REDUCTI ON OF Al R POCKETS I N SI LI CON CRYSTALS BY
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present invention relates to a nethod for reducing the
anmount of insoluble gas carrited into a silicon nelt by
a charge of granul ar polycrystalline silicon.
BACKGROUND OF THE | NVENTI ON [ 0002] In the production
of single crystal silicon ingots grown by the
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pol ycrystalline silicon, a m xture of chunk and

granul ar polycrystalline SI licon is first nelted down
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centineters in wdth. Polycrystalline silicon granules
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polycrystalTine siTicon and are typically

characterized by irreqgular surfaces, cracks, and
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silicon granules are particles that are less dense than chunk polycrystalline

silicon and are typically characterized by irregular surfaces, cracks, and voids.
Polycrystalline silicon granules typically range from about 0.2 mm to about 2
millimeters in diameter and generally have a packing density which is about
20% higher than chunk polycrystalline silicon.

[0003] In a conventional melt preparation, as the polycrystalline silicon is
heated and melted, an inert purge gas such as argon is continuously
introduced over the crucible and silicon to remove unwanted contaminants
from the melt area that are produced in and around the melt during the
melting of the polycrystalline silicon. After the silicon has completely melted

and reached a temperature of about 1500°C, a seed crystal is dipped into the



pol ycrystalline charge is conpletely or partially in
the solid state, the argon purge gas may becone
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become i ncorporated into the silicon nelt, thereby
increasing the risk that the2rapped argon may form

air pockets of various sizes in the growng silicon
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insoluble gas carried into a silicon melt by a charge of granular polycrystalline
silicon. A silicon melt prepared with such a charge of granular polycrystalline
silicon has a low level of insoluble gas, which thereby leads to a reduction of

defects, such as air pockets, in a single crystal ingot grown therefrom.

[0006] Briefly, the present invention is directed to a process for controlling
the amount of insoluble gas carried by a charge of granular polycrystalline
silicon. The process comprises (i) charging a feeding container with granular
polycrystalline silicon, (ii) forming an ambient atmosphere in the feeding
container, the ambient atmosphere having a mole fraction of at least 0.9 of a
gas having a solubility in molten silicon of at least about 5x10" atoms/cm® at

a temperature near the melting point of silicon and at a pressure of about 1



silicon nelt in a crucible in a growmh chanber of a
crystal puller apparatus. The process conprises
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[0008] Other objects and features will be in part apparent and in part pointed
out hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 is a photograph (1000x magnification) of a polished cross-

section of a granule.

[0010] FIG. 2 is a graph correlating bubble radius with number of argon
atoms in a bubble.

[0011] FIG. 3 is a graph correlating terminal velocity of a bubble with bubble

radius.

[0012] FIG. 4 is a graph correlating internal bubble pressure with bubble

radius.



[0016] FIG 8 is a graph depicting the behavior of
| arge argon bubbles in a silicon nelt. [0017] FIG 9
WO 2008/0¢462ph depi cting the behavi or of i nter medP@r/ES2008/082838
argon bubbles in a silicon nelt. [0018] FIG 10 is a
graph depicting the behavior 4of internediate argon
bubbles in a silicon nelt in a silicon nelt having 10
ppma of SiO [0019] FIG 11 is a graph depicting the
behavi or of intermedi ate argon bubbles in a silicon
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Correspondi ng reference characters indicate
correspondi ng parts throughout the
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rogeNa tenperature near the nelting point of silicon,
e.g. at or slightly

[0020] FIG. 12 is a graph illustrating theoretical equilibrium concentrations of
nitrogen and argon with the puller ambient under a defined set of conditions.

[0021] FIG. 13 is an illustration of a feeding container for feeding granular

polycrystalline silicon to a crucible in a crystal puller apparatus.

[0022] FIG. 14 is a bar chart depicted the % of a population of wafers
characterized by wafer defects. The wafers were obtained from ingots grown

according to the methods described in the Example.

[0023] Corresponding reference characters indicate corresponding parts
throughout the drawings.



above about 1420 C and bel ow about 1450 C, and at a

pressure of about 1 bar (about 100 kPa). G anul ar
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i ncorporate up to 10 ppb (about 5x1 014 atonms/cm 3) in

the silicon nelt, a concentrd&ion that nmay cause

nucl eati on of bubbl es at nucl eation centers, such as

the crucible wall, and spontaneous nucleation in the

bul k of the nelt. [0025] According to the nethod of
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atmosphere is formed in the feeding container, the ambient atmosphere
having a mole fraction of at least 0.9 of a gas having a solubility in molten
silicon of at least about 5x10' atoms/cm? at a temperature near the melting
point of silicon and at a pressure of about 1 bar (about 100 kPa). Preferably,
the ambient atmosphere formed in the feeding container has a mole fraction
of at least 0.95 of the soluble gas, more preferably, the mole fraction is at
least about 0.97, at least about 0.99, at least about 0.999, or even at least
about 0.9999. The mole fraction of soluble gas in the ambient atmosphere
formed in the feeding container may be as high as 0.99999. By forming the

ambient atmosphere in the feeding container prior to feeding the granules to



| . Characteristics of Insoluble Gas Bubbles [0027] In

general, insoluble gas bubbles, if present in the
w@RIvoe74el t, may cause the formation of air POLKS1088/082838

in the growing single crystal silicon ingot. At |east

two nechani sns for the formate on of insoluble gas

bubbles in a silicon nelt may be proposed: ( 1)

nucl eati on of bubbles at the crucible wall and (2)

spont aneous nucl eation in the bulk of the silicon
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as "small" if the radius of the bubble is | ess than

t he crltlcal radi us and the bubble is susceptible to
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cracks, which are capable of nucleating SiOx bubbles at various points along
the crucible surface, these bubbles being capable of collecting insoluble gas
in the melt, thereby forming stable, insoluble gas bubbles that remain after the
SiOy dissolves. Moreover, the crucible may contain trapped SiOy bubbles
within its surface. These SiOx bubbles will be exposed to the melt as molten
silicon dissolves the interior crucible wall and, once exposed, may also
nucleate bubbles capable of collecting insoluble gas from the melt.

