1 REDUCTION OF AIR POCKETS IN SILICON CRYSTALS BY

AVOIDING THE INTRODUCTION OF NEARLY INSOLUBLE GASES
WORTYOPHEWMELT FIELD OF THE INVENTION [0001] The pré$ekt/S2008/082838

invention relates to a method for reducing the amount of insoluble gas

carried into a silicon melt by a charge Sli granular polycrystalline silicon.

BACKGROUND OF THE INVENTION [0002] In the production of single

crystal silicon ingots grown by the Czochralski method, polycrystalline
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about 2 millimeters in diameter and generally have a packing density
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conventional melt preparation, as the polycrystalline silicon is heated and

R e S 8T S ORI RUE AT SFRSH AN 8 melt

Cmﬁﬁél@kﬁmelﬂﬁ” oldevtgmﬁlmelmwttﬂe.mmw?rm?omm%mg of theh
ine silicon. After the silic as etely melted a

Qe T & bR IS5 8 VSR L7 PR ab TR chuk ainc

granular polycrystalline silicon is first melted down within a quartz crucible and

equilibrated to a temperature of about 1500°C. Chunk polycrystalline silicon
is a polycrystalline silicon mass which is generally irregular in shape, with
sharp, jagged edges as a result of the fact that it is prepared by breaking rods
of polycrystalline silicon into smaller pieces. Chunk polycrystalline silicon
typically ranges from about 2 centimeters to about 10 centimeters in length
and from about 4 centimeters to about 6 centimeters in width. Polycrystalline
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



2 melt and subsequently extracted while the crucible is rotated to form a
single crystal silicon ingot. During the early stages of the melting process
WQHEK S Holycrystalline charge is completely or partially in tHRCIGHSRE981e82838
the argon purge gas may become trapped in the polycrystalline silicon
charge and may become incorporated nto the silicon melt, thereby
increasing the risk that the trapped argon may form air pockets of various
sizes in the growing silicon single crystal ingot as air pockets. [0004] In
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single crystal ingot grown therefrom. [0006] Briefly, the present invention
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SUMMARY OF THE INVENTION

[0005] Among the various aspects of the present invention may be noted the
provision of a method for controlling and thereby reducing the amount of
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



3 bar (about 100 kPa), and (iii) reducing the pressure inside the charged

feeding container. [0007] The present invention is further directed to a
WY&t fdt preparing a silicon melt in a crucible in a growth dMaBEO¢T¢52838

crystal puller apparatus. The process comprises feeding an initial charge

of polycrystalline silicon to the crucible?fesiding in the growth chamber of

the crystal puller apparatus and melting a fraction of the initial charge to

thereby form a partially melted charge; holding granular polycrystalline
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2 is a graph correlating bubble radius with number of argon atoms in a
cr@jggéoldlng 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.

[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.



[0011] FIG. 3 is a graph correlating terminal velocity of a bubble with
bubble radius. [0012] FIG. 4 is a graph correlating internal bubble
W 288%0¢doiith bubble radius. 4 [0013] FIG. 5 is a graph depidtaUS2008/082838
theoretical equilibrium conditions for argon bubbles in a silicon melt under
a defined set of conditions. [0014] FIG."6 is a graph depicting the behavior
of small argon bubbles in a silicon melt. [0015] FIG. 7 is a graph depicting
the behavior of small argon bubbles in a silicon melt. [0016] FIG. 8 is a
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bubbles in a silicon melt under a defined set of conditions.

[0014] FIG. 6 is a graph depicting the behavior of small argon bubbles in a

silicon melt.

[0015] FIG. 7 is a graph depicting the behavior of small argon bubbles in a

silicon melt.

[0016] FIG. 8 is a graph depicting the behavior of large argon bubbles in a

silicon melt.

[0017] FIG. 9 is a graph depicting the behavior of intermediate argon

bubbles in a silicon melt.

[0018] FIG. 10 is a graph depicting the behavior of intermediate argon
bubbles in a silicon melt in a silicon melt having 10 ppma of SiO.

[0019] FIG. 11 is a graph depicting the behavior of intermediate argon
bubbles in a silicon melt in a silicon melt having 10 ppma of SiO and 10 ppma
hydrogen.

[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.



[0017] FIG. 9 is a graph depicting the behavior of intermediate argon
bubbles in a silicon melt. [0018] FIG. 10 is a graph depicting the behavior

W eHPdlehediate argon bubbles in a silicon melt in a silicon meRHAVRG08H82838
ppma of SiO. [0019] FIG. 11 is a graph depicting the behavior of
intermediate argon bubbles in a siliconrdmelt in a silicon melt having 10
ppma of SiO and 10 ppma hydrogen. [0020] FIG. 12 is a graph illustrating
theoretical equilibrium concentrations of nitrogen and argon with the puller
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crucible in a crystal puller apparatus. [0022] FIG. 14 is a bar chart
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described in the Example. [0023] Corresponding reference characters

byrRihREILAEfB R PpAesRllinm siliopr: diagaRgNd other insoluble

gases that may be present on the surfaces of and trapped in the cracks and
voids of the polycrystalline silicon granules are sources of insoluble gas in the
silicon melt. These sources of insoluble gas may be more problematic than
argon purge gas in the growth chamber because the granules directly carry
argon and other insoluble gases into the melt. For example, a charge of
granular polycrystalline silicon is capable of supersaturating a melt with argon.
Argon's solubility in silicon is estimated to be about 0.1 ppb (about 5x10"2
atoms/cm®) at a temperature near the melting point of silicon, e.g. at or slightly
above about 1420°C and below about 1450°C, and at a pressure of about 1
bar (about 100 kPa). Granular polycrystalline silicon may carry enough argon
to incorporate up to 10 ppb (about 5x10'* atoms/cm?®) in the silicon melt, a
concentration that may cause nucleation of bubbles at nucleation centers,

such as the crucible wall, and spontaneous nucleation in the bulk of the melt.

