DESCRI PTI ON

TI TLE OF | NVENTI ON: QUARTZ GLASS CRUCI BLE FOR PULLI NG
SI NGLE CRYSTAL SI LI CON | NGOT

TECHNI CAL FI ELD
[ 0001]
The present invention relates to a quartz gl ass

crucible for pulling a single crystal silicon ingot.

BACKGROUND ART
[ 0002]

A so-cal l ed Czochral ski nethod (“CZ nethod”) has been
wi dely used for manufacturing single crystal silicon
(single crystal silicon ingots). In the CZ nethod, a
silicon nelt is placed in a quartz glass crucible, and a
seed crystal is brought into contact with the surface of
the silicon nelt. The quartz glass crucible is then
rotated, and the seed crystal is pulled upward while being
rotated in the opposite direction, thereby causing single
crystal silicon to grow at the | ower end of the seed
crystal.

[ 0003]

Single crystal silicon ingots manufactured using a
quartz glass cruci ble may contain bubbles of severa
m croneters to several mllinmeters in size, called
pi nholes. Silicon wafers containing these bubbles can be
detected by visual or infrared inspection, but the presence
of even a single pinhole causes a yield reduction.

[ 0004]

The bubbl es that cause pinholes in pulled single

crystal silicon ingots originate from for exanple, gasses

i nside the pulling apparatus, bubbles contained in the



i nner surface of the quartz glass crucible, and gases
generated by the reaction between the silicon nelt and the
guartz glass crucible, and neasures have been taken agai nst
t hese bubbles (e.g., Patent Docunent 1).

Cl TATI ON LI ST

PATENT LI TERATURE

[ 0005]

Pat ent Document 1: WO2013/140706 Al

SUVMMARY OF | NVENTI ON
TECHNI CAL PROBLEM
[ 0006]

As descri bed above, neasures have been taken agai nst
t he bubbl es that cause pinholes in pulled single crystal
silicon ingots. However, there are cases where pinholes
occur that cannot be accounted for by these bubbl es al one,
and a need has existed for a quartz glass crucible that
creates fewer pinholes in pulled single crystal silicon
i ngot s.

[ 0007]

The present invention has been nade to sol ve the
above problem An object of the present invention is to
provide a quartz glass crucible for pulling a single
crystal silicon ingot that can inhibit pinholes in pulled

single crystal silicon ingots.

SOLUTI ON TO PROBLEM
[ 0008]

The present invention has been made to sol ve the
above problem and provides a quartz glass crucible for
pulling a single crystal silicon ingot, the crucible having

a cruci bl e shape including a strai ght body portion, a
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curved portion, and a bottom portion. The crucible

i ncludes: an outer |ayer nmade of an opaque quartz gl ass
cont ai ni ng bubbl es; and an inner |ayer made of a
transparent quartz glass and having a thickness of greater
than or equal to 1.5 mm Concentrations of Na, K, and Li
in the inner layer at 1 mmfroman inner surface of the
gquartz glass crucible are less than 5 ppb by mass for Na,

| ess than 5 ppb by mass for K, and | ess than 100 ppb by
mass for Li. Average concentrations of Na, K, and Li in a
t hi ckness direction at the curved portion and the bottom
portion in the outer |layer are |ess than 10 ppb by nmass for
Na, | ess than 50 ppb by mass for K, and |l ess than 180 ppb
by mass for Li.

[ 0009]

Such a quartz glass crucible can facilitate depth-
wi se crystallization in brow rings that are forned on the
i nner surface of the quartz glass crucible during pulling
of single crystal silicon ingots. This can inhibit the
rel ease of bubbles forned inside the brown rings, thereby
i nhibiting pinholes in the pulled single crystal silicon
I ngot s.

[ 0010]

Preferably, concentrations of Na, K and Li in the
inner layer at 1 mmfromthe inner surface of the quartz
glass crucible are less than 5 ppb by nass for Na, |ess
than 5 ppb by mass for K, and | ess than 50 ppb by mass for
Li, and average concentrations of Na, K and Li in the
t hi ckness direction at the curved portion and the bottom
portion in the outer |layer are |less than 5 ppb by nmass for
Na, |ess than 50 ppb by nass for K, and | ess than 100 ppb
by mass for Li.

[ 0011]

By satisfying these concentrations of inpurity
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el enents (hereinafter, Na, K, and Li may be referred to
collectively as inpurity elenments) in the inner and outer

| ayers of the quartz glass crucible, pinholes in the pulled
single crystal silicon ingots can be nore effectively

i nhi bited.