[0029] With regard to the second mechanism, argon or insoluble gas may, if

present in a silicon melt at high concentrations, spontaneously nucleate stable



The critical radius generally depends upon silicon
nmelt conditions, such as the concentration of
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Generally, "large" bubbles have a radius greater than 250 micrometers and
may be buoyant enough to escape to the melt surface in a relatively short
period of time. Finally, a bubble may be characterized as "intermediate” if the
radius is greater than the critical radius, but is not so large to render the
bubble buoyant in the silicon melt. Generally, an "intermediate” bubble has a
radius between about 2 micrometers and about 100 micrometers, such as
about 10 micrometers to about 50 micrometers. These bubbles are neither
likely to dissolve in the melt in a short period of time or to rapidly float to the
melt surface and escape from the silicon melt. Therefore, the "intermediate”



melt in a relatively short period of tine. It has been

observed that the termnal floating velocity depends
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buoyant bubbles may sinply float upward to the surface

relatively quickly, while sm@ | radius bubbles my

follow the nelt flowuntil they reach the surface by

random chance. In any case, the concentration of

bubbl es decays exponentially with tinme due to escape
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surface, and reasonable values for the terminal velocities of bubbles deep in
the silicon melt. This estimate, along with the terminal velocity, is shown in
FIG. 3. In view of the estimated terminal velocities, it is observed that bubbles
having a radius greater than about 100 micrometers have high terminal
velocity and float to the surface relatively quickly. Bubbles having radii of only
a few micrometers will remain in the melt for long time. The terminal velocity
of small bubbles is estimated to be less than typical melt flow velocities, so
these would simply follow the melt flow until random variation may bring them

near the melt surface to escape.



atons per bubble and C* Ar = saturated concentration
of argon in the nelt). For exanple, a bubble with a
WO 209061604 5 microneters and C+ Ar = 5x1 013 apONEA29NS/E32838

(characteristic of a soluble gas) is estimated to

di ssolve in 453 seconds. Thi® is an acceptable

duration, particularly if the bubble forned during

feedi ng. A bubbl e having a radius of about 20

m cronmeters and C- Ar = 5x1 013 atons/cm 3, however,
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5x10 atoms/cm however wouId take 16 times as long, or about 2 hours.
To ensure that these bubbles have a sufficient amount of time to dissolve, it
may be necessary to heat the silicon melt for at least two hours, or more,
which impairs the throughput of the method but could still be acceptable. On
the other hand, a bubble with a radius of 5 micrometers and C'ar = 5x10"?
atoms/cm?® (characteristic of an insoluble gas) is estimated to require 4,730
seconds, or 1.3 hours to dissolve, and a bubble with radius of about 20
micrometers and Ca- = 5x10" atoms/cm® would take over 20 hours to

dissolve, which is an unacceptable duration for commercial practicality.

[0035] With regard to bubbles that nucleate at the crucible surface (which
may occur at any time in a saturated melt, even during crystal growth), these
bubbles contain mostly SiO, but may collect a significant portion of argon

which diffuses into the bubble while it is growing large enough to escape from



same probl em of slow dissolution. The nunber of argon
atons, NAr , is proportional to CAr, and the

wa@le@gob4t4 on time is proportional to NAr / C* PET/USIH08/082838
now tchssoive ~ CAr / C- Ar . To first order, CAr
doesn't depend upon C+ Ar ditectly, but depends only
upon the anobunt of argon dragged into the nelt. If a
bubbl e nucl eates and grows while silicon single
crystal growth is underway, there may not be
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polycrystalline silicon under a st andard set of
[Oggg]dl f | View of-{ﬁe a%ove cons%era%ons of the re%atlve ES)uoyancy oé)farge
bubbles and the dissolution of small bubbles, it is thought that there is a range
of bubble radii within which the bubbles are neither buoyant enough to rapidly
float to the melt surface nor small enough to rapidly dissolve. Accordingly,
bubbles of insoluble gas having a size greater than a critical radius survive in
a melt (i.e., do not dissolve), but also may not float to the surface.

II. Granular Polycrystalline Silicon as a Source of Insoluble Gas in a
Silicon Melt

[0037] Since the problem may be considered in terms of bubble size, which
is directly related to the concentration of insoluble gases in the melt, it is
worthwhile to consider sources of insoluble gases in the silicon melt. Sources
of argon in the silicon melt include the puller ambient (conventionally, 100%
Ar, at fairly low pressure such as 20 Torr (about 2.7 kPa)) and the granular
polycrystalline silicon. The following table may be used to estimate the



NBB 1.3x1 09 BBdensity 1.3x1 04 CArMelt 7.9x1 013
Ar Bubbl eDensity 1.2x1 09 NArPerBubble 6. 7x1 04 ArR pen
wa 2908462 Bubbl eDensi t yRi pened 1.2x1 05 PCT/US2008/082838
NAr Per Bubbl eRi pened 6. 7x1 08 [0038] In the above Tabl e
I, Massfed is the mass of gréhules fed in kg; Massnelt
is the total mass of the silicon nelt in kg; NBB is an
esti mate of the nunber of granules fed into the nelt;
BBdensity is the average concentration of granules fed
amoliat dthergorlthatiapy Getsarféd b ta dikcdnmett diomh tes geamular
concentration in the nelt provided by the granules in
pelyeirsiad essiliograumiarasiradaid sef afkengiiosat i al nunber of
argon bubbles per cnB of nelt if all voids in granule
Tgt?qéﬁ_ace remai ned separate; NArPerBubble is the nunber
of argon atons per bubble if all voids in the granule
surface lped separate; ArRipepgi$pa theoretical
nunber %(\; %Les assuned to con‘o?'%?1 nto |arger
bubbl es; ubbl eDensi t yRi pened i '3th1 nunber of argon
bubbl es C of melt if origi n%‘l j ds consol i date
into fel9SEEBI es; and NAr Per BubbiXi® pened is the
number &AMedon at ons per bubbl e 7PX4P gi nal voi ds
consol i daBebblebPenstywer bubbl es. [ 08390 Based on the
above t MArBerBulbiar ge of granul ar6@aslQtrystal line
si | i conAcRipenes a signi ficant anotxitO*of argon into a
si | i con AmBLibbleDeesitygRipenadmber of 1 2xgoh at oms carri ed

in by the\r@eBubeRigenest i mat ed tg7keotbout 7.9x1 013
atons/cm 3, divided anong as many as 1.2x1 09 bubbl es.

A certain fraction of these.bubbl es wll nucl eat e into
[0038]geln therdgeyeelible LidWassfed whitehmaay o granubgsafed isrgugh

f h | d | - th l. .
MaSaBRE e ordlimats S hegiton Bel in kaeNEB b apsssimaigef the
niimBér ebgiahulesle@4ntoUhs Inesit; BBU&hsity RS thd &NdragaicBRcentration

bubbl es, each |arge bubbl ¢ haV|ng about 1x1 04 as nanﬁon

of:grgoHlestfechintashe meelbp@tras GAadelhisdhadaliaharaas cangentra
inrthg?ﬁelt B%Q/?Aéd w]fhte granules in atoms/cm®; ArBubbleDensity is the
potential number of argon bubbles per cm?® of melt if all voids in granule
surface remained separate; NArPerBubble is the number of argon atoms per
bubble if all voids in the granule surface remained separate; ArRipen is a
theoretical number of bubbles assumed to combine into larger bubbles;
ArBubbleDensityRipened is the number of argon bubbles per cm?® of melt if
original voids consolidate into fewer bubbles; and NArPerBubbleRipened is
the number of argon atoms per bubble if original voids consolidate into fewer
bubbles.