[0025] According to the method of the present invention, granular
polycrystalline silicon, prior to feeding into a growth chamber in a crystal
pulling apparatus, is loaded into a feeding container, and an ambient
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



5 DESCRIPTION OF THE EMBODIMENT(S) OF THE INVENTION [0024]

In accordance with one aspect of the present invention, a method is
W28Wddofdr controlling the amount of insoluble gas carried ink& HGH?206%{082838

melt by a charge of granular polycrystalline silicon. Argon and other

insoluble gases that may be present off the surfaces of and trapped in the

cracks and voids of the polycrystalline silicon granules are sources of

insoluble gas in the silicon melt. These sources of insoluble gas may be
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to the method of the present invention, granular polycrystalline silicon,
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at a pressure of about 1 bar (about 100 kPa). Preferably, the ambient
aRYYFhere 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
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gases, such as helium, neon, krypton, and xenon. Conversely, a soluble
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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



I.Characteristics of Insoluble Gas Bubbles [0027] In general, insoluble gas
bubbles, if present in the silicon melt, may cause the formation of air
W36 the growing single crystal silicon ingot. At least twd@CT/US2008/082838
mechanisms for the formation of insoluble gas bubbles in a silicon melt
may be proposed: (1) nucleation of bubbles at the crucible wall and (2)
spontaneous nucleation in the bulk of the silicon melt. [0028] With regard
to the first mechanism, the crucible in which the silicon is charged typically
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the melt before being carried into the growing single crystal ingot by the
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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”



8 bubbles, which may be long lived in the silicon melt, are most likely to

become entrained in and form air pockets in the growing single crystal
WQRKYAeAedt. [0031] The size of a bubble depends directly onRRd/HSAREYS2838

of argon atoms in the bubble. FIG. 2 is a graph depicting the relationship

between the number of argon atoms irPa bubble and the bubble's radius,

for a standard set of crystal puller conditions (puller ambient pressure of

20 Torr and melt depth of 20 cm, at 1803 K). The range of 1x106 to
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escape from the melt. A simple model for estimating the bubble decay rate
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promote their disSolution into the silicon )
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.



[0034] Bubble dissolution rates may be estimated. For a bubble that is
formed in the melt during silicon melting, the time (tdissoive) necessary for
W@EW(sté4o dissolve is proportional to NAIL C*Ar (wherein MATAFAYASHISRS38
of argon atoms per bubble and CAr = saturated concentration of argon in
the melt). For example, a bubble with @radius of 5 micrometers and CAr =

5x1013 atoms/cm3 (characteristic of a soluble gas) is estimated to
dissolve in 453 seconds. This is an acceptable duration, particularly if the
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contain mostly SIOx but may collect a significant portion of argon which
diffuses into the bubble while it is growing large enough to escape from
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The number of argon atoms, NAr, is proportional to CAN and the

SRFREGRHi e 41 SrerRtRR 1L TRIG. GAHCURHY T {B%QHOQP%KF e

durinfirrdsdniey, AASINReMbIRREAGANAES ST A slitexlyn e eRsiRis ety 5 =
5%{)@@ the amount of argon dra%fed into the melt. If a bubble nucleates and

wE R SMcoovigye cWREY R had MRRAR A thedtay ol Burs:
Todfisiget thaetieisevaiberesies i Besicdous polist onetesshtaidssiobst

since such bubbles m%éflow to the cr%st | interface before they dissolve.
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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



Silicon Melt [0037] Since the problem may be considered in terms of
bubble size, which is directly related to the concentration of insoluble

W@ aedGHe melt, it is worthwhile to consider sources of insoRBIEUSAE0f7838
the silicon melt. Sources of argon in the silicon melt include the puller
ambient (conventionally, 100% Ar, at fﬁ@rly low pressure such as 20 Torr
(about 2.7 kPa)) and the granular polycrystalline silicon. The following
table may be used to estimate the 11 amount of argon that may be

R LR S I Rt
proportional to Car (Car = concentration of argon in the melt) in the melt.
When the bubble leaves the crucible surface, the radius may decrease below
the critical size r*, since the lower concentration of SiOy in the bulk of the melt
is lower than at the surface, and some of the SiOy dissolves in the melt. The
bubble collapses, since the SiOx thermodynamics dominate, but once it
collapses down to its argon “core” it has become an argon bubble with the
same problem of slow dissolution. The number of argon atoms, Na, is
proportional to Car, and the dissolution time is proportional to Na: / C ar, SO
NOW tyissoive ~ Car / Car. To first order, Car doesn’t depend upon Ca directly,
but depends only upon the amount of argon dragged into the melt. If a bubble
nucleates and grows while silicon single crystal growth is underway, there
may not be sufficient time for even smaller bubbles (about 5 micrometers) to
dissolve, since such bubbles may flow to the crystal interface before they
dissolve.

[0036] In view of the above considerations of the relative buoyancy of large
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



Massmelt 2.5x102 NBB 1.3x109 BBdensity 1.3x104 CArMelt 7.9x1013
WO 2009/064674 PCT/US2008/082838
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amount of argon that may be carried into a silicon melt from the granular

polycrystalline silicon under a standard set of conditions.

