reactor. During the low-throughput mode of operation, the
yield can be up to 95 percent. Further, heterogeneous
gilicon 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 adéquate dust reduction. Furthermore, some of the
fines gﬁn@;%te,,d,duyihg_ 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




fines gend¥@RMEO6RGH) ng t he hi gh-throughput node are sti FETURHSIRYSS
Simlarly, US. Patent No. 4,784,840 teaches that dusty silicon
particles grown in a reactor operatingsin high-throughput node can
be transferred to another fluidized bed reactor that perforns the
cenmenting process by WD 20061062660 PCTf US20051 040559 5 contacting
the particles wwth a | ow concentration of silane gas. However, this
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particles_can .cont the silicon_ne caus fects to be
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been usedalsof ethuseyidiai mmuar Iﬂ:n‘cﬁs fimesypadduaedstini ¢n8. hEgh-

i nstance, _U. S. Patent %ﬁf&ﬁp i s dlrected to a hydrogen

puri fi cat FOROPFRES sTeaf ?ﬁﬂ%?f 1§ ‘hydr ogen to remove boron

and phosphor ougsoo0dy s pyxitf icxd ﬁ]w@q@elmla&n Sb.@.l’é&ﬁdlésaﬁoﬁﬁéf| er gas
for the silicon-bearing conpound to inprove the purity granular

silicon pFOREREY i nBPYTIE RS HdE (Gxgedar SP%FF&PIPartﬂé REoF8ByY
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anular silicon particles. These efforts have been quite successful

i n enabl | HECOEPYrPred B9 dBie irYHalddpgstt-ed Rorupketi efes in a

fluidi d d
o ke SRR, SRl 2500 (R gbagion voc
fl ui di zedgbeuutzacsbiicene Mrla‘laqamr &G 1Ser iPa&eny Noi. gieB71), BRIl s
of cont an}.é‘a&}ﬁeétp&ﬁ Eg'ea %}deco%rp%%ﬁf&%%tqgn%gocess suitable for

purifying hydrogen to remove boron and phosphorous. This

purified hydrogen can be used as a carrier gas for the
silicon—ﬁearing compound to improve the purity of granular
silicon produced in a fluidized bed reactor. Similarly,
technology has been developed;to purify silane gas for use
in produétion of granular silicon particles. These efforts
have been quite successful in enabling very pure silicon to
(:‘ ~ be dep051ted on particles in a fluidized bed CVD reactor.
[00091 On the other hand, technology used to make
silicon seeds lags behind in that seeds used to feed
fluidizea bed reactors are generally characterized by higher
levels of contaminants than the silicon deposited by CVD
reactorg. It is difficult to make seeds without
contaminéting them because the seeds are typically produced
by SFindi#gfpsmashing,Qr,otherwise causing larger silicon.
particles'to break into smaller seed-sized particlés. 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.




reactors. WOZS62460i cult to nake seeds without cont aniB{A{¥HEOSOALH?
because the seeds are typically produced by grinding, smashing or
otherwi se causing |larger silicon partigles to break into smaller
seed-sized particles. This generally requires the seeds to contact
surfaces that have been contam nated by netal. For exanple, one
common nmethod of producing silicon seed is disclosed in U S Patent

No. WO 20 6/ 2 PCI/ US2005 0559 6, t he content
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particl esofeatiacsadhendaifi ghc¥gtachéy WSa sdire Bt e ditis
silicon into smaller seed Eartlcles Experi ence shows that best
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consuned Icamméeeﬁamrggaeuees Abeeﬁ 38- e POLS O r St AP dion used
for seed production is lost in _the process.” [0010]” Efforts to ‘sol ve
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irement of a fiuidized bed reactor can be decreased
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this natural ]
[0010] Efforts to solve seed production problems have

led the aevelopment of self-seeding CVD reactors. The idea
of a sel#—seeding reacﬁor is that the seed requirement of a
fluidize& bed reactor can be decreased by forming some of
the siliéon seeds inside7the reactor, Sdme 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 providé a. large enough surface to accept
gilicon deposits. While this natural seif-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 bédAreactor, For example U.S. Patent No.
4,424,199, degcribes 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



account foWOBMISHE0t he seeds needed to keep the nunber P&ET/USEUSO#E5F% s
in the reactor within a desired operating range, it is not enough.
Thus, various self-seeding reactors hawe been devel oped to increase
t he nunber of seeds produced inside afluidized bed reactor. For
exanple U S. Patent No. 4,424,199, describes a fluidized bed reactor
in which a high velocity gas jet acts on larger silicon particles
coIIected o] tio h t Q th actor
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lost in the exhaust. [0011] Another effort to solve seed production

problens is dii§I03ﬁd in U S, Patent No. 4,314,525, which is
directed to a rBPhd oﬁnﬁFB@Ec?FEOEFI¥%0§P¥¥QKE§QR/ PRRTHRIGH ng a
silicon dgpg %U.Einﬁ 192815818s£6€8n5Ha8 S papa/é;@ﬂ[ W S 4 8AC Mo TR {TdieS s
space reactor’ onogeneously deconposed i con fines are augmented
by het er ogéestisd gepasmerbadi aftpro u@en@p%mlelcr@acﬁeﬁda &¥ or m seed
pr ecur sor a r e seed
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reactor which grows them into more appropriately sized seed
particles of 50 microns or more. Use of a pyrolysis reactor
to generate silicon geeds also presents some contamination
concerns because hot gases are injected through the porous
sidewall of the reactor to prevent the homogeneously
decomposed particles from adhering to the sidewall.
Materials that could be made;porous to serve ag the sidewall
can contaminate the gas and introduce contaminants to the
(;L seeds.

SUMMARY OF THE TINVENTION

[0012] 1In one aspect of the invention, a method of
producing Semiconductor grade granular silicon particles
generally dbmprises introducing primary seeds produced in a
fragmentation‘process and having a firgt average size into a
first chemical vapor deposition (CVD) reactor. Additional .
gilicon 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



SUMVARY OPVORESSORRSEATI ON [ 0012] In one aspect of the i ntSHUSEHS040559

met hod of produci ng sem conductor grade granular silicon particles
general ly conprises introducing primaryg seeds produced in a
fragnentation process and having a first average size into a first
chem cal vapor deposition (CM reactor, Additional- silicon is
deposited by chem cal vapor deposition froma silicon deposition gas
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increase theit size and form secondary seeds. Other secondary seeds
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average size,and fErnﬁgranular siligggggq{tgpkgs havqﬁéﬁithird
average sFI8CHPEAPRICt HAR TRECRETNFIE afe HFET it YSHagey
seeds. [0812F andafiothegrasprat wfliden ipuenidles havgrane ahirg |icon
conposi tign generaLl% congéisegha pluralit éﬁ free- fl.owin 35!icon
particl es®KEVRHG H1FDt AFCATHNF HHC 138 AYSHRI0F 48§ CFhéhe
pq?ticlessbawﬁdaﬂyayeéage transition mnmetal concentration of |ess

ranul ar 511 cROLShpobh MEREEERGTIRTSE Compi e TsiaEl & gragular
free-fl owghgisbhi E6RpBaLLLEhe§ehavi 10, drgirdilsdii-oH1 R 1ial IFastece-
about 300 kg. At least 99 percent of the particles™ are befween about
250 and aBégwingosikiepBnBartickezchaybml s Yatask iwaighty @f mér 1gspéct
gfe - pgl : ggsehkqeooakgtmt PRI PhrPLOALET NG, OTAD WA atd e AR C! es
metal concentration of less than 0.2 ppba.