[0039] Based on the above table, a charge of granular polycrystalline silicon
carries a significant amount of argon into a silicon melt. The total number of
argon atoms carried in by the granules is estimated to be about 7.9x10"
atoms/cm?®, divided among as many as 1.2x10° bubbles. A certain fraction of
these bubbles will nucleate into larger, “ripened” bubbles, which may be
buoyant enough to escape from the melt and lower the melt argon



argon's solubility in silicon is estimated to be about
0.1 ppb (about 5x1 012 atons/cm 3) in nolten silicon
wW@eooaowr4 1 bar (about 100 kPa). The esti mat edPEr/{s2r908/082838

concentration carried in by the granules is therefore
greater than 10x the solubil12y of argon in nolten
silicon. Moreover, this concentration is nuch | arger

than the concentration of argon atons expected in a
silicon nelt in equilibriumw th an argon anbient.
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defined set of conditions are shown. In FIG 5, the

range_of argon concentrations considered is expressed
[0940Fr #incei gipen GRStSRae sRlBEY iBta BiHCQmMEX (Ruth dhassome of

t
R DL e T
Iaegtdbabhsie*s thatepitl ksohpe fron) thel dilidcdmemattgivis pmmlaetto @maate
carried into ranules is ab,rOUt 9x1 013

th&tQS’r’P-DCPEW?%OV( Bﬁ%@@ﬁghtﬂﬂgé”'g% imelt aksequliorapn @ndhestipate the
n Mééhgﬁd %?&%‘cﬁ'tﬁ@%uBSie@W‘P AL rﬁéﬂt‘ﬂ@@us\é’bkﬁé rfcﬁ"é%'ba&@%m the
L:-l'>x 0 [ ?

1 mcroneter
meld dingdsmawithus becczmeemtratnemlah anadforn|dir pvckets irethevdrowing
0 i ncrease the argon concentration in the

W Il ten
3'99'|ei%ﬂaﬂ§f'?°”69 ‘he other hand, if the argon

concentration in the nmelt is 6x1 012 atons/cm 3, any
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a radius of about 20m croneters will be supercritical.

a sperceupargen in the melisiveds equilibrgtiawvitirhe anigient. (Wil
ARG e BRI Bbh ehab iR R,
prepedEs dndend defimeel $et of conditions are shown. In FIG. 5, the range
of argon concentrations considered is expressed as a multiple of the
concentration which would be in equilibrium with the ambient at a typical
temperature and pressure (Temperature = 1700K, Pressure = 20 Torr, and a
melt depth of 5 cm). If the argon concentration carried into the melt by
granules is about 7.9x10" atoms/cm?® (based on the estimates in Table 1), as
further explained below, any bubble with fewer than 3x10° atoms, i.e., smaller
than 1 micrometer in radius, will be sub-critical and will dissolve, which will
tend to increase the argon concentration in the silicon melt. On the other
hand, if the argon concentration in the melt is 6x10'? atoms/cm?®, any bubble

with more than 1x10"" argon atoms and having a radius of about 20



Equilibriumis therefore predicated on bal ancing the
factors which tend to increase the argon concentration
w0 poovketonel t (di ssol ved bubbl es and argon fr onP@hES2008/082838
pul l er ambient) with factors which tend to decrease
the argon concentration in th® nelt (grow ng bubbles
and the escape of buoyant bubbles into the anbient).

The equilibrium argon concentration affects the
behavi or of, and allows predictions of that behavior
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m croneters, so according to FIG 3, they would take
Intmmediﬁiar@nd Erge capehesilteopipeltr om t he nelt, but they
woul d di ssol ve quickly. Wth reference now to FIG 7,
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and the bubbl es dissolve until CAG increases to the

randomly from the melt, but they would dissolve quickly. With reference now
to FIG. 7, the behavior of bubbles containing about 3.3x10® atoms/bubble is
illustrated. If there are 2.5x10° of these bubbles per cm?, there is still a total of
7.9x10" argon atoms/cm?®, as in the case illustrated in FIG. 6. These bubbles
are about 1.12 micrometers in size so they would escape from the melt only
after about 50 hours (3 time constants) according to FIG. 3, but these bubbles

will dissolve in about 6 minutes.

[0043] For bubbles having about 1.1x10"! argon atoms/bubble, the initial
radius is about 20 micrometers, which is though to be supercritical (stable) for

argon concentrations greater than about 3x10'? argon atoms/cm®. The



equi | i brium concentration, and bubble shrinkage nearly

stops. A state of quasi equilibriumis established.
wab@oedsid es eventual |y di ssolve after 3 1 houPGI/US2008/082838

because the total background argon concentration

decreases by evaporation fromdthe nelt. However, since

the radius is about 20 mcroneters, the tine constant

for random escape is expected to be low, and is about

150 seconds, according to FIG 3 . [0044] The above

b@ha@omﬂthesél babbles@a%m@trébd)rwf naxil 0Ybebizles/chenigi ng
om ver whi ch woul d be expected to rapidl

RTINS TN Ua|h’|,§1heP@\Pﬁgfﬁuﬁ)\%@rgprb%ortﬁﬁW@ﬁpnééedé%
aé&nﬁé&?oos%gg%&gggeggébubbr& %@Bﬁtulg@uﬁblﬁéaﬁé’t%he

contain a
equﬂlltax‘ﬂnutcohbentrmldmlandfblmb@shmm merarby styps.cAlstate of

OGRS SEE i L BN B B B Bl o'
h%?ﬁse;%éy%%éjtdt KSack R%Uhn reg ﬁcéﬁﬁ‘é’t“tﬂ?déé@é@eé Bz

o di ssol ve. to the tine consta
evagedetipn oasibapeeltt Howenket, siage tentedius iaabout 202x1 04
of these bl es per . _To decrease the
mitrolrptes. B e 2oRElapk i rafdomeisap fs hRSR 88 30 bt qw. and
isRBout B0 WedbAldd alceorlifgto BIG. 31 me constants, and as
shown in FIG 3 this 1s about 6 hours. Since it would

take |l onger than 3 hours to dissolve these bubbles or
[084hloul Be pEOXe disguspiomhas f@%%ﬁﬂao'ﬁ &nablesyhaving §'§§S ranging

o R B PR Lo HEh Suol o2 RS ot e o3RO o, iR

(wehigts valuld ne bubyaret enulighetomdeape rfrqmotﬂeemelt nlrtt@renedlate

Dl By SHBE R AHAR B8 T Aiarey Pube 0@@ which s about
th"e@q}t‘ﬁﬁé’rrc?fyar oh 3&RE iP5 t%@célﬂyér%tﬁﬂ@bﬁ@%%@“\%Lhcg bubbles

there also reduc
haliesa oaditis ofi abouied Aouicdordetgps t AcBo@birig BBF KR sush (caboles

1.4 h he di | f_. th |
wih gk GRbub ! Jxaat FeedficRr Giete B Shases BARRE atVith
regard ketHEElirhe k@ﬂbbéni ﬁeé@@dﬁo ésébpk, @ri@r’rﬁéltorﬁﬁ %Ght?aln ‘é’ﬁb@th

'S aproxwrate equal tothe solubility o %
1250501 these bubblesarercrvar Jo Peoweie the ﬁﬁ@sut_u hex ﬂaﬁﬂthese

[ e
oufple” by % 8ot BLBORTE o MOl R BRB LI B
castantsNancas soln id F&CBOthiofs éthut 6t gurbu IS &sit MRS take
di ssol ve (until the overal | ar
longer than 3 hours to dissolve these bubb es or 6 hours to allow them to
escape randomly, unless throughput were not a consideration, some of these
intermediate bubbles would likely reach the growing crystal interface and

become air pockets in the growing single crystal silicon ingot.