Table I.
Massfed 2.0x10?
Massmelt 2.5x10?
NBB 1.3x10°
BBdensity 1.3x10*
CArMelt 7.9x10"
ArBubbleDensity 1.2x10°
NArPerBubble 6.7x10*
ArRipen 1x10*
ArBubbleDensityRipened 1.2x10°
NArPerBubbleRipened 6.7x10°

[0038] Inthe above Table I, Massfed is the mass of granules fed in kg;
Massmelt is the total mass of the silicon melt in kg; NBB is an estimate of the
number of granules fed into the melt; BBdensity is the average concentration
of granules fed into the melt per cm®; CArMelt is the total argon concentration
in the melt provided by the 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



ArBubbleDensity 1.2x109 NArPerBubble 6.7x104 ArRipen 1x104

ArBubbleDensityRipened 1.2x109
WO 2009/064674 PCT/US2008/082838
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concentration. In this case, the assumption was that about 1x10* bubbles
would ripen into large bubbles, each large bubble having about 1x10* as
many argon atoms as the bubbles that are assume not to ripen. Recall that
argon's solubility in silicon is estimated to be about 0.1 ppb (about 5x10"
atoms/cm?®) in molten silicon at about 1 bar (about 100 kPa). The estimated
argon concentration carried in by the granules is therefore greater than 10x
the solubility of argon in molten silicon. Moreover, this concentration is much
larger than the concentration of argon atoms expected in a silicon melt in

equilibrium with an argon ambient.

[0040] Since argon has some solubility in a silicon melt (such that some of
the bubbles dissolve in the melt) and since some the bubbles may ripen into
large bubbles that will escape from the silicon melt, it is possible to estimate
the concentration of argon in the silicon melt at equilibrium and estimate the
number and size of the bubbles that will neither dissolve nor escape from the
melt and may thus become entrained in and form air pockets in the growing

single crystal silicon ingot.

[0041] In a conventional process, the puller ambient is argon, which may be
a source of argon in the melt due to equilibration with the ambient. With
reference now to FIG. 5, the equilibrium argon concentration and bubble
properties under a defined set 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



NArPerBubbleRipened 6.7x108 [0038] In the above Table I, Massfed is

the mass of granules fed in kg; Massmelt is the total mass of the silicon
WORERYAKGETINBB is an estimate of the number of granules fed P§®/H204Hd152838

BBdensity is the average concentration of granules fed into the melt per

cm3; CArMelt is the total argon concengation in the melt provided by the

granules in atoms/cma3; ArBubbleDensity is the potential number of argon

bubbles per cm3 of melt if all voids in granule surface remained separate;
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the bubbles that are assume not to ripen. Recall that argon's solubility in
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molten silicon at about 1 bar (about 100 kPa). The estimated argon
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larger than the concentration of argon atoms expected in a silicon melt in

c%gmm%,:ﬁ;’mﬂ aﬁrSFﬁbﬁtSmBiéﬁE . These bubbles would dissolve in less

than 30 seconds, which would raise the melt argon concentration to about
7.9x10"® atoms/cm®. Fewer of these small bubbles would dissolve even
faster. If the number of small bubbles is reduced by a factor of 1x10* the
bubbles would dissolve in 23 seconds, and the argon concentration would
increase by only about 8x10° atoms/cm®. These bubbles are smaller than 0.5
micrometers, so according to FIG. 3, they would take many hours to escape
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



[0040] Since argon has some solubility in a silicon melt (such that some of
the bubbles dissolve in the melt) and since some the bubbles may ripen
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estimate the concentration of argon in the silicon melt at equilibrium and
estimate the number and size of the bifibles that will neither dissolve nor
escape from the melt and may thus become entrained in and form air
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is assumed to be very low, and the bubbles dissolve until CAr increases to

the equilibrium concentration, and bubble shrinkage nearly stops. A state

of quasi equilibrium is established. The bubbles eventually dissolve after

31 hours because the total background argon concentration decreases by

evaporation from the melt. However, since the radius is about 20
micrometare the time concetant for random ececane ic evnected to be |ow



[0044] The above discussion has focused on bubbles having sizes

ranging from very low (which would be expected to rapidly dissolve) to
WQapMere Tdvhich would be buoyant enough to escape from thRGHEIPR008/082838

Intermediate bubbles may contain about 6.6x109 argon atoms per bubble,

which is about the number of argon atbms in a typical polycrystalline

granule. Such bubbles have a radius of about 5.0 micrometers. According

to FIG. 9, such bubbles would take about 1.1x104 seconds (more than 3
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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



16 polycrystalline silicon carried N2 molecules instead. Using the values in
Table I, that would suggest that about 1.6x1 014 nitrogen atoms/cm3
WoIOBEs thrried into the melt if all of the N2 were dissolved. PHB/US2008/082838
illustrates the properties of bubbles that could exist in equilibrium with that
background, for CH=0, Csi0=0, and chP=1.3x10" atoms/cm3 (this value of
CAr would be in equilibrium with the puller ambient). This value of
background N, 1.6x1 014 atoms/cm3, is essentially O on the plot, showing

|
PR O R reﬁf%@é@;?%ﬁ%%ygﬁﬁ Rl fgae
l, R@hwwlmsu@msnhat[ebam InGydfET anjtrog e atosns/ofi yanshbeotasried
sfﬂlé‘l?#e &I Hé%%%?&%%}Srv'@o‘h?:Rﬁaﬁ‘mu&% %y the é)ropertles

ycrystalline silicon wi th a solu e gas such as nitrogen,

ofdmmw\@s Hyelregeld chiistide equitivivmanithchabhaakgieundrdor /a0,
S“b?)taéwé"&’ re‘i‘?ﬁ BRI R gf'h']% Qa‘iBHrB?@L%QIFd %bme%mlmﬁum

iicon melt, Whi n turn, may reduce air pockets'in a growing sili

withytrel . oBiFChghisresksn o6 EockaprEddN! inoaBohatomelered is
eége‘%ﬁéﬂ% HftF?edeBF%%%% %%Ez?é?i‘eaﬂ b%tl'é%fé SN XISESAR

which may be carried by ge of granular po ycrysta ine silicon
bubbtas iveshaPie st beriicatans woWhalisingl tefeeding container with
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5x1013 atoms/cm3 at a temperature near the melting point of silicon and
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is directed to a method of reducing the amount of argon and other insoluble
gases which may be carried by a charge of granular polycrystalline silicon.
The method comprises three steps: (a) charging a feeding container with
granular polycrystalline silicon, (b) 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 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.