[0014] 1In yet another aspect of the invention, a
granuiar silicon composition generally compfises a plurality
of free-flowing silicon particles having a total weight of
at 1eést about 300 kg. At least 99 percentIOf’the particles
aré between about 250 and about 3500 microns. in size.

tOdlS] In still a further aspect of the invention, a
methéd of producing granular silicon particles generally
comptises introducing primary seeds having a first average
size;into a first chemical vapor depogition (CVD) reactor
and déstiting additional gilicon by chemical vapor
depositionzfrom a silicon deposition gas flowing through the
firstjCVD‘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 haviﬁg
the éecond'average size are intrcduced 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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a first chem cal vapor deposition (CVD) reactor and depositing
additional silicon by chem cal vapor déposition froma silicon
deposition gas flowing through the firstCVvD reactor onto the prinmary
seeds to increase their size and form secondary seeds having a
second average size |arger than the first average size of the

pri mary sgegend &5 ORdaNos QAo RN WeRbridAr e cbidss ko CYRckgaghor and

having the second average size are introduced into a secon
react or. RPHESEY|¥VRrage|sEom anrd FPos i TSR IFddilesn vagsicles

deposi ti L) I 44 f | r.0 e
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secondar ysseedsf t bhe neecendary rededsy e/lige gsisz @ fasdef serogdagibDar
silicon p | S | ' e Sl t han_t .
second avaeasEof ool 86 Sa s AR S e JESTLEL: PEC, BTigon
CVD reactompoengri sethatgtaastanlmiiti complae fieleenprofiuaesi Lncohe

d. I i l] i - ' he _. d CVD
enetor afacHag GoD Redhot A AR e N R e dabboa B 608
t hi rd reathbrodited disto assidriad etkadttdr. t IThegdamil asseiclinted with
ticl f the third i.nthe thirdr :
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SCRI PTION OF_. T W NGS [.0017] Fi IS a schematic cross

section of a é?gfﬁ arOEJI“F]Fc‘%}?F gart iaé'.&ie ﬁl?é\}:i"}@saogegg‘ef BrREEFNn a

fragment athoeneiesess11 [HOIB Fst abdarehtVird vy 'I%ggé!ih@fedaout
g.

met hod of _ manpufacturing granul ar silicon; [0019] Fi is a
schenat i che8ragrafter-a three-

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] Fig. 1 is a 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-

C_ 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 gilicon of the present invention is in

(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
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to the present invention. [0020] Corresponding reference characters
I ndicate corresponding parts throughoup the draw ngs. DETAI LED
DESCRI PTI ON [ 0021] Granul ar silicon of the present invention is in
the formof a plurality of free flowng silicon particles

‘(granul es). Sonme of the particles conprise seeds produced in a

f ragment %&&g?p%ocgﬁ%g%}@%%r%mﬁﬂﬁ &3 100 391390080 90Rd by

coal escence onbgene etonposed particlhes inside a Teéactor.
Ref er ri ngseed Rpypduced oin Vi 20081 1062660 ROTRSS200%1e40339 déeignated

exanpl e, an r j L A isng a _seed
prO(r:IrEced ?h ?‘?‘%%%%t?o%%%%@%@ %&Pgﬁrﬁlﬁ (?glsir%\r%gt gd suf’roggﬁ,sldi g%s
a relati veighsputitwi¢itomosesd 3 Ehe roilndesh By surrgmngilnigt Yhei beedn
5. The siljicon rroundi.ng the seed . particle.3 is hi ur i,
silicon tﬁétfgﬁ%]ge B%elnggl%l 1%??%’819{1 selﬁﬁed% & a&alhﬁscﬁgeﬁege%c’ﬂ%d on
deconposi thenseéd gpartichba-beadengnpaniimeameias Eidisesd besrdagt act ed
by a silicon depositign as.(e.g., silan in a,pair of. fluidized
bed CVD r GAEPORRT aS1Ene of80d T4 CORFICHRLAY G Sdriiiconh deBPRFIAY
breakirg gaslaéggg,péffan@f Sﬁlépgd&ﬁrﬁﬂJﬂiuﬂﬂﬂﬂeﬂ’bﬁ@e¢V$iZQ%actor§.3
particle (i.e., a fragpentation process). JFor nple, the see
an sui taBP5 56408 rih TURLLIPLRTE of 15 Lo eemect B ISl ing: B
rFJ)g‘O'j ecti| eapgegepDEcsi bf CONL 1SSty ialdnalaers deed @iled Pa¥tele

tent No.  4,691,866. Thus, the seed 3 of the _particle | shown in
Fig. 1 is(&neextBYndl fyagertabior 8@wress « hdeh eXmaPifet theodaeed3

by coal esggficguPtabPHDBENEOHREN b eHrNaSRS awa_tﬂ'fgeteiaiie!&eaoffl wkdized
bed reactor. [0022] Because of the well-known difficulties in
br eaki ng WikRcdnppaiereits BHARStOf stk agye FUREtENGied LYiieeh 86t

i ntroduci pgreANIAMHNEN Fardhe RECU IRl | IHHAS &he seed 3 of the
-particie 1 shown in Fig. 1 is an externally-generated seed
in that it was not produced by coalescence of homogeneously
decomposed'particles in a fluidized bed reactor.

[0022] Because of the well-known difficulties in
breaking silicon particles down to seed sized particles
without:iﬁtroducing contaminants, the seed 3 generally has a
higher le#el of contamination.than the gurrounding silicon

(; 5, at least initially. In particular, the seed has a higher

‘ condenﬁraﬁion of transition metals (e.g., Ni, Fe, and Cr)

thaﬁ the'éhrrounding 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 gilicon 5 can alter the levels of
contamination of the seed and the surrounding silicon over
time, but this diffusion does not affeét the overall
contamination level of the particle 1 or of a granular

silicon product comprising a plurality of such particles.
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|l east initially. In particular, the seed has a higher concentration
of transition netals (e.g., N, Fe, and1Cr) than the surroundi ng
silicon. The different contam nation |levels of the seed 3 and the
surrounding silicon 5 is schematically indicated in Fig. 1 by the
different density of speckling. D ffusion of contam nants fromthe

seed 3 to the un O SLLJ : £ Iev .
cont am nati on ?H?Eg -§g§d9§%%h¥%£ %h%%%ﬁ%|é¥fs§¥§coﬁﬁ%verlqﬂﬁﬁg' 1
but this disf fiaduenrdeed asthatvirgttudelayeralll, contaigidiicyn | evel

of the particle r a_granular__siljcon product conmpyisin
pIuraI|tysHFIQHEélﬁgrgLEIﬁgegv§r20%§¥66 ﬁéTIGébdﬁ§?6%§§§§%aﬂlon
[0023] Thenar geslan shl hcanrparéhe! E1dighavd vey ftdhctor i Bs set
illustrated as having two Layers, 11, 13 of si]icon sur rooundi n t he

seed 3. E&CKtRaysr the m§§uﬁ%§tHEb%%lT%EPQﬁF dHrrusssd PeLew dilfs disent

fluidi zedpssfélbeecftar etéﬁ aef)arwélél td dfeodmnfaeddy idubtiRihods
di scussed bel ow, EOSSI le_to etch a partjcle to _expose a cross

section (Hrough FH@ B&F Ltele: | A aReHAR! prRetice, atahing a

particle iparhiceMANehi BBYahR¥Lahayi SEREAARY £ @MYL & IAGWEHL Dings
i ndi cating the boundaries between the seed 3 and inner_ “silicon Iayer