[0012]

Preferably, average concentrations of Na, K, and Li
in the thickness direction at the straight body portion in
the outer layer satisfy at |east one of: greater than or
equal to 10 ppb by mass for Na; greater than or equal to 50
ppb by mass for K, and greater than or equal to 180 ppb by
mass for Li.

[ 0013]

By satisfying these inpurity concentrations at the
strai ght body portion in the outer |ayer, collapsing and
sinking of the quartz glass crucible during high-
tenperature heating can be inhibited, rather than by making
the entire crucible highly pure.

[ 0014]

An outer diameter of the quartz glass crucible may be
greater than or equal to 800 mm
[ 0015]

The present invention can be suitably applied to such
quartz glass crucibles with a dianmeter of as |arge as
greater than or equal to 800 mm
[ 0016]

Preferably, the quartz glass crucible holds a silicon
nelt therein, and has a brown ring forned on the inner
surface thereof after pulling a single crystal silicon
ingot fromthe silicon nelt, and a density of bubbles with
a diameter of greater than or equal to 3.0 um in the inner
| ayer within an inner region of the brow ring is greater
than or equal to 4.0 bubbl es/ mMm?.



[0017]

The quartz gl ass cruci bl e having such brown rings
formed on the inner surface thereof after pulling single
crystal silicon ingots can nore effectively inhibit
pi nhol es on the pulled single crystal silicon ingots.

[ 0018]

Preferably, the quartz glass crucible holds a silicon
melt therein, and has a brown ring forned on the inner
surface thereof after pulling a single crystal silicon
ingot fromthe silicon nelt, the brown ring having an outer
di aneter reference line with a length of from10 nmto 13
mm the outer dianmeter reference |ine of the brown ring
bei ng defined as a bisecting |line extending along a
circunferential direction of the quartz glass crucible, and
the brown ring having the outer dianeter reference line
with the length of from10 mmto 13 mm satisfies the
followng formula (1):

y = 10x - 70 ... (1)

where the length of the outer dianeter reference line
of the brown ring is defined as x [mm], an upper nost
portion at an end of the outer dianmeter reference |Iine of
the brown ring is defined as a reference height 0 [um], and
a protrusion height, which is a height of an uppernost
portion on the outer dianeter reference line in an inner
region of the brown ring, is defined as y [um].

[ 0019]

The quartz gl ass cruci bl e having such brown rings

formed can nore effectively inhibit pinholes on the pulled

single crystal silicon ingots as well.

ADVANTAGEQUS EFFECTS OF | NVENTI ON
[ 0020]
The inventive quartz glass crucible can facilitate
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the crystallization in the depth direction of brown rings
during pulling of single crystal silicon ingots. This can
inhibit the rel ease of bubbles fornmed inside the brown
rings, thereby inhibiting pinholes in the pulled single

crystal silicon ingots.

BRI EF DESCRI PTI ON OF DRAW NGS
[ 0021]

FIG 1 is a schematic sectional view showi ng portions
of a typical quartz glass crucible;

FIG 2 is a picture of brown rings fornmed on an inner
surface of the quartz glass crucible;

FIG 3 is a graph show ng dianeters of bubbles inside
a brown ring;

FIG 4 is a graph showing relationship between the Li
concentration in an inner |ayer of the quartz gl ass
cruci ble and the bubble density inside a brown ring;

FIG 5 is a graph showi ng correl ati on between the Na
concentration in an outer |layer of the quartz gl ass
cruci ble and the Na concentration in the inner |ayer of the
quartz glass crucible;

FIG 6 is a graph showi ng correlation between the K
concentration in the outer layer of the quartz gl ass
cruci ble and the K concentration in the inner |ayer of the
quartz gl ass cruci bl e;

FIG 7 is a graph showi ng correl ati on between the Li
concentration in the outer layer of the quartz gl ass
cruci ble and the Li concentration in the inner |ayer of the
quartz gl ass cruci bl e;

FIG 8 is a graph show ng the topography of brown
rings in Experinmental Exanples 1 to 4; and

FIG 9 is a schematic view of a brown ring.



DESCRI PTI ON OF EMBODI MENTS
[0022]

As descri bed above, neasures have been taken agai nst
t he bubbl es that cause pinholes. However, there are cases
wher e pi nhol es occur that cannot be accounted for by these
bubbl es al one, and the present inventor has tried to solve
it.