[0051] The gas used to form the ambient atmosphere in the feeding
container has a solubility in molten silicon of at least about 5x1013
WQEIM4Ietn at a temperature near the melting point of silicon, RCH/H{2898/082838
slightly above about 1420C and below about 1450C, and at a pressure of
about 1 bar (about 100 kPa). Preferabi] the gas has a solubility in molten
silicon of at least about 1x1014 atoms/cm3, more preferably at least about
1x1015 atoms/cm3, still more preferably at least about Ix1016 atoms/cm3,
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pressure in the feeding container between about 10 Torr (about 1.3 kPa)
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and about 5 Torr (about 0.7 kPa), and still more preferably between about
0 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
nther imbpiiritiee from the Aaraniilee At leact aboiit 15 carnonde At leact



19 embodiment, the pressure may be reduced in the feeding container for
durations between about 15 seconds and about 60 minutes. The duration

W eHHesteid reduction is preferably sufficient to remove at lea8CAHoR08%)/082838
of the insoluble gas present on the surface of or in the cracks and crevices
of the granules, preferably at least abd& 90% of the insoluble gas, more
preferably at least about 95% of the insoluble gas, still more preferably at
least about 99% of the insoluble gas, still more preferably at least about
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illustration of a feeding container that may be used for feeding granular
abey&Y<niniesilicon to a crucible in a crystal puller apparatus. The
feeding container is generally hopper 100 equipped with granular feeding
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102 is further equipped with valve 104. The hopper 100 also includes gas
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and into the growth chamber of a crystal pulling apparatus (not shown),

Ofwﬂﬁéﬂﬁ%'ﬂé*?fﬁggééw 2P, GRS RUTBIRS R8P B ARLiRe surface of or

trfohedVatedineraticoaritPBrid e b Hroisalbsbyrasétm et dating sk
that ma be moved towar F%%ﬁki%ed) ho&;er 100 to restrict flow and moved

rEqA%AY rﬁ"ﬁ BEpSRieRlE ERPHHIE Po B BRSUES iSRG he
feeamgrd@mameﬁﬁusesew@@t@bu totakawoh bt Fatngrdisk®lites s kPa),

intermit entfeedln esthrou hfeedln nozzle 110.
Bt SR et bon A B
bé@ﬁdmm@mmwgmamm@ftemmmtleumé)ggamuwraqyweferably

Feeding hoz 10 is ith a v t shown such that
SR P M Y A N o
pr@fémlﬂyfbemwvmmfﬁmrfm hbppep JlQﬁr K@%Zl]t 0. @TRPa) Although
th embodlment d ﬁﬁ contalnerrés chaé%ed Tc,talllne

SIRIGSSHE HIIge 8951%?8 St %Yn ‘F &y €
|oagetauhen byHotiouning ¢, @asdnwrrg)a]solubmu/homltanrﬁdmruof@ttons

bout 5x O%@ atoms/cm3 at atem%&@a uret{ﬁfart e m Itln oint of

a%ﬁ 3?1&99 SEHAGEIEOME ARSI ReE: 0% arged
integabig gas;anerdmevrmmmmmb’r@m aheagspheles thetamlsleatbout 15

atmo re havin le fraction of at Jeast 0.9 o as having a
S SR A S oAb S AP Ok o utes. 5
miaotper@0nainetasior mektingf pethicddliessarelaatppstssede of apeut 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

nolvvervetalline <ilicon mav be charaed into haonper 100 throiniah fill f1ibhe



21 during charging is typically air. After charging the hopper 100 with

granular polycrystalline silicon, valve 104 to fill tube 102 is closed, while
WR2RNALHAE 4. 08 to gas inlet 106 and valve to feeding nozzle 1POHEES2008/082838

opened. Next, the hopper 100 is filled with soluble gas by flowing soluble

gas through feeding nozzle 110 and th1r%ugh the granular polycrystalline

silicon resting in the conical portion of hopper 100. The soluble gas may

egress through gas inlet 106, until a substantial portion of insoluble gas
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pressure cycles to more effectively replace insoluble gas on the granules
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ressure may_optionalllésbe repeated and filling the feeding container with
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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



[0061] With reference to FIG. 13, granular polycrystalline silicon may be

charged into hopper 100 through fill tube 102 in any ambient. The
WorRedMedodEvice 112 is closed to prevent granular flow throughfE&§A§8/082838

nozzle 110. After charging the hopper 100 with granular polycrystalline

silicon, any two of the three valves ma%poe closed and a vacuum is drawn

on the third, open valve to reduce the pressure inside hopper 100.