11 and/ or 15et WBdAcekdnpnkbe boundarses dreuweenthe grpqdhyierand Hé’%rer
the growt lyjnisRgs égg@gégeanapéfuﬁégwé’énaﬁ?@ %mﬂ%ﬁ? M 1 ol

particle conprise and layers 11 surroung)ng Si |con
5. Thus, snélcpneé‘,ewea;sm Hewawvarsi boe growth arings 65 mixdior that a

o1l icon PRUcEhEaas LOLURS Lyeschibals Sid IGOR RO i o a sced
i ndi cat or 3t laaxd iagamsldﬂe mASofosuEdobndanglsrﬂrcdm|54cdﬁmuepdﬂuilon
procedur e, 9022k ThOgEowER beloknihng Alsdbld LESRUNSS I 2

silicon partlcle was formed by separate silicon deposition
procedures, but the absence of growth rings is not a
reliable 1nd1cator that a partlcle was formed by a single
silicon dep051tlon procedure
[0024] Those skilled in the art will recognize that
granular srllcon of -the present 1nventlon will generally be
handled transported sold and used in the form of a large
k@ﬁ number of s1llcon partlcles Further, the particles
normally vary somewhat in slze, shape, and structure., For
exampleJ 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.
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transported, sold, and used in the formof a |arge nunber of silicon
particles. Further, the particles norpmlly vary sonewhat in size,

shape, and structure. For exanple, sone or all of the particles nmay
be oblong or irregularly shaped rather than approximately spherical.
The particles will not all be the sanme size. Instead, the particles

w || have |ze. di St Ei [ My trast to t rticle
1 shown i'F] ?%&Pﬁeyp%frt%%e%%%{irge%%lrlodgﬁsé%gg‘- g%%ﬁereg’%g&laﬁﬁgﬁaé fhe
fl ui di zedwbibghtedcaoeragy pofathey pravidyt e $dree domwtddnieani paticdbles.

| evel s in the and the surro I,ng silicgn., The granylar silicon
product Wil E@gﬁ%]de (g‘f)e oFERRTY i%uﬁnqﬁ“%ﬁﬁer?&r%oﬁ?vﬁ“ﬁgé’noﬁ'sségég the
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will be, essentially, a weighted average of the purity of the

const i t ueE¥aPBERERFERD PTOEES] thehss Lildeos dgetihe granuilat is

that the gii@oRfidEod@PUita®fi$iddiAhddbdde 5eeda ;gengnated by a
fragnentation process to the total silicon in tthe granular silicon

i's |ower PRaAUERS dBidentTomSeefafamedny dorgmendaidon mdbauss om
seeds for ppdebiyihi £OIR N AL Dt S Lo GO IR IRl ﬁogfut abl e to

the seeds fornmed by f fragnentation is diluted by a larg anount of
hi gher pufraymentation. 1iprdétptked oy tshedangsts ameundd dfy highgmepuatityn

agcount f r Qﬁ&:%?t _[ﬁeedét fm&;ae Q- t he
g?‘anul ar gﬂ'?@%ﬁo %If‘e pre hb%;'le,p%{ e sggﬁs orbh&ﬁ'l y ?‘r%g&gréﬁt ation
account farcoenhoferthamaebsuthdn prawnt7? gercant todt dhemiosadf mabe
granul ar skiljigon i . ef bl the eds . forned by

f ragnment aﬁf o%ﬁgc%%%tﬁ’fi%%@ In%lcc?lrgn'r eq\gcfaﬁlraen)@a Sout- er g'téqr?t oot d? hEOFE??%
mass of thg fragwméatationiacroulbsiompres ercadd wharhaloetds pernedtbyf
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preferably, the seeds formed by fragmentation account for no
more than about 2 percent of the total mass of the granular
gilicon. Most preferably, the seeds formed by fragmentation
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

geeds produced by fragmentation is diluted by a larger

_ amount of higher purity CVD silicon, the granular silicon of
the presedt invention has higher purity than conventional
Qranular silicon. Seeds produced by fragmentation are
notOrioﬁs for transition metal contamination. Thus, in one
embodiment of the invention, the granular sgilicon contains
less than 0.2 ppba transition metals {(i.e., sum of Ni, Fe,
and Cr). More preferably, the granular silicon contains
betweenmabout 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.
Moré preferably, the iron content is between about 0.07 ppba
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contam nation attributable to the seeds produced by fragnentation is
diluted by a larger anmount of higher pygity CVD silicon; the granular
silicon of the present invention has higher purity than conventi onal
granul ar silicon. Seeds produced by fragnmentation are notorious for

transition netal contam nation. Thus, in one enbodinent of the

I nvention nul co t SS th n.0.2 p
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the gr anubatweehra:basru'comtw nspba edimd erbattout. mpgcﬁ;aandmieolgtrﬁnhlaaba '
transition tals. ref r abl the anular Il icgon contains_no
nore t hanS1aboot EF? Yr%. ?t?%ﬁF |ﬁiﬁﬁ'@§ﬁP§ -8f PPRa
granul ar Ebkbﬁpnnchm@f@fﬂr@rblarbé@@mtiﬁ};ﬁp@b@iﬁos@h&d@@am Mehe than
preferably, the iron content is_between about 0.07 ppba WO
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pref er abl ¥ntthényy Onbétgﬁéé&ﬁ“a}béut be! yeahab@®dutO-04 RRRR ¥3¢LaRoULng
0.1 ppba._ The granular ilicon preferably also contains no noré than

about 0. 1PBpBESR h3PBRLE 9103 nMre R abdutPrIW Byl gsios pAdr d¥s, no
nor e thanunéQQHEonog‘h@@b@l@t@fén@ﬁ@rsfﬂ@cﬁiﬂn&?"t}ﬁv@e119. ghed Seni ¢

and antinony), between about™0.02 and about ma carbon, and
bet ween a§@EFeDtBa§hﬁn%U@§t°EeSOEﬁW%F%yEﬁdﬁ@haﬁQ¥QM$nQMW%#%tood t hat

t f
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he af orenmentioned contanm na g fromthe scope
of the premmntlonvenlmoarnothean@nb@dl@mndrhmeen lzéronde® -@3oando. 01
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gsilicon is attributable to surface dust. As used herein,
the term surface dust refers to material adhering to the
surfaces of the particlés Ehat can be removed by liquid
washing.

[0027] It is desirable .for the particles to be
gsuitably sized for use in a (o4 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
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[0027] It is desirable for the particles to be suitably sized for
use in a CZ crystal puller. Size of theg, particles is also inportant
because operation of a fluidized bed reactor being supplied with
seeds below a certain size (e.g., 50 mcrons) is inpractical and

I nefficient. However, |arger seeds produced i n a fragnentation
process introdu re._contam ants t artlcles
normal | 'y a%%?g ggﬂe%a&?ﬁgs a%lac%?rf'ﬁera CL %a?t a@’? ﬁersefore,
particle pezeenhs epethéi edtab weigiverafeched fgmndlfm: giliicon is

articles of t nul ar sjlicon preferably have an average size
Betmeen aﬁBEFlgﬁﬁggﬂﬁ E?O%l o) rﬁ&ﬁ%?ﬁw@%%ﬁzﬂﬂ%/1es§héh%£r9#@P§s

have an avgvagiecsbas Dt yeed, abpwe SUEHREEnAERQRIHY ANFraiehtation
preferably, the particles have an  average size between about 950 and

1030 i cr BESCERF PRV ELRY, 2RTIRSTLIZR WSS tHaph ahaul dS0r adgaons -si ze
from WO 2@9@%@53@ P@é@@@é%eé% B0 Uty o2 tt%t&%?xh?:%%%%s

mcrons and | ess than a bout 0. per cent of t he tot
granul ar BAVEcBA p¥eragerfbie a1b¢‘éW¢¢P- sﬁb@%rﬁ%mﬁ H5ds ntuﬁpnar e Megs

t han abou#regggaﬂl9r09ﬁe'Qeé&%egeﬂgﬁééﬁf H i®dn Progess

fragmentation process have an average siZe Ies an about
m crons. hpvef énabwraghe%é@dl@e@emm anle@-ltby75a rficxprentad elbomtodess