[0045] If, however, the number of 5-micrometer bubbles were reduced by a
factor of 10 (and the total argon therefore is also reduced by a factor of 10),
the dissolution time would drop to 5.0x10° seconds (about 1.4 hours) since
the dissolution of these bubbles would not so greatly increase the argon
concentration in the melt (only to about 4.0x10'? atoms/cm®, which is

approximately equal to the solubility of argon in the silicon melt at 1 bar).



concentration drops via surface evaporation). Even if
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woul d not dissol ve because of the high background

argon concentration in the nebt. Based on the above,

it is apparent that not only is there a "sour spot”

for bubble size, but there is also an upper limt of
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meRr! ecul es instead. Using the values in Table |, that
woul d suggest that about 1.6x1 014 nitrogen atons/cm 3

woul d be carried into the nelt if all of the N2 were
[08#8]s olf vdQ« apd Bydiggen (agalukiegas) aee pobpeieseakin the melt at

10 ppma, the bubbles grow rapidly by collecting both SiO, and hydrogen
molecules, as shown in FIG. 11. The solubility of hydrogen in the melt is
about 1 ppma, so a concentration of 10 ppma (substantially above the
solubility of hydrogen) would allow about 2x10"* hydrogen molecules to be
collected in each bubble. The bubbles would quickly grow to 200 micrometer
radius, and would grow even larger by collecting SiO. These bubbles should
escape quickly. The hydrogen content in the bubbles levels off because a
finite amount of H is available to exchange between the bubbles and the melt.
The same is not true for SiO, which is assumed to have an unlimited supply.

[0049] The solubility of nitrogen in molten silicon is estimated to be about

100 nnma Assiime that instead of carrvina arann inta the melt the araniilar



of bubbles that could exist in equilibriumwth that

background, for CH=OQ GCs,0=0, and CAr= 1 -3x101 1
war@aeswm 3 (this value of CAr woul d be in equpPdT/b810081082838

with the puller anbient). This value of background N,

1.6x1 014 atons/cm 3, is esstdtially O on the plot,

showi ng that no stable bubbles should exist. All

bubbl es woul d be subchtical and woul d di ssolve. |V.
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charging a feeding container with granul ar
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IndbnpsPhgse i n the feeding container, the anbient

at nosphere having a nole fraction of at least 0.9 of a
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carried out after step For exanple, steps (a),

steble bulites @thgrs@@mme@wzmh inufrhdnayregsice air pockets in a
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0.9 of a gas having a solubility in molten silicon of at least about 5x10"
atoms/cm?® at a temperature near the melting point of silicon and at a pressure
of about 1 bar (about 100 kPa), and (c) reducing the pressure inside the
charged feeding container. Steps (a) and (b) may be carried out in any order,
but step (c) is carried out after step (a). For example, steps (a), (b), and (c)
are carried out in that order. Alternatively, step (b) may be carried out before
step (a), which is followed by step (c). Alternatively, step (a) may be carried
out before step (c), which is followed by step (b). In some embodiments, at
least one of steps (b) and (c) are carried out more than once, i.e., at least

twice, three times, or more.



at a tenperature near the nelting point of silicon,

e.g. at or slightly above about 1420 C and bel ow about
wa2®9/0667and at a pressure of about 1 bar (aboRCT/LSIH08/082838

kPa). Preferably, the gas has a solubility in nolten

silicon of at |east about 1x17014 atons/cm 3, nore

preferably at |east about 1x1 015 atons/cm 3, still

nore preferably at |east about 1x1 016 atons/cm 3,

still nore preferably at |east about 1x1 017 atons/cm
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to enhance the renoval of insoluble gases and the
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s@gtapntallgﬁ%e entire ambient atmosphere in the feeding container

comprises soluble gas, i.e., the mole fraction is at least about 0.999, at least

about 0.9999, or even at least about 0.99999.

[0053] Preferably, the granular polycrystalline silicon is exposed to the
soluble gas at relatively high pressure to enhance the removal of insoluble
gases and the adsorption of the soluble gas on the surface of the granules
and in the cracks and crevices. Accordingly, the ambient atmosphere in the
feeding container is formed by introducing soluble gas to an ambient pressure
in the feeding container between about 10 Torr (about 1.3 kPa) and about 1
atm (about 101.3 kPa), such as between about 10 Torr (about 1.3 kPa) and



to cause the adsorption of a substantial quantity of
sol ubl e gas on the surface of and in the cracks and

wee@olhewss of the granul es. Al though the duratiRCI/US2008/082838
whi ch the anbi ent atnosphere is held at such pressures
may be indefinite, i.e., such8as |onger than 1 hour, 2
hours, 5 hours, 10 hours, 20 hours, or nore, a
substantial quantity of soluble gas nay be adsorbed by
the granules in a duration as short as about 10
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mol'@ Ppsaxtanial iquantity dfewdliblg gasmay headaorheshipys theegranales
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itiieSi o Ay hERes tel BaRhBeb dhoUE b FEep Bt
alfout 60Ra)nute®r e preferably bel ow about 20 Torr (about
2.7 kPa), even nore preferably between about 0 Torr
L R E ST IRCTIT
| .
pr%@QQr‘étan grtKgg%%dlg@%ﬁfdéﬁéro%b?e 'U?ét E%élg c}(ﬂrﬁgg?fswfgefbrmmg
thAI arhbleghatrtmmweee suthe ﬁeeshr@&ari’naméeﬁﬂlbw@ddqnompneeede@by

refi Bt FigtALS Mol SRadind s8naing? SEhisveRamyeral ar St
adrarthged. Aﬁ]oﬁ?%émlgré@%lééduc%ﬁ\f@mo@e§%@I@Iﬁﬁnt@ portion
ortion of wa i nsol ubl e gas, and other inpurities