Pressure reduction removes a substantial portion of insoluble gas and/or
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pressure of about 1 bar (about T00 kPa) into the charged teeding
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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);
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reduced. Preferably, the pressure is reduced inside the feeding container
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filling the feeding container with the ambient atmosghere and reducing the
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soluble gas during granular feeding, a substantial portion of water,

insoluble gas, and other impurities may be removed from the granular
WgNemReEtine silicon flow prior to the granules entering the hBppaiS3¢§/082838

cavity. After the hopper 100 is charged, valve 104 is closed, and a

vacuum is drawn through gas inlet 108 1o reduce pressure in hopper 100

to a pressure appropriate for feeding granular polycrystalline silicon to a

growth chamber in a crystal puller apparatus, which is typically between
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chunk™polycrystalline silicon and granular polycrystalline silicon.
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[0059] To reduce the pressure inside the charged and filled hopper 100,
valve 108 may be opened and a vacuum is drawn to reduce pressure inside
the hopper 100 to a pressure appropriate for feeding granular polycrystalline
silicon to a growth chamber in a crystal puller apparatus. Typically, the
pressure is reduced to between about 0 Torr (about 0 kPa) and about 40 Torr
(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



silicon is about 20% to about 65% of the total melt weight and more

preferably about 40% to about 60% of total melt weight. Accordingly, the
WQA82(A¢467 supplemental granular polycrystalline silicon charg@el{& $R08/082838

feeding container is between about 80% and about 35% of the total melt

weight, preferably between about 60944nd about 40% of the total melt

weight. Silicon melts typically comprise between about 40 kg and about

120 kg of silicon from the initial chunk loading and between about 210 kg
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initial charge of polycrystalline silicon Is at least partially melted. In
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partially melted and the alkaline earth metal is delivered onto a mass of
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another embodiment, the alkaline earth metal dopant is added after the
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rth metal allqy; barium/silicon | exampl n ch alloy. At

GRS AP Pt 00 R AROH ey B2 baRR ALt 408 For
(abghstaBimkpdissolved into the silicon matrix and substantially no direct

chemical reaction between the barium and silicon occurs. As the amount

of barium in the barium/silicon alloy increases, the dissolution limit of

barium in silicon is reached and barium/silicon chemical compounds such

as BaSi2 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 ctrontintim in <ilicon ic reached and <trontitim/<ilicon chemical



27 silicon chemical compositions or strontium in silicon and

strontium/silicon chemical compounds. [0069] Regardless of the form of
WA the alkaline earth metal or alkaline earth metal cdMtaiRipRy08/082838

composition is utilized in an amount such that substantial incorporation of

the alkaline earth metal into the body &Pthe growing crystal does not occur

and crystal properties such as oxygen induced stacking faults, point defect

clusters, minority carrier lifetime and gate oxide integrity are not affected.
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In their entireties. In a first stage, an initial charge of polycrystalline silicon;

capirdagy Wik aerigsaainosibere gnd reducing the pressure may

optionally be repeated.

[0063] With reference to FIG. 13, in this embodiment, any two of the three
valves are opened, while one of the valves is closed. The feeding container is
filled with the soluble gas ambient atmosphere by introducing soluble gas
through one of the open valves, which egresses through the other open valve
to effect purging of the space inside hopper 100 of air or any other gas and
impurities which may be present. Thereafter, all three valves may be closed
to isolate the 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



28 charged into a quartz crucible suitable for holding a silicon melt, the

crucible being located in a growth chamber of a crystal puller apparatus.
WQeRaPeHdlied to the crucible to melt a portion of the chunk FRFIHSAMIFDS2838

the crucible is rotated, to thereby form a partially melted charge

comprising molten silicon and an islan@fof unmelted polycrystalline silicon.

The unmelted polycrystalline silicon comprises an exposed portion that is

above the upper surface of the molten silicon, the exposed unmelted
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melting point of silicon and at a pressure of about 1 bar (about 100 kPa),
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The granular polycrystalline silicon is fed into the rotating crucible from the
feRAIBMGUTAARIV Bhig B B RS VSIRIERE S HERI 1PsPAIRHRA&IR &Y In two or
mibrerslycAEiniainingr&ee wigthngbths rhiesesteneclsd pebtaysaliRdatch

silicon. The feeding method may be continuous or intermittent, and in
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expraedas glicamestaiivelycoastRnba bl isaldeg il itatpfyexenalpele 40
kg/hour to about 30 kg/hour, e.g., 20 kg/hour, the total time to complete
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of the crystal puller apparatus Is conventionally purged with argon

: | . W gas,
InZY AP §EIHBR DA TEREShY g RPUshiBmEN 8aRAG fl through
the ithvedntgnifeedingapias s featingladitainen. tie fesdiftproZAle iseding
open during r?.Prgnular feedingg}lt is thereforerf)referable to take steps to
CoBiBIRF ARG GRURRE A TheRie R Leheigughgyaich the
grembledipaspirisemmd sintetnmesp e, Imhe fieedielis préaranis rigjewed
durin %ranular feeding by introducing a stream of a gas having a
with soluble gas ambient such that the'granules are continuously exposed to
the ambient prior to entering the feeding container. Preferably, the method of
loading, either batch or flow, is sufficient to expose the granular polycrystalline
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



solubility in molten silicon of at least about 5x1 013 atoms/cm3 at a

temperature near the melting point of silicon and at a pressure of about 1
WRA0%YaT4.00 kPa) into the feeding container while the granBfak/US2008/082838

polycrystalline silicon is held therein. Preferably, the gas has a solubility in

molten silicon of at least about 1x101@§toms/cm3, more preferably at

least about 1x1015 atoms/cm3, still more preferably at least about 1x1016

atoms/cma3, still more preferably at least about 1x1017 atoms/cm3, and
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ingot. [0074] To further minimize re-contaminating the granules with argon
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20 minutes, while the residence time is preferably at least a few seconds
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about 10 seconds and about 3 minutes. [0075] The residence time is a
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31 [0077] Having described the invention in detalil, it will be apparent that
modifications and variations are possible without departing from the scope
WY aesEthtion defined in the appended claims. EXAMPLESHOBAS291$082838

following non-limiting examples are provided to further illustrate the
present invention. Example [0079] Fo@ﬁgroups of single crystal silicon
ingots were grown from silicon melts, each crystal having a 300 mm
diameter and grown to a length of 112 cm. The mass of each silicon

h i I isl t
oL B RNl e R g o e R IR con
escage ditcorihehargeiblasuntteldndlegviadheeibleriorac-adendttifidasion of
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or volids using an IR camera. The IR camera uses infrared radiation
instead of visible radiation to allow inspection of the interior of wafers.
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_into a feeding container and subjected to a conventional pumpdown and
iNGldl@i Qe §uertdan R ANIdESH Ry Roneiffe IS8 B8 cRMARIAIGHHIPAIIERS,
hERRIEsINSRIEY) RyBRSKItYVRISE WaRABEUsHENtRI YWiessthafbbiites,