?Ze an ayeragfaSi z oQEt ?E%QE@ 59% LS WL seeds
preferably, the seeds ge era ragnment tlon process have an
aver age sggpebatedehyadofrag@entation pretedmuls HHUE HOEr oisromsst
preferably, th ag [ e rat ed

06¥§£ @Eé %@aﬁ&%%% sffiégh eﬁ%étg%nN&Fgﬁon

fragnentatlon roce N ¢T ons. a

silicon of:ahhalpbebenproﬂue@cﬂl D camn@hs:taney m‘ethmmt iquagindee al |y

rel evant uantlgh Eﬁ Qg é gqa descri bed bel ow. For instance,

consi st en¥sing e metho escribe elow. For instance, consistent’
with current industry practice for conventional granular

silicon, quantities of granular silicoﬁ of the present
invention weighing about 300 kg can be packaged (e.g., in a
drum} for transportation. Also consistent with current
industry practice for conventional granular silicon,
quantities of granulaf gilicon of the present invention
weighing about one metric ton can be sold as one unit.

C;. [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 silicoh. 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.
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quantities of granular silicon of the present invention weighing
about 300 kg can be packaged (e.g., inia drum for transportation.
Al so consistent with current industry practice for conventi onal
granul ar silicon, quantities of granular silicon of the present

i nvention weighing about one netric ton can be sold as one unit.

0029] The gra si Ll . sent i td . € _us I n
\[/i rt u!al |y tﬁe Egbng{’ n%%%ﬂg%g%rél n%‘%‘? %]atr#lﬁlijgés%ﬁﬂc&n% é’&s?g&‘
the | _O\t/)v I pwels]fesf on€pnaal nati @ﬁrtlli@]l\ﬁi(/_&my tdam};grrmuﬂcar of lgheon
contribute ewer ,contam_pants t i licon products 9.,

S conduErBFaChEriFFars Maeisre ThRre AN Gt EF RO be
contribut gdop¥ 6enyBiEi oAREnBiaAY att Sid igbtillss particularly
facilitatesproductignofsilicon products having higher purity and
fewer def 8gpirakhe fer aBFFBHATINF bR R A1 @S o PIEn @1 BRT8uSt

content obft BReOERAVLBEePiLELOS APdSPsdBK@Dbdvie LATRY ik thaied erpand
facilitates_charging and, recharging of crucibles with the granular

silicon. WHL2008/ 082688 Petenhip Anpssl wikly o 3o0jorath YRS

silicon otathespreseqt i BYEOh) Ofs CRlygRASKES IPRE s AlPat it WJ tually
any conbination of the characteristits discussed above W thout
departi ng4f 78t ERE Wikhput ofleparsing i@rmm dite igcqpe sdrdttiises

parti cul ar j.rab r 4l evi f, or
e or LhLSEREPRE arforBis BRI Mo g B (RO AR AR,
silicon c&rrbanyneénniverrly dopbed xeasens p idr is pgssilkde dreeves. g.

boron) as qsuggenl edebirbh S BAEREI NG e/ A0 PU. WNOWs dgpar ting

fromthe scope o s” “I'nventi on. 0S€é'S ainthe art ™wll
recogni zechhzacterostang oishedenlbose oritsrouteapestiing ifrgrosdiebl e or

even desEEgBEeoEotﬁgga§n9éngfgﬁgte fromone or nore of the

Manufacturing Process
[0031; Referring to Figs. 2 and 3, a manufacturing
method of the present invention includes the following basic
steps. Fiist, as shown in Fig. 2, primary silicon seeds are
produced by breaking larger silicon particles into seed
sized silibon particles of a first average size. Then the
(mi | 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
e inmthemsecond.reactor_ Thenmthe_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.
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this invention. Manufacturing Process [0031] Referring to Figs. 2 and
3, a manufacturing nethod 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 fehguf| e Hlidizeddad LeachonapEhen, ey gl oo oun

i nto internedi i ze S€Ee second rag
t her mal degarmossilarorofpiz s |:Lmﬂr sb.aameﬁrgpa@trmemed i mnéhﬂdim%sthe

reactor. The_secon seeds into a second. fl uidized

react or vﬁﬁﬁQf%¥ﬂ%étR%g Hﬁiﬁﬁ14% grARGICaP VEFRIBoRLBGY t | ETNRSPHIMBTY
‘third avesadss Hhddaded tiermls @Q% 9el Els@Bnefiad1§i theogaheass ng
conmpound in- the second reactor. Then the granular silicon_is fed

into a dePRARRISN okl 4Tk S aedBu EESPle ChPEr SH8nPEIMRENR SBPAS taEe

silicon ppidd diferitft endl1Ra! @Ha90MROkekble SHEEAGEU1HUSEA BRI 1]
to the granular particles. Each of these steps will be discussed in

nore det dP¢ YRGDw. WBZ:OGGH@@?G@@bP@FF@BEOGBPOEGSBQIY169?@’93’21]1atl'h%re
primary sggdls; & ﬁ%ié’%“n.%q: B i@k inagre ha&&%tS' la&rgeag@' §£L8 e)f'to

smal l er particles, Including the seed-sized E?rtlc es”of the first
average sie®s Yhwn mhaw %505é§@§oﬁlﬁodu@éf@fleﬂfa AYs Sheppuiwary seeds

egsenti ally 4 he SAB ag,e.Qf %E.Uz\é % lclean %8‘3% gﬁgggﬁs ﬁ-&}:ti@o

pri-mary seeds are nade somewhat S er t an th woul d
ordi nari |wiCMmsedaormlm:eﬁera@w.ertﬂ.n@dprremarvheepdsnhayeseeﬂsrshat

are | Tod APLagDeLid Slo hRAG S aversa Lid ShsaASLa0s o Zhogl | esS

t han abo m Crons the mary See have a first
aver age spnefémﬁh@xyltﬁnnprﬂﬁ&xan¢eahmuma&50a dicsonavebbge size of

pref er abl é’bo&‘rb el(% Imlcn.yo Sqedilhs%v,e 1% ftll'xreStpresent embodiment, about
90 percent of the primary seeds are between about 10 microns
and about 300 microns.

[0033] The primary seeds can be formed by crushing,
grinding, milling or any other process for breakihg silicon
pafticles into emaller particles. One particularly
desirable way to produce silicon seeds is to strike a
siliconftérget with a stream silicon particles (e.g., 300 -