0 thenmsoi@blgww@éer And (othertimateities presest ondbe satface g or
ofpi 3R RFRAN R eyl TG PG IO Epugpee
rePi®ss of waddre indoRfoks ﬁad,. arldotiee POt e pfeteuRs BRRIY e
fegg%gbceonrtaei%lél(’: (rendayl t;]e |t’edeucfegetglbré ovx(/: ggg&tl Qoe [Foﬁro(%bout 6.7 kPa),
more preferably below about 20 Torr (about 2.7 kPa), even more preferably
between about 0 Torr and about 10 Torr (about 1.3 kPa), still more preferably
between about 0 Torr and about 5 Torr (about 0.7 kPa), and still more
preferably between about O Torr and about 2 Torr (about 0.3 kPa). Although
the pressure inside the feeding container may be reduced indefinitely, i.e.,
longer than 1 hour, 2 hours, 5 hours, 10 hours, 20 hours, or more, durations
as short as about 10 seconds removes a substantial portion of water,
insoluble gas, and other impurities from the granules. At least about 15
seconds, at least about 30 seconds, or at least about 1 minute, 2 minutes, 5

minutes, 60 minutes or more of reduced pressure are preferred. In one



durati ons between about 15 seconds and about 60

m nutes. The duration of pressure reduction is
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[0056] FIG. 13 is an illustration of a feeding container that may be used for
feeding granular polycrystalline silicon to a crucible in a crystal puller
apparatus. The feeding container is generally hopper 100 equipped with
granular feeding tube 102, which is an inlet for granular polycrystalline silicon.
The fill tube 102 is further equipped with valve 104. The hopper 100 also
includes gas inlet 106, which is equipped with valve 108. Gas inlet 106 is
both a source of soluble gas ambient and an exhaust for removing ambient
from hopper 100. At the opposite end of hopper 100 from fill tube 102 is



provi des the neans for feeding granular
pol ycrystalline fromthe hopper and into the growth

W@ b@sbet7of a crystal pulling apparatus (not SPOWAP2008/082838
whil e metering device 112 regul ates the flow rate of
granul ar pol ycrystalline sil2@on from hopper 100,
typically by using a rotating disk that may be noved
toward (closed) hopper 100 to restrict flow and noved
away from hopper 100 (open) to permt flow The
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pdiRCot¥ifitbrP5AN UL 8'oressure of about 1 bar (about 100 kPa); and the
pressure inside the charged and filled feeding container is reduced.
Preferably, the pressure is reduced to below about 50 Torr. In this process
embodiment, the steps of filling the feeding container with the ambient

atmosphere and reducing the pressure may optionally be repeated.

[0058] With reference again to FIG. 13, granular polycrystalline silicon may
be charged into hopper 100 through fill tube 102 in any ambient. The
metering device 112 is closed to prevent granular flow through feeding nozzle

110. Granular polycrystalline silicon is typically stored in air, and the ambient



polycrystalline silicon, valve 104 to fill tube 102 is
cl osed, while both valve 108 to gas inlet 106 and
WQo 2000864604 f eedi ng nozzle 110 are opened. Next,PETES2008/082838
hopper 100 is filled with soluble gas by flow ng
sol ubl e gas through feeding Pbzzle 110 and through the
granul ar polycrystalline silicon resting in the
coni cal portion of hopper 100. The sol ubl e gas nay
egress through gas inlet 106, until a substantia

duing cleargig isngsicalb) @lr gAﬁeaeldargmgeme&n@gee rm)maﬂhtrf grsmular
t he mass of granul e h val ve

Pol¥erpiRYineozhean, y@tyeamﬁ \‘i’aﬁ"kﬂé‘bfdé)?t iB C@Qﬁ@dp whde bpmsvaflﬁ@ 108
£ o A SOLA 00 bk ok
hepgarr@Oeis tfiled g\ntmmdltelsle gas ta/ﬁlcahmgrsmalblagasfthndmgb feedlng
nGie1 18680 i ighe s solENsiaing sBCot ey s

cdrliEQ Lﬂﬂ?tuéﬁ@ﬂh(@%é’r% eTHéQoluﬁ%?g s 1 efyté’g’reés ﬁ#@é%ﬁ?‘@%é Hlet

portion of ubl e gas and are renov rom
10Hheuntthe subbtagmtiahpdréion dﬁmSolubie\ges angywater ere serdoved from

| | i I | ed h 00 ||
et Bl dniEss Al frkoBoltyare L e ades 140 End™"
val0o968 ta'@aééh@léﬁ e0d hﬂaypbé?éﬁiééé Ih@%'l%&ﬁfﬁ@S@lh@f@@@S mNfe

filled hopper 100, valve 108 may be opened and
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cycles to nDre effectively replace insoluble gas on
Sqtﬁ@tﬁi%gf FWIEH-th sol ubl e gas. [0060] In anot her
enbodi ment, a feeding container is charged with
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(about 5.3 kPa), more typically about 20 Torr (about 2.7 kPa). Optionally,
hopper 100 may be filled with a gas to form the ambient atmosphere followed
by pressure reduction in multiple pressure cycles to more effectively replace
insoluble gas on the granules with soluble gas.

[0060] In another embodiment, a feeding container is charged with granular
polycrystalline silicon; the pressure inside the charged feeding container is
reduced; and the ambient atmosphere is formed inside the charged feeding
container by introducing a gas having a solubility in molten silicon of at least

about 5x10"° atoms/cm? at a temperature near the melting point of silicon and



container to formthe anbient atnosphere, the anbient

at nosphere having a nole fraction of at least 0.9 of a
w@a®essisrg a solubility in nolten silicon of BET/USME8/082838

about 5x1 013 atons/cm 3 at a tenperature near the

melting point of silicon and2at a pressure of about 1

bar (about 100 kPa). The steps of reducing the

pressure nay optionally be repeated and filling the

feeding container with the anbient atnosphere may be
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having a solubility 1n nolten silicon of
puller apparatus, the pressure is preferably reduced to a pressure appropriate
for feeding granular polycrystalline silicon to a growth chamber in a crystal
puller apparatus, which is typically between about 0 Torr (about 0 kPa) and
about 40 Torr (about 5.3 kPa), more typically about 20 Torr (about 2.7 kPa).
In some embodiments, pressure reduction is not necessary and granular
feeding into the growth chamber may occur at elevated pressures, such as
between about 100 Torr (about 13.3 kPa) and about 760 Torr (about 101.3
kPa), preferably between about 100 Torr (about 13.3 kPa) and about 400 Torr

(about 53.3 kPa).
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toi iQéIQkéJme ambient in the feeding tube. Alternatively, the gas inlet 106 may
remain open, and soluble gas ambient may ingress during granular
polycrystalline silicon feeding. During charging of the hopper 100 with
granular polycrystalline silicon, the metering device 112 is closed and granular
polycrystalline silicon is charged into hopper 100 through fill tube 102. In this
embodiment, the granular silicon is likely to carry impurities into the hopper
100, since the granules are typically stored in air. Therefore, it is preferable to
allow soluble gas ambient to ingress through gas inlet 106, and egress
through open valve 104 of fill tube 102 to continuously purge fill tube 102 with
soluble gas ambient during granular feeding. By purging the fill tube 102 with
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silicon for a duration sufficient to achieve adequate replacement of insoluble
gases on or in the granules with soluble gas and to maximize the surface area
of the granules exposed to the ambient.

V. Preparing a Silicon Melt from a Charge of Treated Granular
Polycrystalline Silicon

[0065] Typically, the silicon charge used to form a silicon melt comprises a
combination of chunk polycrystalline silicon and granular polycrystalline
silicon. Preferably, the weight of the initial loading of chunk polycrystalline



about 40%to about 60% of total nelt weight.
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unmelted polycrystalline silicon residing in a pooI of molten silicon. In another

embodiment, the alkaline earth metal dopant is added after the entire
polycrystalline silicon charge to the crucible is melted.