.Eé)lycrystalline silicon charge was placed into the crucible, the 2.0 grams
Si

HeRuRLERISSHAEGIIes phydifRE oI IERS oMU RHERR (RO Py RIR T
asdlieareairckxHeereaftBbribrshemkaelycassipiiing silisryanarigt to a

pressure of 20 Torr and a temperature of 1500C and partially melted.

C@Qﬂﬁ%m&wwﬁllﬂ%dsﬂ?&%ﬁtes- Alternatively, the alkaline earth metal

may be in the form of an element, an ion, or as an ion pair with an organic ion.
Preferred barium compounds include barium hydroxide, barium carbonate,
and barium silicon oxide. Preferred strontium compounds include carbonates,
oxides, hydroxides or silicates. The dopant may also be in the form of a
polycrystalline silicon/alkaline earth metal alloy; barium/silicon is an example
of one such alloy. At lower concentrations of barium in the barium/silicon
alloy, the barium is substantially dissolved into the silicon matrix and
substantially no direct chemical reaction between the barium and silicon
occurs. As the amount of barium in the barium/silicon alloy increases, the
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



was fed nntn an island nf iinmelted silinnn in the MAR at a flnw rate nf
ahnilt 32 20 kg/hour, sufficient to yield an island having an approximately
WO 2Wde between the island periphery and the interior wallP&{Tf$2008/082838
crucible. The residence time of the granular silicon on the island before
melting is approximately 20 minutes. e 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
S g o P AP d oA
chefrigapopuonpdondst.wafers for various defect sizes corresponds to 1 on
the abscissa of the bar chart depicted in FIG. 14. Approximately 20,000
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of waters, about 25% of the wafers were found to have defects greater
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to have defects greater than 200 micrometers. [0081] To prepare the
grondos RERiasEeas HPORCSHERBE RSBt RERFIAIGS StshaR SRS igeeed

stk pigrlRs PpbiRbEne RileaR Gharertyaarkestiiemieadng SR i
and subjected to a conventional pumpdown and backfill sequence in
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silicon was brought to a pressure of 10 Torr and a temperature of 1500C
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sufficient to yield an island having an approximately 2.5 cm %%E between
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20 minutes. Before the final 10 kg of granular polycrystalline silicon was
th dopeAdnalisheliSAlm carbonate were fed onto the granular silicon
island, and then the final 10 kg of granular polycrystalline silicon were fed,
[00M (P p DhéherhannnoCalkalirgeartrernetiingnefecalsly toakmbantstiohtiuns,
before the entire charge.of silicon melted. Thereafter, a 300 mm diameter
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olished and inspected for.voids using camera, The % wafer loss of
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p%‘@f:ts 9{895%{ thacr:1 %qgoc[ni%rr?rrsleters; and about 0.9% of the wafers were
IRORGTS MAVEUEERE grea%er fh&n 200 micrometers. [0082] To prepare
the silicon melt used to grow each of the third group of single crystal
ingatTHe Yyahimns pbFcElragrissiitye ted eeaat Shisandcataedifb
container and subjected to a pumpdown and backfill sequence in which
the feeding container was backfilled with nitrogen gas to the feeding

essure, which was about 20 Torr. Thereafter, the polycrystalline silicon
O rougn O ETL  PHBE A P ST P LR LR
emnpitigby ntiedede GiatyparafiglfonysidlimstaidjesnMels fecpanttion islgaderhlly
unmelted silicon t a flo te kg/hours, sufficient .
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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 3 200 mm diametar cinnle ervvetal inAant \wwa< Aarown to A



34 Within this population of waters, about 4.4% of the wafers were found
to have defects greater than 50 micrometers; about 2.2% of the wafers

W Asdnd to have defects greater than 100 micrometers; arRCaH67008/082838
0.84% of the wafers were found to have defects greater than 200
micrometers. [0083] To prepare the sifon melt used to grow each of the
fourth group of single crystal ingots, the granular polycrystalline silicon
charge was fed into a feedlng container and subjected to a pumpdown
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polycrystalline silicon were tfed, on top o the rium carbonate. T
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h of 112 cm. The ingot was sliced and ground into 300 mm diameter
amﬂéﬂglafﬁé’\ﬁﬁféﬁbambfmbﬁ@%ﬁmh%mmeﬁﬁw@Qﬂéii@fg%iﬁ|lRe
sifagnera. The /c, 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
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To construct the bar chart deplcted in FIG. 14, the wafers sliced from each
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micrometers (center defects having a size greater than 200
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silicon, along with the late-stage addition of the barium carbonate,
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chamber is not reduced and the barium carbonateis added along with the
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fe%?irﬁﬁ'?ﬁétwga HEO SR AIE LB SN EEHIMHBRT r&%%%ﬁé%@f@ﬁe feeding

defeCts. The reduction of wafer defects is further improvéd where the
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When introducing elements of the present invention or the preferred

€ QmBQd@{Bﬁw(:s%é@é@ft'fﬂ@ trraeiate girnuiaefeading athargh typically
aliRIenEed 19 Mo thghinsseiasorne SBIiRRIHRS slementss Dasisines
"comprising"”, “including" and "having” are intended to be inclusive and
mean that there 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