[ 0023]

Browni sh-red rings, called brown rings, are formed on
the inner surface of a quartz glass crucible after pulling
single crystal silicon ingots. A detailed investigation of
these brown rings reveal ed that the brown rings contain
bubbl es of several to several tens of mcroneters in
di aneter, and these bubbl es were expected to becone
pi nhol es by being exposed to the silicon nelt.

[ 0024]

As descri bed above, bubbles of several to severa
tens of mcronmeters in size are present inside the brown
rings. An investigation by the present inventor reveal ed
that lowering the Na, K, and Li concentrations in the inner
| ayer of the quartz glass crucible can reduce the di aneter
of the bubbles inside the brown rings, and can al so
facilitate depth-wi se crystallization inside the brown
rings, thereby reducing erosion into the silicon nelt. 1In
other words, it is possible to inhibit the rel ease of
bubbl es inside the brown rings into the silicon nelt,

t hereby reduci ng the nunber of bubbles incorporated into
single crystal silicon ingots and reducing the nunber of
pi nhol e defects in silicon wafers.

[ 0025]

The present invention is described in greater detai
bel ow. The present invention is a quartz glass crucible

for pulling a single crystal silicon ingot, the crucible
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having a cruci bl e shape including a straight body portion,
a curved portion, and a bottom portion. The crucible

i ncludes: an outer |ayer nmade of an opaque quartz gl ass
cont ai ni ng bubbl es; and an inner |ayer made of a
transparent quartz glass and having a thickness of greater
than or equal to 1.5 mm Concentrations of Na, K, and Li
in the inner layer at 1 mmfroman inner surface of the
quartz glass crucible are less than 5 ppb by mass for Na,

| ess than 5 ppb by mass for K, and | ess than 100 ppb by
mass for Li, and average concentrations of Na, K and Li in
a thickness direction at the curved portion and the bottom
portion in the outer |ayer are |less than 10 ppb by nass for
Na, | ess than 50 ppb by mass for K, and |less than 180 ppb
by mass for Li. These requirenents need to be satisfied
before pulling a single crystal silicon ingot.

[ 0026]

Referring first to FIG 1, portions of the inventive
quartz glass crucible are described. The quartz gl ass
crucible 10 in FIG 1 includes an outer layer 21 nade of an
opaque quartz gl ass containi ng bubbles and an i nner |ayer
22 made of a transparent quartz glass. As shown in FIG 1
the cruci bl e shape of the quartz glass crucible 10
typically consists of a bottom portion 12, a curved portion
13, and a straight body portion 14. A bottomcenter 11 is
defined at the center of the bottom portion 12, and the
bottom portion 12 and the curved portion 13 are soneti nes
referred to as a | arge-curved portion and a small -curved
portion, respectively.

[ 0027]

As descri bed above, in the inventive quartz gl ass
cruci bl e 10, concentrations of Na, K, and Li in the inner
| ayer 22, which has a thickness of greater than or equal to

1.5 mM at 1 mmfromthe quartz glass crucible inner
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surface are less than 5 ppb by mass for Na, less than 5 ppb
by mass for K, and | ess than 100 ppb by nmass for Li. Such
high purity of the inner layer 22 of the quartz gl ass
cruci ble 10 satisfying the above Na, K, and Li
concentration requirenents can facilitate crystallization
in the depth direction of brown rings during pulling of
single crystal silicon ingots. This, in turn, can inhibit
the rel ease of bubbles forned inside the brown rings.

Al'so, in the inventive quartz glass crucible 10, average
concentrations of Na, K, and Li in the thickness direction
at the curved portion 13 and the bottom portion 12 in the
outer layer 21 are |less than 10 ppb by nmass for Na, |ess
than 50 ppb by mass for K and |less than 180 ppb by nass
for Li. By satisfying these el enent concentrations at the
curved portion 13 and the bottom portion 12 in the outer

| ayer 21, the diffusion of the above inpurity elenents to
the crucible inner surface can be inhibited, making it
possible to maintain the crucible inner |ayer 22 at a high
purity.