[0067] Regardless of when it is added, the alkaline earth metal dopant,
preferably barium, strontium, or calcium, more preferably barium or strontium,
is charged to the crucible, the dopant begins to cause the inside surface in
contact with the melt to devitrify. Because devitrification of the crucible is not

instantaneous, gases such as argon which are insoluble in silicon contained in



escape fromthe crucible surface and | eave the nelt
prior to devitrification of the crucible surface and
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not i mredi ate, nucl eation of2@ases fromthe nelt can

be reduced. [0068] Al kaline earth netal or alkaline

earth metal containing conpositions that may be used

as dopants in accordance with the present invention
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dissolution limit of barium in silicon is reached and barium/silicon chemical

compounds such as BaSi; and BaSi may be formed in the alloy. Similarly, at
lower concentrations of strontium in the strontium/silicon alloy, the strontium is
substantially dissolved into the silicon matrix and substantially no direct
chemical reaction between the strontium and silicon occurs. As the amount of
strontium in the strontium/silicon alloy increases, the dissolution limit of
strontium in silicon is reached and strontium/silicon chemical compounds such
as SrSiy and SrSi may be formed in the alloy. Thus, at higher concentrations
of barium or strontium, the barium/silicon or strontium/silicon alloy may be

comprised of two components; dissolved barium in silicon and barium in
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[0071] Independent of whether an alkaline earth metal dopant is
employed, the melt is typically formed in stages. Melt preparation is generally
described in U.S. 2003/0101924 and U.S. 5,588,993, the disclosures of which
are hereby incorporated as if set forth in their entireties. In a first stage, an
initial charge of polycrystalline silicon, typically chunk polycrystalline silicon, is
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formed in the feeding container according to the method described herein.

The granular polycrystalline silicon is fed into the rotating crucible from the
feeding container onto the exposed unmelted polycrystalline silicon thereby
maintaining the width of the exposed unmelted polycrystalline silicon. The
feeding method may be continuous or intermittent, and in general, the feeding
rate is controlled to maintain the width of exposed unmelted silicon relatively
constant. At typical feeding rates from about 10 kg/hour to about 30 kg/hour,
e.g., 20 kg/hour, the total time to complete granular feeding, although typically
about 6 to 14 hours, may be, in some embodiments, as high as 20 hours.
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céredinentiariag grahlﬂaltdp@ycrystalline silicon feeding inhibits re-

contamination of the granules with insoluble gases, such as argon, during
granular feeding. It has been discovered that periodically introducing soluble
gas into the feeding container is effective at further reducing the occurrence of
air pockets in the growing single crystal silicon ingot.

[0074] To further minimize re-contaminating the granules with argon purge
gas, the melt preparation process is preferably controlled to minimize the
duration of exposure of the granules to the argon purge gas after the granules
have been fed into the crucible in the crystal growth chamber.

Conventionally, granular polycrystalline silicon is fed onto an island of
unmelted silicon during the melt preparation. During granular polycrystalline



unnelted silicon during the nelt preparation. During
granul ar polycrystallinesilicon feeding, the residence
W@ 2098/0606674 he granul es on the island is preferabtHUS2008/082838

controll ed to achi eve adequat e evaporati on of hydrogen
fromthe granul ar polycrystaB0Oine silicon and all ow

for slow tenperature equilibration prior to nelting,
whil e al so preventing an excessive residence tine on

the island which may result in argon contam nation of
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process parameters to yield granular residence times on the island of
unmelted silicon is a function of the mass of the total silicon melt, crucible
size, crucible rotation rate, and other factors, and may be determined

empirically.

[0076] Once the entire mass of granular polycrystalline silicon is added, the
silicon is heated until the entire silicon mass is melted. A single crystal silicon
ingot may then be pulled from the melt by a conventional Czochralski process.



the invention defined in the appended cl ai nrs. EXAMPLES

[0078] The following non-limting exanples are
wee@vioeswd to further illustrate the present i NRENUS2908/082838

Exanpl e [ 0079] Four groups of single crystal silicon

ingots were growmn fromsilic®dh nmelts, each crysta

having a 300 nm di aneter and grown to a length of 112

cm The mass of each silicon charge was approxi nately

250 kg, conprising about 100 kg chunk polycrystalline

[0871] CHaviagdeseebed ﬂwudvgngo@nuaettanpmk/\mcnef@bglaférmmat
silicon. Each silicon charge was nelted in a 28 i nch

mediisrEpRs AR Yaralionst are kA |¢ Witheuk demaring fiasn the serpe of
th%‘;ig\?rrééﬁ et iR tH‘@%PQSP{aé fiRd by adding about 2.0

arium car bona e sirlicon nelt during
nmel tdown. The silicon ingots were grown according to
t he conventional Czochral ski nmethod and sliced into
waf ers. The wafers were polished and i nspected for
EXAMBLESI Ng an IR canera. The IR canmera uses infrared
—Tadlratton instead of visible radiation to allow
i nspection of the interior of wafers. [0080] To
[007 &lpal ke foiloveng inoorinmiting exarglasoargr ravidedHo dfirtherdllustrate
of single crystal ingots, the granul ar
thﬁoﬁ@%?@ ﬁ\é ntloﬁ]e silicon charge was fed into a feeding
cont ai ner and subjected to a conventional punpdown and
Ekaropfld | | sequence in which the feeding container was
backfilled with argon gas to the feeding pressure,

[00h9]0 hFaasgibpstof 2thgletiystalk@izoh h@gcstb Wete grown from S|I|con
olycrystalline silicon charge was placed into
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her he interior | .of the crucible, The
TRESHROR ot e S Brédia BeSiiicate R qanbEnfid ceratbraln
meeHd endBlidddnatd wafB! TreRfelywdfe BblnérHe@iSanderh%pected for
mel ti ng process took about 11 hours before
voids using an IR camera. The IR camera uses infrared radiation instead of

visible radiation to allow inspection of the interior of wafers.