(QJ 2000 micran particles) substantially as described in U.S.
Pateht Nd. 4,691,866, The resulting silicon fragments are
sorted by.size to separate particles that are suitable for
use as éeeds from other particles. For example, the
pafticlé classifier shown in U.S. Patent No. 4,857,173,
which is hereby incorporated by reference, may be used to
sort silicon fragments aceording 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




average si YO WAYUEM about 75 and 125 microns. Mst pr AEGEHEPYP04955
primary seeds have a first average size of about 100 m crons. Al so,
in the present enbodi nent, about 90 petcent of the primary seeds are
bet ween about 10 microns and about 300 microns. [0033] The primry
seeds can be formed by crushing, grinding, mlling or any other
process for breaking silicon particles |nto smal l er particles.
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seeds havi ng as little contam nation as:£955|ble but the seeds wll
r

usual |y have alPP3hLitRefereing eoniht rfat ithie Wl%utse@dfoaﬁsbéed

Advances e p tEPR Y( omer
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present | yrpackera?dbd tﬁh%ecgséugmratinpfqﬁlnh@\maﬂﬂﬁmr M@ep@ttlng
fr.omthe Eggeﬁcgi i éhé ”dﬁ'g%ﬁg n MILEOUMS]e Yl o Efesq S adigscl osed

herein can be used to il gh-"purity gran SI|ICOﬂ pr oduct
whenever QPErebnose@ﬂsthavexempimzunrﬁﬁquﬁrIshnmmslexdbeﬂlngu&é be

cont am RLAR LR FokalyBEB REILSISAL ST Y LA B50esLedeD o
i nto the fi geshefalildi cetlihédi¢ahevessd]l vaqior depes tindek 2068adkor
201. The CoggiggéaéﬁOghgfbéggoéegftéﬁeIf%éugor 201 for supplying a
fluidizing gas 207 to a distributor plate 209 in the lower
part of the vessel 203. An exhaust outlet 215 is provided‘
at the top of the reactor 201 to allow gas to be vented from
the vegsel 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,
(F' 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,
pre&iou31y added primary seeds that are already in the
- process. of growing. into secondary seeds,. and some particles
thaf 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




critical to PR8Nt i on, but the basic design and opePSTIUSANOE4055h
exenplary reactor shown in Fig. 3 will be described for illustrative
pur poses. The reactor conprises a genggally cylindrical vessel 203.
A gas inlet 205 is provided at the bottomof the reactor 201 for
supplying a fluidizing gas 207 to a distributor plate 209 in the

| ower part of the vessel 203. An exhaust outlet 215 is provided at
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203 to an~exhaust system eater to
heat the wess&riandgats (eogt enhydrdden) el & sdidnidom aleposfitd onagiast y

of heater uch ectrical [ C ter ectr.o etd c
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[0035] Opeeat apa cbnthetedawiovh ZWd silvictoreddpwatitigra gareat @dirther,
particle d 22].conprising the primary si.licon seeds. in the vesse
D05 above thfie B4t EPRBREFERaPEnBosa e Ll A% D b AP SFPHES be
entirely madaust pri gReyhegedsrobided iby WHd Hegueraldlys Red stored in
conbi nati g oﬁ grigarg seeds, reyi ously addeg primary seeds that
are al readvsi AfHEC § Sc@gg'thgr%&&+EPQrR%F it s &d¥s the ang
sone part isglr@gtuirbat ofiayRe greuBL b+ 020 No MO et fpaéﬂ,eQ:Qi@Q%Q@;erature
particles. Th article bed 221 is fluidized by flow ng a stream of

p
heat ed gadPPAACupRENFERGROFNE0YaRaY PR tPSreeh ARAW H1R% OF amct e

209." I n t hpoBxeMBbar yrenbeHi BeRiusé®r s EXAIBH &o e AP AP R2060e
PCTI ' US2005/ 040559 18 gas 207 'used to fluidized the particle bed 221

i s nixtur 8ugtacgscof, tBe BasTLelys, 2xydrogen) and a silicon

deposi tion gas g ., onkl 8 THe i i i:dized
bed 221 are céns’gg?edovﬁ\nét hB?%%ts?l ?%%én e‘fo%glt%%ssgé%éégﬁcrr{éhe@rl?&t he
si | i con- b&dnidgzednpedndeantohe2 §hsopdda e onpgossat dzddause of the
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particles may be contacted with a gas comprising at least
about 9 mole percent silane. Preferably, the particles are
contacted with a gas comprising more than about 14 mole
percenf gilane. More preﬁerably, the particles are
contaCted_with a gas comprising between about 16 and 24 mole
percent silane. Most preEerably, the particles are
contacted with a gas comprising between about 18 and 20 mole

C:: percent silane. Preferaﬁly, a mixture of silane and carrier
gas having the specified concentration of silane is
introdﬁceafto the reactor at the inlet 205 as shown in Fig.
3. Howevéf, it is undéfstood that silane and the carrier
gas_can alsoc be introduced to the reactor separately, in the
apprdpriaté 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 ptessuré 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.



structuresvgjﬂh@gnagactor 201. For exanple, the tenperabgfgmﬂmg§m§@
the reactor 201 may be between about 1100 OF and about 1300 OF. This

causes silicon to be deposited on the _surfaces of the particles 221.
[ 0036] One aspect of the invention is that the first fluidized bed
reactor 201 operates substantially continuously in high-throughput
node. For exanple, the particles may be contacted with a gas
conprising at |east about 9 nole percent silane. Preferably, the
particles are [88AFAct BHeWPERORCRES YRnithmPgitAglREr arehRAT AbdLcally

ol e per%@tsu%sltaﬂelag@g <8 e{ out“{% ﬂa;}g g,%h' ﬁksa BLE seoniacted

with a gas conprising ween ercent sil ane.
Most pref aregisitpr £Ré par@mrl 1@%11%@39 knpm &t sdoniet ﬁkalga@ tonphe siriy

bet ween ahojt elém?'i‘@ JrElcE‘Sr?@“% S'lsa%%gcgﬁﬁs eLablye Px}i‘éﬂ%se of

silane and carrief gas V|n t he Specifi concentratio ane
is introdwEedet barrvr@sm@cp@rltactllctatﬂely nlee.208baytshvenyi fowr g. 3.

However, ifoy:g)und &8&999:1&’@3%::%& nesand the @@E&bﬁica@ &an also

be introduced to the freactor Separ int appropriate anounts,
and nlxedﬂubﬂﬂ@@tﬁé&éVoﬁomF%héﬂﬂs1Hé%ﬁ¥ﬁ¥h@hﬁr@ﬁﬁ?h@rs§9p56©@ thee

present i nyRahl eimpkd LREpaPEESEEL £Rod '%%%Tctoﬁch%@ﬁﬁhoé 39&11-&1

operated with an internal pressure between about and about
psig. HoWEwse . t Becpuber kif prEBiTke kath %ﬁ@@rpﬂémk’uma:t{%s}ﬁﬁeﬁfh%

to severalsafinAsRReHAS LWL EBRUL Q@@@Téfrﬂhé'W%@bhﬁﬁrgCQQQdehaf%%é%ed
i nvention. WO 200 61062860 PCT/ US2005/ 040559 19 [ 003 The secondary

seed part i@ thee TpEFLoURREFPY Wb#1§ﬁﬁ§téﬁﬁﬂélW?réoﬁﬁmﬁubﬁst@e

har vest ed iy tx@%e&b&sandrg%&zﬁrlgﬁeﬂ e rRRY ormee@r k‘@H@“sé@oﬁcﬂﬂ%ﬁ
skilled in the art. For. exanp a, portion percent) of the
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gize larger than the first average size of the primary
gseeds. In the present embodiment of the invention, the
secondary seeds harvested from the first reactor have an
average size 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 harvested silicon particles
to the mass of the seeds added to the reactor. 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 seedes formed by coalescence of homogeneously



hours). AdWO08H%P68 i nary seeds are periodically or sUfYSHPNI?
continuously fed to the reactor to keep the total nunber of
particles in the reactor within a desirmd range. Because the
particle bed is thoroughly m xed by the fluidization process, sone
of the secondary seeds harvested fromthe first reactor will have
spent nore tinme in the first reactor and grown | arger than others.
The secondioomsReds diieselddr i eMo! 8-hk! $babeBE! OhsNAYEcAs5EG O
average size larger ‘than the first average size of the prinary
seeds.: | n manre gladsddt halswdi nent of the invention, the secondary