WQ 3o ih the above description and shown in the accomp&hii§2008/082838
drawings shall be interpreted as illustrative and not in a limiting sense.
MC SLLP 36 CLAIMS: 1. A process fglgcontrolling the amount of
insoluble gas carried by a charge of granular polycrystalline silicon, the
process comprising: 5(i) charging a feeding container with granular

cr ' il i forming a [ in.the
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e e B S PRECRS R When
the feeding nozzle is open during granular feeding. It is therefore preferable
to take steps to reform the ambient atmosphere in the feeding container. In
one embodiment, the ambient atmosphere in the feeding container is

reformed during granular feeding by introducing a stream 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) into the feeding container while the granular polycrystalline silicon is held
therein. Preferably, the gas has a solubility in molten silicon of at least about
1x10™ atoms/cm?®, more preferably at least about 1x10"® atoms/cm?, still more
preferably at least about 1x10'® atoms/cm?, still more preferably at least about
1x10"" atoms/cm?®, and even more preferably at least about 6x10'® atoms/cm®.
As stated above, such gases include nitrogen, hydrogen, chlorine, hydrogen
chloride, and ammonia, and combinations of these gases may be used.
Preferably, the gas introduced into the feeding container during granular
feeding is identical to the gas used to form the initial ambient atmosphere in
the feeding container. In this regard, a stream of nitrogen is particularly
preferred. Periodically introducing a soluble gas stream into the feeding
container during granular polycrystalline 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



10(Hi) reducing the pressure inside the charged feeding container. 2. The

process of claim 1 wherein step (ii) is carried out before step (Hi). 3. The
W28e¥8&t6T4claim 1 wherein step (iii) is carried out before stepRSO/UP2q1§482838

process of claim 1 wherein step (ii) is carried out before step (i). 5. The

process of claim 1 wherein at least onabf steps 00 and (Hi) 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 1x1014 atoms/cm3 at a temperature

S B e RO (L SRR B A RATE by
contivdadiicentieee adequate evaporation of hydrogen from the granular
polycrystalline silicon and allow for slow temperature equilibration prior to
melting, while also preventing an excessive residence time on the island
which may result in argon contamination of the granules. In view of these
considerations, the granular polycrystalline residence time on the islands of
unmelted silicon is preferably less than about 30 minutes, more preferably
less than about 20 minutes, while the residence time is preferably at least a
few seconds to achieve dehydrogenation. Accordingly, the residence time is
preferably between about 4 seconds and about 6 minutes, more preferably
between about 10 seconds and about 3 minutes.

[0075] The residence time is a function of several process parameters
associated with granular polycrystalline feeding onto an island of unmelted
silicon, including the island diameter, island depth, and granular flow rate.
Preferably, these parameters are optimized to yield an island of unmelted
silicon having a diameter sufficiently large to leave a gap between the island
periphery and the surface of the interior wall of the crucible of between about
0.5 cm and about 5.0 cm, more preferably the gap is between about 1.0 cm
and about 4.0 cm, such as about 2.5 cm gap. Moreover, the depth of the
island of unmelted silicon is preferably between about 0.5 cm and about 5 cm,
more preferably between about 1 cm and about 4 cm. Optimizing these
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.



least about 1x1015 atoms/cma3 at a temperature near the melting point of
silicon and at a pressure of about 1 bar (about 100 kPa). 8.The process of
WQRRIH/a40fRErein the gas has a solubility in molten silicon of atPSOld&3p08/082838
about 1x1016 atoms/cm3 at a temperature near the melting point of silicon
and at a pressure of about 1 bar (abo@’ﬂloo kPa). MC SLLP 37 9.The
process of claim 1 wherein the gas has a solubility in molten silicon of at

[0077] Having described the invention in detail, it will be apparent that
modifications and variations are possible without departing from the scope of

the invention defined in the appended claims.

EXAMPLES

[0078] The following non-limiting examples are provided to further illustrate

the present invention.

Example

[0079] Four groups of single crystal silicon ingots were grown from silicon
melts, each crystal having a 300 mm diameter and grown to a length of 112
cm. The mass of each silicon charge was approximately 250 kg, comprising
about 100 kg chunk polycrystalline silicon and about 150 kg granular
polycrystalline silicon. Each silicon charge was melted in a 28 inch crucible in
a Ferrofluidics furnace. The interior wall of each crucible was devitrified by
adding about 2.0 grams barium carbonate to the silicon melt during meltdown.
The silicon ingots were grown according to the conventional Czochralski
method and sliced into wafers. The wafers were polished and inspected for
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



least about 1x1017 atoms/cm3 at a temperature near the melting point of
silicon and at a pressure of about 1 bar (about 100 kPa). 510.The process

W 2H8#pteherein the gas has a solubility in molten silicon ofP&TAE3p08/082838
about 6x1018 atoms/cm3 at a temperature near the melting point of silicon
and at a pressure of about 1 bar (abo@’tzloo kPa). 11. The process of
claim 1 wherein the ambient atmosphere comprises a mole 10fraction of
at least 0.9 of a gas selected from the group consisting of nitrogen,
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residence time of the granular silicon on the island before melting is
approximately 20 minutes. 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 1 on the abscissa of the bar
chart depicted in FIG. 14. Approximately 20,000 wafers were analyzed from
approximately 50 ingots. Within this population of waters, about 25% of the
wafers were found to have defects greater than 50 micrometers; about 11% of
the wafers were found to have defects greater than 100 micrometers; and
about 3.5% of the wafers were found to have defects greater than 200

micrometers.