[0080] To prepare the silicon melt used to grow each of the first group of
single crystal ingots, the granular polycrystalline silicon charge was fed into a
feeding container and subjected to a conventional pumpdown and backfill
sequence in which the feeding container was backfilled with argon gas to the
feeding pressure, which was about 20 Torr. When the chunk polycrystalline
silicon charge was placed into the crucible, the 2.0 grams of barium carbonate
was placed near the top of the chunk polycrystalline silicon stack. Thereafter,
the chunk polycrystalline silicon was brought to a pressure of 20 Torr and a

temperature of 1500°C and partially melted. Granular polycrystalline silicon

was fed antfo an island of iinmelted <ilicon in the melt at a flow rate of abniit



the entire charge of silicon nelted. Thereafter, a 300
mm di aneter single crystal ingot was grown to a |ength
w@20020&4684m The i ngot was sliced and ground i NPQGI/BAIMOSIOR2838

di aneter wafers. The wafers were polished and

i nspected for voids using an32R canera. The % wafer

| oss of this population of wafers for various defect
sizes corresponds to 1 on the abscissa of the bar

chart depicted in FIG 14. Approximately 20,000 wafers
20wgmoanaduticdnt togiieldRpr iskinaaisring 6 appasdimately 28 ém gap
this popul ation of waters, about 25% of the wafers

beiieeNBarkiane PREECRIGNELIE igieast uielkatdhe spicible. The
LR P byl B n neRiBhe R e MG o

aorokinudtely2) meriges. Weeemékuug procedsavek @debat 1 $ hguesabefore

e tnG SRS, P A elieds ThReebom 0D B BR el rghae
crgﬁﬁéﬂ ot W%%Cﬁréwntteea @hgﬂ%@moeﬂnycrwesr‘ngb V38 shtdd 6RA

arg Into a feedi ng contal ner and subject ed
gnooing natorﬁﬂﬂmrrodmm@enwam dme Wwaleks ivere pehﬁrmb@d n
al ner Rackf.il | th a
n§ReSiPg Oroip Lo Th e Calibee. " The oh Wit BEae! g p3aitRlon
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brought to a pressure of 10 Torr and a tenperature of

cna‘odemcmdmpfdﬁt i141 1APpTeximedely GPR0 wafess wereyanatyzedieom

o EteN0 LB LT b fon B Bl La 000 5% of he

wafdré were féuridtoyhBleddefiecissgraaterhiaam 60 raicranetesi abuiveN % of
2.5 cmgap between the island perip hera and the
thieﬁ/y@‘pr%weg%fqungftoth?é/e&qqu:tg|géeat¢ﬁg1qrb§ Q 8Heremetaes; gnd
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appr oxi mate m nut es ore the
miprametters. pol ycrystalline silicon was fed, 2.0 grans of
bari um car bonat e vvere fed onto the granular silicon
gran

d
g8 5 oo e SparntBe siPacndfised S, st B bR senonggrpumof
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fore the entire cha licon nel
feeﬁmge@ﬁrtt@mer andcobjeciet ton@ cenvetiogiabpampdown antgackfill

SRR ol B sl B FAPIP ISP e L b8 e
feelirg pressgiee Whiddwas et 20 Toa. TiRdrdaftesitig camnk R
canera. The % wafer |loss of this popul ation of wafers
polyerysiallins slicasy wag brought to a pressure of 10 Torr and a temperature
of 1500°C and partially melted. Granular polycrystalline silicon was fed onto
an island of unmelted silicon in the melt at a flow rate of about 20 kg/hour,
sufficient to yield an island having an approximately 2.5 cm gap between the
island periphery and the interior wall of the crucible. The residence time of
the granular silicon on the island before melting is approximately 20 minutes.
Before the final 10 kg of granular polycrystalline silicon was fed, 2.0 grams of
barium carbonate were fed onto the granular silicon island, and then the final
10 kg of granular polycrystalline silicon were fed, on top of the barium
carbonate. The melting process took about 11 hours before the entire charge

of silicon melted. Thereafter, a 300 mm diameter single crystal ingot was



Si zes corresponds to 2 on the abscissa of the bar

chart depicted in FIG 14. Approxinmately 19,000 wafers
wowere/oenad yzed from approxi mately 48 i ngots. VWETUR2008/082838

this popul ation of waters, about 6.4% of the wafers

were found to have defects gBgater than 50

m croneters; about 3.2% of the wafers were found to

have defects greater than 100 m croneters; and about

0.9% of the wafers were found to have defects greater
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crucible. In this case, the anbient atnosphere in the

f eedi ng contai ner was not refornmed duri n]g gr anul ar
[0082ki hg Praprrertbgisdienndngli Heedio g gashal te Wirdigewe eh

e
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ed onto e anul ar s I cCon 1 sl an and then the
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F

preSSurd Wity clodi Qmm‘:@%@?ﬁ?ﬁ Bof Rl siicon was
brougbt ta & presseire oti 10 Toer &ad ademparad0@ o 200 Cedee partually

[ I t [ i L. t t f 12
melied; GsghdahBoueRERIE SIEhE s BrRstSaY Mardbiameted
siledreinsthe Thélt waé Fo% raBs Bf 9@6ut821ﬁrég/ﬁadr§ @@ﬁi@férﬁ@o RId an
voi ds using an IR canera. The % wafer | oss of S

islamglhaving an eppreiieeately 8r5 oargajubetnsieadhe dsland perlphery and

i Ih{eEBR A e trdbi AT 1S nse ang et Sab A ndaPeteu tpe

featrigyesrainep mag ot exformebe |duriig gragmtanéé/oﬁrﬁg NTh&irésidence
popul ation of waters, about 4.4% of the wafers were
t'métﬂjﬁ@"@ grafuler %'é?oé‘c@%”’@r islangrbefarenmeting is eeRERdmately 20

mARALL. Berord Me Al 10K PEEgrARLRr bBHRA tAline silicon was fed, 2.0
grams of barium carbonate were fed onto the granular silicon island, and then
the final 10 kg of granular polycrystalline silicon were fed, on top of the barium
carbonate. The melting process took about 11 hours before the entire charge
of silicon melted. Thereafter, a 300 mm diameter single crystal ingot was
grown to a length of 112 cm. The ingot was sliced and ground into 300 mm
diameter wafers. The wafers were polished and inspected for voids using an
IR camera. The % wafer loss of this population of wafers for various defect
sizes corresponds to 3 on the abscissa of the bar chart depicted in FIG. 14.
Approximately 10,200 wafers were analyzed from approximately 26 ingots.



have defects greater than 100 m croneters; and about
0.84% of the wafers were found to have defects greater
W@ b@n/02@04 m cronmeters. [0083] To prepare the sPCT/UBI908/082838

melt used to grow each of the fourth group of single
crystal ingots, the granul ar3gol ycrystalline silicon
charge was fed into a feeding container and subjected

to a punpdown and backfill sequence in which the

feedi ng contai ner was backfilled with nitrogen gas to

Withén freedop@atioe s watsrs WbaUt 24% eflthgtwatbrswere found to have
Thereafter, the polycrystalline silicon was brought to
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035,583 teleetr o akte T0a oS fred f° srgiantiican on
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pul ati on of waters, about 0.94% of the wafers
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o e 5 RS gt O PSR S Bl
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Kan 200 mcroneters. 00841The results of

pr0ﬁ§§%éqqko?p%+té 1sMAR deforetee eplire qf@ﬁ@@r?itsn”@@f‘ npgled.
Thereafter, a 300 mm diameter single crystal ingot was grown to a length of
112 cm. The ingot was sliced and ground into 300 mm diameter wafers. The
wafers were polished and inspected for voids using an IR camera. The %
wafer loss of this population of wafers for various defect sizes corresponds to
4 on the abscissa of the bar chart depicted in FIG. 14. Approximately 3700
wafers were analyzed from approximately 10 ingots. Within this population of
waters, about 0.94% of the wafers were found to have defects greater than 50
micrometers; about 0.37% of the wafers were found to have defects greater
than 100 micrometers; and about 0.12% of the wafers were found to have

defects greater than 200 micrometers.