seeds harvest ed t firs rﬁ?§1 r % n verage, si ze_of at

| east about ZSO[JgswonL&%erreé}oﬁlre r%gle)a,g SF%efgge%ﬁgg Eﬁ?es%?o?%e
secondar¥ EEiﬁﬁiﬂéﬁjhﬁdMﬂﬁhﬁTﬂmﬁl %Egornﬂepasitﬁenabﬁdacﬁﬁﬁ BOT| OfiSere
Most preferably, the secondary seeds have an ayerage sSize between
Nbout 400 Y st B0 A JRE TR 0gEaT RS SrbaroHoPaFRLTTERe. As
growt h forwees flhe dazrd wihed viRaEiekt yeaefBRNLY1eXPheSE6HE 2guAatioNt h
ratio, whiéglis the ratio of the nass of the harvested silicon

particl es % Flihe Feare % ddds 180808 Coitheatehiet bRe FRBeREEMRn

ratio of tie did dmdBEit,20kHowmbetiween)abaut nidiandeakgHt ando-
That range of growth factor indicates between about 1/ 713 and about
1/ 20 of WRFFEan Ff thhe sacondhrpasseds 303 1§t spbptieablially sheilar

primery segds:nelle dfsirdictdie JReptl &s abkERPHEARER L0 deconposition
of~the silicon deposition gas and has a higher purity than the

primary seeds. [ Qroditke ity £iamtt weakitpst 2Pdactbe gegond reactor

augnent ed r | f S%iﬁL escence of
honngeneoﬁ§¥bQvggg%%%ﬁ%%gé%gﬁ %ggééﬁgggzgkgﬁgggdgéoﬁ%@éed

parti cl es threughiutr stodeeactlre pextdicdesssed in ther sedendi redetow.
[0039] The; pecandalyn 6ads it & dalt' 307" 8ofE98%ng at least 7 mole

percent silane. Preferably, the particles 321 in the second

reactor 301 are contacted with a gas 307 having a silane
concentration greater than 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

C;' between about 7 and about 13 mole percent.

[0041] The secondary seeds grow intQ larger granular
silicon 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
firét 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 éecond reactor 301 have an average size between about

900 and about 1100 microns. Most preferably, the granular



fluidized bed (g? ) cal vapor deposition) reactor 301, whewsoostodesyo
are grown YAH%% S%SQr granul ar silicon particles. As was the case
with the first reactor 201, the configuration of the second reactor
301 is not critical to the invention. 2}n one enbodi ment, (shown Fig.
3) the basic design and operation of the second reactor 301 is
substantially simlar to the first reactor except as noted herein.
[0040] Like the first reactor 201, the second reactor 301 is

oper at ed §GB§FQﬁtPattycé%ﬁthamkﬂﬁﬂ%ﬂ|ﬁ¥qm ghe shronghpeachwde’ 0Timve

par t1 ¢l €5 ;324 kBabhes92€ 0k [ EAE lou 30k 0k Capgaetfa'g%bc& s 307

conprising at t 7 nole percent silane referab e particles

321 in the sgooad] reacher g2k tdl €a¢Qbt agt Qﬂewsbﬁo@dg%%a%@Bxh@\Oilngsa
silane concentration greater than about 7 nole percent and | ess

t han t heesivegneabonteht Pad oRoot e Ghe zombised o oGt aetict Ipd
particl %Eeéj{r‘s@ %B% ‘faln%ﬁts -Sag %blz%fc't\{% L& t% %ft%%%b' the the

particles Re €econd reactor At act ed MA ‘a gas 307
havi ng aasibabé chacgm&m&ﬂa&n51behwee@aabauueé aadvalsaeid I%owok&e
percent. [0041] The secondary seeds grom1|nto | ar ger granul ar

si | i conB&PRACIFEECtRki eRlate s&a adircalrly the STBSeaN: Pa9dp Led to the

conti nuoysky barvestedohfont he peandyeackar 301 abB.a JRNNCHrore

simlar to the way partlc es are harveste fromt first reactor
201. Prefrefabkiplyt héhgr apmbamnesi lbircemth mamumcbésth@rfaswad2mﬂommdthe

second reactQqr 1 have a thir avera SIZ bet about 800and
about 15660H%CP53 reﬁﬁF8r5p9§ng§M?Fn u§r§ﬁ EH?§%|ICOH particles
harvested frompghhe) segand dieaat e %@1% hayenafoAve | g between
about 900 and about 1100 m'crons. Mbst re?er%@ é§granular CVO
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about 1050 m crons.
particle size of the particles in the first 221 and secocond

321 fluidized beds. As those skilled in the art 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 capéble of fluidizing the bed (U,), bubble
bypassing is greater when the average particle size is
smaller, An increase in bubble bypassing favors homogeneous
decomposgition.

[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 1s 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
largef 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




[ 0042] ThwopoasepséPati o of the second reactor 301 is b HRESRRENT 5
and about 10. The conmbined growth ratio of the first 201 and second
301 reactors together (i.e., the ratpg of the granular silicon
particles harvested fromthe second reactor 301 to the mass of the
primary seeds fed to the first reactor 201) is between about 65 and
about 200. Modre preferably, the conbined growth ratio of the first

201 and_csgeond $AL 68EGRAT fohstbet vEHeAROU AANG PG OUEY One

aspect of the invention is t operation
second 3Ouicfiomisdi zed bed reactors is influenced by the difference in

t he average z he lcles in the first. 221

second 321 fﬁ@?gbi éd§m2;5é¥h%§§r% ?IQ%%F*?%?rﬁ}%ﬁtOQGRﬁﬁtléies
aver age far tthel ElS‘EZeréﬂétﬁanBB ﬁsﬁu@?ﬁ@rf@&oﬁﬁﬁ S HMSfrleiLS
of a fluidized bed., For ﬁf ngﬁﬁ# 2{ given ratio of fluidizing
gas vel oSFCPTPOFiEioPhand; h g%% % el VEFE YPre ab2b| 1D EFFSE di zi ng
the bed Gactbr. bubbheerbapﬁsmgfb@ eheaéeéomefeé@@o@vse@ﬁ%s
particle_ size is_. snal An increase in bypassi ng favors

hormgeneéﬂg e&"e&'@i‘ﬁﬂo%FtF-ﬁn OF 08¥A} NFRE %lf%*%@é R)'%? Yeing fluddizeche

particl epdd rebld@okkr BechBast 8 204 1§r§@§|éwﬁérég§§/fﬁbéflﬁﬂ‘é§rﬁ% in
particle _size in _an ordinary silicon producing fluidized bed

reactor. the jsecendorsnarrer t Rapferebivertee Ji)%{tHCP @e Bi%ke fof the
p(elut | cl eg it Beageeendot east BEwldn %&rzﬁf‘é&’u éha%}]an WO%%}%J ot of

particles in the second reactor 301 Is
found i nU Uy firalths: Isleé!@ﬁdpﬁ-’éégﬁpﬁgw@vbsfbat‘dﬁ‘-indlb@ddrmibﬁ For

eactor Mgt R ERAnAT Thne PRRRUCBAR RS FoF (PnS Ehel M on

particl e1W)b2®®@£®6§bautP2:TaEQO®E¢0ﬂ055®nd2l2h€{ ratio of U/U, for the
second reactor 301 is between 1 and about 2. Although the
ranges for U/U,; of the first 201 and second 301 reactors
overlap,:the gas velocity for the second reactor is higher
than the 'gas velocity for Ehe first reactor because of the
influence of average partiele size on the value of uﬂ.