[ 0028]

The above inpurity concentrations are preferably nmade
to provide higher purity as follows. That is, the
concentrations of Na, K, and Li in the inner |layer 22 at 1
nmmfromthe quartz gl ass crucible inner surface are
preferably | ess than 5 ppb by mass for Na, less than 5 ppb
by mass for K, and |l ess than 50 ppb by mass for Li. The
average concentrations of Na, K and Li in the thickness
direction at the curved portion 13 and the bottom portion
12 in the outer layer 21 are preferably less than 5 ppb by
mass for Na, |ess than 50 ppb by nass for K, and | ess than
100 ppb by mass for Li. By satisfying these inpurity
el ement concentrations, pinholes in the pulled single

crystal silicon ingots can be nore effectively inhibited.
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[ 0029]

The inpurity el ement concentrations in each |ayer of
the inventive quartz glass cruci ble can be nmeasured by
preparing sanples fromthe quartz glass crucible 10 and
usi ng an inductively coupl ed plasna-mass spectronetry (I CP-
M5) nethod or the like. For both the inner |ayer 22 and
the outer layer 21, the neasurenent points shall include at
| east one point in each of the straight body portion 14,
the curved portion 13, and the bottom portion 12. Two or
nore neasurenment points nmay be set in each portion to take
an average val ue.

[ 0030]

The diffusion of each inpurity el enent between the
outer layer 21 and the inner layer 22 is described with
reference to FIGS. 5 through 7. FIGS. 5 through 7 show t he
correl ations between the concentration in the outer |ayer
21 of the quartz glass crucible (average concentration in
the crucible thickness direction) and the concentration in
the inner layer 22 of the quartz glass crucible
(concentration at 1 nmfromthe inner surface of the quartz
gl ass crucible 10) for Na, K, and Li, respectively. The
correlations shown in these figures were neasured by
fabricating a quartz glass cruci blel0 wth an outer
di aneter of 32 inches (800 nm and preparing sanples from
this quartz glass crucible. As can be seen fromthese
figures, if the Na concentration is |less than 10 ppb by
mass in the outer layer 21, it can be less than 5 ppb by
mass in the inner layer 22, if the K concentration is |ess
than 50 ppb by nmass in the outer layer 21, it can be |ess
than 5 ppb by mass in the inner layer 22, and if the Li
concentration is less than 180 ppb by nass in the outer
| ayer 21, it can be |less than 100 ppb by mass in the inner
| ayer 22.
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[ 0031]

On the other hand, in the inventive quartz gl ass
cruci bl e 10, average concentrations of Na, K, and Li in the
t hi ckness direction at the straight body portion 14 in the
outer layer 21 preferably satisfy at |east one of: greater
than or equal to 10 ppb by mass for Na; greater than or
equal to 50 ppb by nmass for K, and greater than or equal to
180 ppb by mass for Li. To inhibit the quartz gl ass
cruci ble 10 from col | apsi ng or sinking i nward during high-
tenperature heating, it is preferred to set the | ower
limts of the inpurity el enment concentrations in the
strai ght body portion 14 as descri bed above. However, the
i nner layer 22 of the quartz glass crucible 10 needs to
satisfy the above high purity requirenents. Therefore, in
order to prevent the inner |ayer 22 from being contam nated
by diffusion, it is preferred not to increase the inpurity
el ement concentrations at the straight body portion 14 in
the outer layer 21 beyond what is necessary.

[ 0032]

The reason for providing separate requirenents for
the bottom and curved portions 12, 13 and the strai ght body
portion 14 in the outer layer 21 in the above manner is
that the bottom and curved portions 12, 13 of the quartz
gl ass crucible, in particular, have a | onger contact tine
with the silicon nelt and so the dianeter of the brown
rings tends to increase conpared to those in the straight
body portion 14. Hence, by lowering the Na, K, and Li
concentrations in, in particular, the inner surface of the
bottom and curved portions 12, 13 to facilitate the
crystallization in the depth direction of the brown rings,
it is possible to inhibit the rel ease of bubbles forned
inside the brown rings. In addition, by Iowering the Na,

K, and Li concentrations in the outer layer 21 only at the
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bottom and curved portions 12, 13, it is possible to

i nhibit pinhole defects while inhibiting deformation of the
strai ght body portion 14 during use of the quartz gl ass
cruci bl e 10.

[ 0033]

The present invention can be suitably applied to
quartz glass crucibles 10 with an outer dinmeter of 800 nm
or greater. Such quartz glass crucibles 10 can pul
| arger-di ameter single crystal silicon ingots, and even
such larger-dianeter single crystal silicon ingots can be
pulled with fewer pinholes fornmed therein. Single crystal
silicon wafers with a dianmeter of 12 inches (300 mm) or
greater have strict specifications about pinholes, and
quartz glass crucibles with an outer dianeter of 800 nm or
greater used for such wafers also have high quality
requirenments. In such cases, both the single crystal
silicon wafers and the quartz glass crucible are | arge, and
bubbl es are likely to be caught on the underside of the
pul l ed single crystal silicon ingots. Thus, the
application of the present technique is necessary.