bar chart depicted in FIG 14, the wafers sliced from

each ingot were scanned using an IR canera for defects
WhanvagHead si ze greater than 50 mcronmeters (| ePCT/D820P$/082838

defects having a size greater than 100 m croneters

(center bar), and defects ha®bng a size greater than

200 mcroneters (right bar). Wile reducing the

pressure inside the crystal growth chanber during the

partial melting of the chunk polycrystalline silicon,

[oeBm]ngTMJe résulzeofl IRtinssdcion @rddhowenindIGL He. by cotdtruct the
bonate, substantially reduces the nunber of defects
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view of the above, It will be seen that the several
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control | i ng the amount of insol ub %as carried
meRartyat bergamnanaer pulrg of ja allemems siThgdemms tegnprising”,

"B8RES AR0TRAVE e, DleneEAAR T ol RS ReERThE BBFe may

be additional elements other than the listed elements.

[0086] In view of the above, it will be seen that the several objects of the

invention are achieved and other advantageous results attained.

[0087] As various changes could be made in the above methods without
departing from the scope of the invention, it is intended that all matter
contained in the above description and shown in the accompanying drawings

shall be interpreted as illustrative and not in a limiting sense.



(ii1) formng an anmbi ent atnosphere in the feeding
contai ner, the anbi ent atnosphere having a nole
w0 e@evowm of at | east 0.9 of a gas having a soP@bUB1008/082838
in nmolten silicon of at |east about 5x1 013 atons/cm 3
at a tenperature near the nmeB&ing point of silicon and
at a pressure of about 1 bar (about 100 kPa), and
(ii1) reducing the pressure inside the charged feeding
container. 2 . The process of claim1l wherein step
WHAT I$ €lodMERRiS-out before step (iii). 3 . The process
of claim1l wherein step (iii) is carried out before
step (ii). 4 . The process of claim1l wherein step
(ii) is carried out before step (i). 5 . The process
of cfaim i el
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ma)lten silicon of at |east about 1x1 017 atons/cnB8 at

a tenperature near the nelting point of silicon and at

a pressur@i)oedatingthd pheasufamside thelcheaPged feadling Tortainer.

process of claim1l wherein the gas has a solubility in

nolten silicon of at |east about 6x1 018 atons/cnB at
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a pressure of about 1 bar (about 100 kPa)
stgpditidss of claim 1 wherein the ambient at m)sphere

3. The process of claim 1 wherein step (iii) is carried out before
step (ii).

4. The process of claim 1 wherein step (ii) is carried out before
step (i).

5. The process of claim 1 wherein at least one of steps (ii) and (iii) is
carried out at least twice.

6. The process of claim 1 wherein the gas has a solubility in molten
silicon of at least about 1x10' atoms/cm? at a temperature near the melting
point of silicon and at a pressure of about 1 bar (about 100 kPa).



conprises a nole fraction of at least 0.9 of a gas
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conbi nations thereof. 12 . The process of claiml

wherei n the anbi ent at nosphe8® conprises a nole

fraction of at least 0.9 of nitrogen. 13 . The process

of claim1l wherein the nole fraction is at |east 0.95

of the gas having a solubility in nolten silicon of at
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e
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kPa). 20. The process of claim 19 further conprising
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comprises a mole fraction of at least 0.9 of a gas selected from the group

consisting of nitrogen, hydrogen, chlorine, hydrogen chloride, ammonia, and

combinations thereof.

12.  The process of claim 1 wherein the ambient atmosphere
comprises a mole fraction of at least 0.9 of nitrogen.

13.  The process of claim 1 wherein the mole fraction is at least 0.95
of the gas having a solubility in molten silicon of at least about 5x10"
atoms/cm?® at a temperature near the melting point of silicon and at a pressure
of about 1 bar (about 100 kPa).

14.  The process of claim 1 wherein the mole fraction is at least 0.97
of the gas having a solubility in molten silicon of at least about 5x10"



2 1. A process for preparing a silicon nelt in a

crucible in a growth chanber of a crystal puller
W@ppanetots, t he process conprising: feedi ng anP@riUs1088/082838

charge of polycrystalline silicon to the crucible

residing in the growth chanb®® of the crystal puller

apparatus and nelting a fraction of the initial charge

to thereby forma partially nelted charge; hol di ng

granul ar polycrystalline silicon in a feeding

at@ﬁrs‘/@hﬁet ahewbbacatare aedr theimelting ppire ¢ shisoh edidtia préksure
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T&M3585ut RO kpsg?_tl ng the suppl emental charge of
granul ar polycrystalline silicon to formthe silicon

nmelt in the cruci bIe 22. The process of claim2 1
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melting point of silicon and at a pressure of about 1

bar (about 100 kPa) into the feeding container while

25. The prBEeRL S iy LORe b i Bul i osBERR 8
foalnedhhahe fepdiray t:dsntaﬁtaalat enrarﬂbuehn@eeem@obetm@n doout he
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silicon. 24. The process of claim2 1 further
conpri sing addi ng an al kaline earth netal containing
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between about 15 seconds and about 60 minutes.

19.  The process of claim 1 wherein the ambient atmosphere is
formed in the feeding container at an ambient pressure about 10 Torr (about
1.3 kPa) and about 100 Torr (about 13.3 kPa).

20. The process of claim 19 further comprising holding the ambient
atmosphere in the feeding container at said ambient pressure for a duration
between about 15 seconds and about 60 minutes.

21. A process for preparing a silicon melt in a crucible in a growth
chamber of a crystal puller apparatus, the process comprising:
feeding an initial charge of polycrystalline silicon to the crucible
residing in the growth chamber of the crystal puller apparatus and melting a
fraction of the initial charge to thereby form a partially melted charge;
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holding granular polycrystalline silicon in a feeding container
having an ambient atmosphere as the initial charge is being melted, the
ambient atmosphere having a mole fraction of at least 0.9 of a gas having a

solubility in molten silicon of at least about 5x1013 atoms/cm3 at a temperature
near the melting point of silicon and at a pressure of about 1 bar (about 100
kPa); and

feeding the held granular polycrystalline silicon to the crucible to
supplement the initial charge, and melting the supplemental charge of
granular polycrystalline silicon to form the silicon melt in the crucible.

22.  The process of claim 21 further comprising introducing a stream
of a gas having a solubility in molten silicon of at least about 5x10"

atoms/cm3 at a temperature near the melting point of silicon and at a pressure
of about 1 bar (about 100 kPa) into the feeding container while the granular
polycrystalline silicon is held therein.

23. The process of claim 22 further comprising adding an alkaline
earth metal containing composition to the partially melted charge prior to
feeding the supplemental charge of granular polycrystalline silicon.

24. The process of claim 21 further comprising adding an alkaline
earth metal containing composition to the partially melted charge prior to
feeding the supplemental charge of granular polycrystalline silicon.