[0046] - Because of its relatively lower U,;, the first
reactor_201 baﬁ be operated with a lower gas velocity than
the veleeitieslordinarily used for production of silicon in

LJ a fluidized bed reactor. This allows a comparatively larger
fractionidf the-homogenedusly decomposed fines to remain in
the fluldlzed bed 221 of the first reactor 201 rather than
being blown out threugh the exhaust outlet 215 into the
exhaust system. Accordingly, the first reactor 201
experiencés en increase in the amount of self- seeding

- would nQrmally be,lost 1n,thenexhaust 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 algso reduces the geed




size in the second reactor is between about 800 and 1200 m crons.
[ 0045] Theosimdidssdso aver age particle size of particl esPCTNSIRE0FPst
reactor 201 is nore favorable for honbgeneous deconposition and
results in a lower Unf for the first syeactor. Conversely, U for the
second reactor 301 is higher than it is for ordinary silicon

produci ng fluidized bed reactors because of the | arger average
particle size in the second reactor. Preferably, the ratio of U Unt

for the fddutroheae! ebr20leisyditapennt -and ARoud, ANt AhgLaLi o of

U Unf for the second reactor 301 1s betwe ‘ oout
pr ef er ablThe tisgefatpoodf tlyp gl § sreadiagdf npke ieatanro@dGRl it bet ween

about 2 t and.. 1. Unf _fe , ond _t e or
301 1 s betuiant Las i A A e Tihoed I et e
first 20ltcandcyessndtBeltheenglpyt efethepfitéde memctosd it ynflor t he
second re@&; i.S.hi has DCJ f e f.irst .
react or becf&rggeo{leitnﬁggfln %ie gcgb%ci?r%g\%graa %gfaérft%/sclgrsi&%g%ﬁﬁﬁhe
val ue of Wt-seeddng] tBechlset ofedatomel atively | ower Unf, the first
reactor 201 c @40 i, t I ~0 j ..y .
vel ocities or :@Jr?gfqul 5%?%@%%?’ ;r}rlgedtff:i\ti?%ﬁ g?nés/%%%\l?&rﬁ%g l‘fjlk{%?d%%ed
bed react@re sEfiondalrkagson T®hparat ithel Yirak gesactform@dlon wiichhe

the fi et Feaa g 20l e T e Than CBaTRGCbl o out ThT Baan et Re=oer
exhaust OWHAILPBrLACdet heze exdhriidts $ystehigiter didi fat ythg feechidst
because Soms Gr REohoRaboRaoLer . Jacombos s rTherd el rgs M
normal | y #ee |gstidiaeHebexhdosing desdd pwhddly hehrqusdcttdre to form
i ncrease YRTNG Pract fan oF T RoTT Qe iy Dot b s ol o R BFER%t hat
coal esce 2@ f ordmaldedusti aledd parsiclegadtorh@Oleedzb resthirces 30he
seed are more likely to be blown out of the fluidized bed through

the exhaust outlet 315 because of the relatively higher gas

velocity. This does reduce the amount of éelf-seeding in

the second reactor 301, but this is more than cffset by the

increase in the ratio of heterogeneous to homogeneous

decompogition caused by the larger average particle gsize in

the second reactor 301. Moreover, the higher gas velocity

in the second reactor 301 translates to more silicon

depogition 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 CZ crystal puller,

however, it will be degirable 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
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thereby inproving efficiency. The benefits of the self-seedi ng nmake
It economcal to increase the concentzdati on of silane above 14 nole
percent to increase the throughput of the first reactor 201 and
gener ate honogeneously deconposed particles for partially
self-seeding the first reactor. [0047] Preferably, the silane

concent r a4y AN Heid AW idin HRe at8gapdqr %%@éaﬁ@& tha f@ﬁuiéfSt

reactor 201, which also favors heterogeheous corrpos t1on. Because
the | ar geilignn agetaleisc taon £her @ggpng reaatergher imfofar the
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rel ativeld. 81| Grerergadio .v &l Gaiet, p4 7Thiwh idhessr hduebyt ivcanpordted by
sel f - seedl t he secon rea re than offset
by the. | ARASIES 1 EREIANY - of HRe EREJEREBTEEPE AbhoderEtHe
decorrposdlxmrdmugedi ed e Isaugebnaparagelaarnzml withzgni ine:t-thegas
second re 301. eover, as velocit in the second
react or 3%0(1;} {ear%l'atbé@{ﬁogeﬁ”dr@ Ff“@g Eﬂgﬁﬁs]ﬁ%gjaﬂrg RaBcFhy passed
t hrough tingeardtuides Q@ﬁ:cﬁﬁﬂ:eﬂd angcvenraipankeqf béll e @F ofs HEXEN

c(oncentratlon th,ereo% |ncrea5| ng t he t hroughput of the second
react or &g PREeHH ﬁSF‘P@%F@E f rBvdredRn second

react or QQQ—fﬁ?B’ésp%dtsQ}f ahd @athlbqets doBerting ftophibsenigrope of
the invention. If the g{anul ar silicon is to be_ wused for Techarge of

a cruci bl eeMRPERIET or y TS pd one epbediaenti efufhe pEedeBkrable to
reduce t%m:%?@r‘%ﬁ‘ﬂﬂ% siQfi dope ngh-9BULan 8LbinCPRe LicHRY ALSOHE

desirable to
301 is fed into a fluldlzed bed dehydrogenator 401 and held
between about 1800 and about 2200 °F for a period of time
sufficient to reduce the hydrogen content of the granular
silicon to about 0.3 to about 1.5 ppmw. This step aiso
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. Morxe preferably, the
dehydrogenation procesg can reduce the surface dust content
to between about 0.01 and about 0,006 weight percent.
Preferably, the dehydrogenation process reduces the dust
content by at least about 80 percent. More preferably, the -

dust content 1s 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 present invention provide

advantages from the standpoint of product purity. They also
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further rvedowe/o61660 dust content of the granul ar S|I|colr:C har vest ed

fromthe second reactor 301. Both hydrogen and WD 20061062660

PCTI US20051040559 24 dust reduction gan be achieved by feeding the
granular silicon particles fromthe second reactor 301 into a

fluidi zed bed dehydrogenat or 401. For exanple, the granular silicon
particles harvested fromthe second reactor 301 can be fed into the

{1l di zedbdadolyaangenal oradesetd had Gy Uil No.

5, 326, 54 ? mﬁ?ch i's rereby i%cprpor tedﬁﬂvére g?ﬁﬁégﬁ sically, the
dehydr ogebandpoint . opRy atewbbying | theli Firsr arskdasforsl 1floddigacdt beldes

421 with | t, oge at .t erat yres _higher

than t her%? gir:r%g% a%%?g%e g[ﬁ%%zé%f g?%%&%%%D%eu iydiegérné Bl reeéL(Ptc&%?SFgr

deconposiabbah Rf5spétrcent beee nighe dogrow nebmvettdraogan prdidtfikess oak of

the particles_over.tine_at this higher tenperature. Thus, in_an

enbodineﬁ%eoFaWﬁe prese ﬁe{th¥?ﬁéhé¢%nF%ﬂ I%ﬂcﬁﬁﬁq%d;éhﬂﬂFv&%fgg

Ij r ﬁmdt hepeeecend oeact fghe 3Pdst scoedentienal fhnidl izrt bedthroughput
ehydrogenat or 401 and_hel d__between about 1800 and abqut 220Q _qr for

a peri odSGP PERBCRSHFFCHBNTSTE® reaudes (HRE IR Foddit cofert o 1ifen

gr anul ar praguteddnt foabhet s0z8 6P €® Ufedstodpragselhi xRl an
reduces the dust content of the granulay silicon. For . exanple,

granul ar t&FPEcBh pBFt FEPERIRAFTRET PP Fr Rt h T A Fhe 483653t can

have a sgibk#eeadigt tEONERPbUGhpREOtlirodsH i adnd vealicihtis at
percent. _The dehydrogenatlgg process can_reduce the surface dust

content 6355t RREHE bl kIR oREE -abdik theoemherdRensefeERT1DRAY e

preferabhgretife tHEhYHFEGGRBLE OBE PERE ESSc G FRAUTE 1L ruthicres dust
content to between about 0.01 and about 0.006 wei ght percent.