[ 0034]

The rel ati onship between the conditions of brown
rings on the surface of the inner |ayer of the quartz gl ass
cruci ble and the inpurity el enent concentrations in the
quartz glass crucible inner layer is described bel ow
[ 0035]

As descri bed above, brown-colored rings called “brown
rings” are fornmed on the quartz glass crucible inner
surface due to contact with the silicon nelt, and bubbles
of several to several tens of microneters in size were
found to be observed inside the ring. Conparing cases
where Na and K concentrations in the inner layer of the

quartz glass crucible are both Iess than 5 ppb by mass and
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where the Na and K concentrations are both greater than or
equal to 50 ppb by nass, the bubbles were found to be

smal ler in dianmeter if the Na and K concentrations are |ess
than 5 ppb by nass.

[ 0036]

FIG 2 shows a picture of brown rings fornmed on the
quartz glass crucible inner surface. FIG 2(a) shows the
gquartz glass crucible inner surface. The circular objects
appearing in FIG 2(a) are brown rings. Brown rings nay be
i sol ated, but as shown in FIG 2(a), some brown rings my
be joined together. FIG 2(b) is an enlarged view of a
portion in FIG 2(a). As shown in FIG 2(b), bubbles of
several to several tens of microneters in size are observed
i nside a brown ring.

[ 0037]

FIG 3 shows the results of investigation on the
di aneter of the bubbles inside the brown ring shown in FIG
2(b). FIG 3 shows the conparison between cases where the
impurity elenment concentrations in the quartz gl ass
cruci ble inner layer are less than 5 ppb by nmass for both
Na and K and | ess than 50 ppb by mass for Li and where the
impurity el enent concentrations are greater than 50 ppb by
mass for both Na and K and | ess than 50 ppb by mass for Li.
As can be seen fromthis figure, at the sane Li
concentration of |less than 50 ppb by mass, the bubble
di ameter is smaller when both the Na and K concentrations
are |l ess than 5 ppb by nmass.

[ 0038]

As shown in FIG 4, conparing cases where the Li
concentration in the quartz glass crucible inner |ayer is
greater than or equal to 180 ppb by mass and where the Li
concentration is |less than 100 ppb by mass, the nunber

density of bubbles near the center of the brown ring was
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found to be higher at the Li concentration of |ess than 100
ppb by mass. A high nunber density of bubbl es neans that

t he bubbles remain unreleased. |In that case, the bubbles
are present at deep positions and have not been

i ncorporated into the silicon nelt.

[ 0039]

In addition to the above findings, it was also found
that fewer pinholes of several to several tens of
mcroneters in size are fornmed in pulled single crystal
silicon ingots if the quartz glass crucible inner |ayer has
the Na and K concentrations of less than 5 ppb by nass and
the Li concentration of |ess than 100 ppb by mass.

[ 0040]

From t he above, the occurrence of pinholes in pulled
single crystal silicon ingots can presunably be reduced by
| owering the Na and K concentrations in the inner |ayer of
the quartz glass crucible to reduce the bubble dianeter and
by lowering the Li concentration to inhibit the rel ease of
bubbles into the silicon nelt. To summarize the effects of
the inventive requirenents for inpurity elenents, an
advantage of |owering the Na and K concentrations is that
t he bubbl es inside the brown rings can be kept small by
| onering the Na and K concentrations. Advantages of
| owering the Li concentration are that the crystallization
in the depth direction of the brown rings can occur at a
faster rate and that, as a result of this, the bubbles
forced to occur by the crystallization can be nmade present
at relatively deeper positions, and also the
crystallization slows down the erosion rate, preventing the
bubbl es from being released into the silicon nelt.

[0041]
As descri bed above, brown rings are forned due to the

crystallization of the inner surface of the quartz gl ass

14



cruci ble, so it was presuned that the degree of
crystallization varies depending on the Na, K, and Li
concentrations in the inner surface of the quartz gl ass
cruci ble and that the lower the N, K, and Li
concentrations, the nore the crystallization inside the
brown rings, or in other words, the crystallization in the
depth direction fromthe inner surface of the quartz gl ass
cruci bl e progresses, thereby reducing the erosion into the
silicon nelt. Hence, as shown in the follow ng
experinmental exanples, the topography of 12-mm di aneter
brown rings formed on quartz glass crucibles with different
I nner surface Na, K, and Li concentrations were neasured
usi ng a surface roughness neasuring instrunent.
[ 0042]
Experinental Exanples 1 to 4