[0081] To prepare the silicon melt used to grow each of the second 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. Thereafter, the chunk
polycrystalline silicon was 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



13. The process of claim 1 wherein the mole fraction is at least 0.95 of the

gas haying a solubility in molten silicon of at least about 5x1013
WQEIM4Ietn at a temperature near the melting point of silicon BRd/HB208/082838

pressure of about 1 bar (about 100 kPa). 2014.The process of claim 1

wherein the mole fraction is at least 0.97 of the gas haying a solubility in

molten silicon of at least about 5x1013 atoms/cma3 at a temperature near

the melting point of silicon and at a pressure of about 1 bar (about 100
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sizes corresponds to 2 on the abscissa of the bar chart depicted in FIG. 14.
Approximately 19,000 wafers were analyzed from approximately 48 ingots.
Within this population of waters, about 6.4% of the wafers were found to have
defects greater than 50 micrometers; about 3.2% of the wafers were found to
have defects greater than 100 micrometers; and about 0.9% of the wafers
were found to have defects greater than 200 micrometers.

[0082] To prepare the silicon melt used to grow each of the third group of
single crystal ingots, the granular polycrystalline silicon charge was fed into a
feeding container and subjected to a pumpdown and backfill sequence in
which the feeding container was backfilled with nitrogen gas to the feeding
pressure, which was about 20 Torr. Thereafter, the polycrystalline silicon was
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/hours, sufficient to yield an
island having an approximately 2.5 cm gap between the island periphery and
the interior wall of the crucible. In this case, the ambient atmosphere in the
feeding container was not reformed during granular feeding. 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
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.



30 17. The process of claim 1 wherein the ambient atmosphere is formed

in the feeding container at an ambient pressure between about 10 Torr
WQUdHT kPa) and about 1 atm (about 101.3 kPa). MC,SLIFCTA/SR08/082838

The process of claim 17 further comprising holding the ambient

atmosphere in the feeding container ap%aid ambient pressure for a

duration between about 15 seconds and about 60 minutes. 5 19. The

process of claim 1 wherein the ambient atmosphere is formed in the
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defects greater than 50 micrometers; about 2.2% of the wafers were found to
have defects greater than 100 micrometers; and about 0.84% of the wafers

were found to have defects greater than 200 micrometers.

[0083] To prepare the silicon melt used to grow each of the fourth group of
single crystal ingots, the granular polycrystalline silicon charge was fed into a
feeding container and subjected to a pumpdown and backfill sequence in
which the feeding container was backfilled with nitrogen gas to the feeding
pressure, which was about 20 Torr. Thereafter, the polycrystalline silicon was
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. In this case, the ambient atmosphere was
reformed in the feeding container during granular feeding by flowing nitrogen
gas into the feeding container. 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 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.



1020.The process of claim 19 further comprising holding the ambient
atmosphere in the feeding container at said ambient pressure for a

WQigatitrtbetween about 15 seconds and about 60 minutes. 2RCRPrIS4$2838
for preparing a silicon melt in a crucible in a growth chamber of a 15crystal
puller apparatus, the process compris%: 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
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atoms/cm3 at a temperaturé near t elting point of silicon and
ban) adsiests rayingoa wizetgneaibothamo (P a)icapaeters (center bar), and

defects having a size greater than 200 micrometers (right bar). While
reducing the pressure inside the crystal growth chamber during the partial
melting of the chunk polycrystalline silicon, along with the late-stage addition
of the barium carbonate, substantially reduces the number of defects in the
wafer population compared to the process in which the pressure inside the
crystal growth chamber is not reduced and the barium carbonate is added
along with the chunk polycrystalline silicon, it is apparent that backfilling the
feeding container with nitrogen achieves an even further reduction in wafer
defects. The reduction of wafer defects is further improved where the ambient
atmosphere is reformed in the feeding container by flowing nitrogen gas into
the feeding container during granular feeding.

[0085] When introducing elements of the present invention or the preferred
embodiments(s) thereof, the articles "a", "an", "the" and "said" are intended to
mean that there are one or more of the elements. The terms "comprising",
"including" and "having" are intended to be inclusive and mean that there 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.
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25feeding 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 g SLLP
30haying a solubility in molten silicon of at least about 5x1013 atoms/cm3

at a temperature near the melting point3sf silicon and at a pressure of

about 1 bar (about 100 kPa) into the feeding container while the granular
polycrystalline silicon is held therein. MC SLLP 39

CLAIMS:

1. A process for controlling the amount of insoluble gas carried by a charge of
granular polycrystalline silicon, the process comprising:

(i) charging a feeding container with granular polycrystalline silicon,

(i) 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 bar (about 100 kPa), and

(iii) reducing the pressure inside the charged feeding container.

2. The process of claim 1 wherein step (i) is carried out before step (iii).

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).

7. 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).

8. 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).
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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.
524.The process of claim 21 further comprising adding an alkaline ear
metal containing composition to the partially melted charge prior to
feeding the supplemental charge of gragwlar polycrystalline silicon.

MCSLLP

9. 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).

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

11. The process of claim 1 wherein the ambient atmosphere 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' atoms/cm?® at a temperature
near the melting point of silicon and at a pressure of about 1 bar (about 100 kPa).

15. The process of claim 1 wherein the pressure inside the charged feeding
container is reduced to between about 0 Torr (0 kPa) and about 40 Torr (about 5.3
kPa).

16. The process of claim 15 wherein the pressure is reduced for a duration
between about 15 seconds and about 60 minutes.

17. The process of claim 1 wherein the ambient atmosphere is formed in the
feeding container at an ambient pressure between about 10 Torr (about 1.3 kPa) and
about 1 atm (about 101.3 kPa).
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18. The process of claim 17 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.

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;

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 5x10' atoms/cm?® 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/cm?® 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.
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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.