Pr ef er ab@pouthd4fekgdhoperiant b adeads 158d4ede PRE Bist Thomedhodsy
at |east abodt 80 ReLCgAiridMRRE PEGLEE D) Yin e concentration of

transition métals in comparison to the best conventional

practices,foi producing granular silicon. In general, it is
anticipated #hat those practicing the inventive methods will
want to tékégadvantage all the advantages listed above
and/or diﬁct#sed elsewhere herein, but it is possible for
skilied aﬁtiéans to use the teachings herein to obtain the
benefits §f ﬁewer than all the advantages, if that suits

o them, witﬁouﬁ 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 gkilled in the art will be able to adapt
virtuallyiany fluidized bed reactor suitable for
conventional production of granular silicon for use
according.to the present invention. For example, there is
great flexibility in the manner in which gases are flowed

"inté.fhériééétdrs. 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
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dust contwearited6r66Huced by at | east about 95percent. Ngst

preferably, the dust content is reduced by at |east about 98

percent. [0049] The nethods of the preggent invention provide

advant ages fromthe standpoint of product purity. They also WO

2006/ 062660 PC T1U52005/ 040559 25 provi de a nunber of advantages
froman efficiency standpoint. By conbining the first and second
fluidize t 4 nsth i i can be
increasegemgggaﬁﬁg§58%§%%eﬁ% g%er t%%igggﬁﬁ%%%%gﬁ%?%ﬁé}%%g%ctices. At
t he sanepbitérlele whichgbput redwncdethadnebsbip abb gl i@ depersddrmt
over the be convent i opal clice Thr oughput an he asured in
terns of ° hgh?ag?ﬁ %%i?ﬁé rg%g %+f§§§?¢xﬁP°%¥§§ﬁﬂn “h 96 4% si ze of
t he reactiatrodasell texphesseactor aerasdiffdientavieyage @t &®m the
sectional_.area of the reactor). ., Preferably the thr hput_ t hr ough
The secofidCiBIELOR Pt FERS: ERERIS PP RGTLLSF T Lpte &t

enbodi nerrdessriibedtibar ehnthé heed bt orghpoitnate tistsecdwly rfaadhey i S

bet ween ab%gﬁ 140 kg[h Eer n% and about 155 kg/h per ne. The net hods
resul t i FORISTGRPTVE hetieddctreh Fhe RS ntration of transition
netals in conyabsiPn wWRehhenbestueonyeatdmits &F agld GRG&SNt

produci ng granular silicon. In general, it is anticipated that those

practiciﬁ@vﬁﬁ§ipﬁv@ﬁth@ Eﬁ?ﬁ@ﬁ§e§j¢mb°@¢Wﬁnﬁﬁ)ﬁhﬁ%? dﬁﬁh@@tﬂﬁleﬁhe
Bosei bl o For S 11 ediar t] aade Al BE PR FLONRELD MR onad e ©
the  benefret ongf oremeret REnthe| elementy ant Heesterms t'eampising t.hem
A vari ety BF PPt cfhcanageRg: ParL S LET d be  Holio e
gr anul ar meani tbatf cberei hayohe sééitiomhbselatdntdther Heihaar ttha | |
be able Hgs%g%p%lemghggglly any fluidized bed reactor suitable for
[0052] As various changes could be made in the above
compositions, products, and 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 drawings shall be interpreted as illustrative

and not in a limiting sense.



conventional production of granular silicon for use according to the
present invention. For exanple, therezps great flexibility in the
manner in which gases areflowed into the reactors. Silicon
deposition gas (e.g., silane) can be introduced separately fromthe
carrier (e.g., hydrogen). Sone prefer to do this because it can
facilitate keeping the silicon deposition gas bel ow the
deconposi ti on WO 20061062660 PCT1U520051040559 26 tenperature unti

it is heakedbyhharheat.fromthe particles, which can reduce the
bui l dup of silicon Eeposits on the gas inlet. The silicon deposition
gas can be introduced to the reactor at a different |ocation from
the fluidizing gas or'ﬁven through a plurality of i.nlets at . va Lgus
| ocation in-the FedEEBF, #fo®h ﬁﬁoﬁug?m CHEW Gt TR ISR Peds it ity
vari at ignsrideatr 1aenpossibben HRVELL1 Mens ity aduGitg elearpmtt $rohct he
‘present_ invention or the preferred enbodi nents thereof, the articles
"a", "dfast gRE" keanyhessi g thPePrREERERY R4 Iredh ARARAChEFENSAFEOBne
or " & ffal e relaatsonTBe LELEBREQMPI] iy,  °including’, and
"having” are intended to be inclusive an nean that there may be
additional elements other than the |listed elenents. [0052] As

vari ous changes ul d_be de in.the above . .conpositi-ons, .products, ,
and methods A thotE SEBEFERAGSH SRt FETREBHE Gl T JHbAt PO is |

i nt endethd hattadl vedghttent €hst phpedicidsthe abomenddestld pidtan camdn ,
shown in the acconpanyi ng drawi ngs shall be interpreted as
illustrative and not in alimting sense. 27 WHAT IS CLAIMED IS: 1.

A granular silicep.CcgrRashki-08:¢QRPAI é&ﬁ?o@itpidﬂ ity ga]::[eceding

free-flowing silicon particles having a total weight of

claim wherein the particles have an average transition metal

concentration between 0.15 ppba and 0.1 ppba.

4 The composition of any preceding claim wherein the
particles have an average boron concentration of no more than

0.1 ppba!

5. The composition of any preceding'claim wherein the
particles have an average phosphorous concentration of no more

than 0.1 ppba.

6. The composition of any preceding claim wherein the
particles have an average. carbon concentration between about

0.02 and 0.1 ppma.

7. The composition of any preceding claim wherein the
particles have an average hydrogen concentration between 0.3 and

1.5 ppmw.




| east 300 kg, wherein the particles have an average transition netal
concentration of less than 0.2 ppba. 28 The granular silicon
conposition of claim1 wherein the total weight of the particles is
at | east one netric ton. 3. The granular silicon conposition of any
precedi ng cKainlwherebmpbhét@ahtbﬁlesyh@wec@dumweihgﬂnummurﬁﬂﬂ aie
metal concentration between 0.15 ppba and O. & 4 The
conposiﬁqﬁﬁ?é;esahﬁvﬁré@e&Vﬁ§aEPaFﬁgghE?EW?FQWﬁQ 63?%|%%Qﬁsmﬁ%ﬁ9n§n
average boron concentration of no nore than 0.1 ppba. 5. The
conposition of any preceding claimwherein the particles have an . |
aver age pho§bhor6@§ @@m@@ﬁnﬁapnonfoﬁnnopmtﬂ%ﬁlmQRQi&IMLwhﬂxfln6beTWQen

conposi ti recedin clal mher n the anti.cl ave_a
averageé O((?%r bor?a%rqgeﬁ) Fatl notget eel® 193t 15 ¢*'d %Lﬂta&)e'lf airrace

The compasi.tion of any precedi ng cIa|n1mhere|n t he partlcles have an
aver age hydrogen concentration between 0.3 and 1.5 ppmw. 28 8. The

conposition of any preceding claimwherein the particles have an

aver age size between 800 and 1200 m crons. 9. The conposition of any

“precedi ng clai mwherein between 0.006 and 0.02 percent of the weight
is attributable to surface dust.