Four types of quartz glass crucibles with different
i nner surface Na, K, and Li concentrations were prepared.
The inmpurity el ement concentrations at 1 nmdeep fromthe
i nner surface of each quartz glass crucible were as
fol | ows:
Experinental Exanple 1 ... Na: 3 ppb by mass, K 1 ppb by
mass, Li: 200 ppb by nass
Experinental Exanple 2 ... Na: 2 ppb by mass, K 3 ppb by
mass, Li: 200 ppb by mass
Experi nental Exanple 3 ... Na: 3 ppb by mass, K= 2 ppb by
mass, Li: 70 ppb by mass
Experinental Exanple 4 ... Na: 4 ppb by mass, K 1 ppb by
mass, Li: 70 ppb by nass
[ 0043]

The topography of 12-nm di aneter brown rings forned
on these quartz glass crucibles with different inner |ayer
Na, K, and Li concentrations was neasured using a surface

roughness neasuring instrunment. The results were as shown
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in FIG 8.
[ 0044]

As can be seen fromFIG 8, when the Na and K
concentrations are both less than 5 ppb by mass and the Li
concentration is less than 100 ppb by nass in the quartz
gl ass cruci ble inner |ayer (Experinental Exanples 3 and 4),
protrusions are about 10 to 20 um higher than when the Na
and K concentrations are both I ess than 5 ppb by nass and
the Li concentration is greater than or equal to 100 ppb by
mass (Experinmental Exanples 1 and 2). 1In other words, it
can be said that when the Na and K concentrations are both
| ess than 5 ppb by mass and the Li concentration is |ess
than 100 ppb by mass, the crystallization inside the brown
rings is facilitated, inhibiting the erosion into the
silicon melt. This erosion difference of 10 to 20 um is
believed to be affecting the rel ease of bubbles of severa
to several tens of mcroneters in size.

[ 0045]

A high alkali metal content generally facilitates the
crystallization of quartz glass. However, it can be said
that the opposite phenonmenon is occurring inside the brown
rings, which are forned by the reaction between the quartz
glass with low netal concentrations and the silicon nelt.
Fromthis, keeping the inpurity el enent concentrations in
the inner layer of the quartz glass crucible at |ess than 5
ppb by mass for Na, less than 5 ppb by mass for K, and | ess
than 100 ppb by mass for Li can presumably facilitate the
crystallization inside the brown rings, thereby inhibiting
t he bubbl es inside the brown rings from bei ng exposed.

[ 0046]

As descri bed above, quartz gl ass cruci bl es that

satisfy the inventive requirenments for inpurity el enent

concentrations can facilitate the crystallization in the
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depth direction of brown rings during pulling of single
crystal silicon ingots. As a result, the inventive quartz
gl ass cruci ble can be defined as foll ows, based on the
brown ring after pulling a single crystal silicon ingot.
That is, the inventive quartz glass crucible holds a
silicon nelt therein and has a brown ring forned on the

i nner surface thereof after pulling a single crystal
silicon ingot fromthe silicon nelt, and, preferably, a
density of bubbles with a dianeter of greater than or equa
to 3.0 pym in the inner layer within an inner region of the
brown ring is greater than or equal to 4.0 bubbl es/ m?.

The quartz gl ass cruci bl e having such brown rings fornmed on
the inner surface thereof after pulling single crystal
silicon ingots can nore effectively inhibit pinholes in the
pul l ed single crystal silicon ingots.

[0047]

A multi-pulling method, in which nultiple single
crystal silicon ingots are pulled up froma single quartz
gl ass crucible, is increasingly used, and the above
definition of the inventive quartz glass crucible based on
bubbles in the brown ring after the pulling shall be the
one that defines the quartz glass crucible after pulling
the first single crystal silicon ingot. Here, the quartz
gl ass crucible is used for about tens to a hundred hours.
This is because, in the case of pulling nmultiple ingots,
the brown rings that once occurred may di sappear in the
course of prol onged usage.

[ 0048]

The inventive quartz glass crucible holds a silicon
nelt therein and has a brown ring fornmed on the inner
surface thereof after pulling a single crystal silicon
ingot fromthe silicon nelt, and, preferably, a protrusion

hei ght of the brown ring satisfies the follow ng
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requi renents. That is, preferably, a brown ring having an
outer dianeter reference line with a length of from 10 nm
to 13 mmis forned, where the outer dianeter reference |line
of the brown ring is defined as a bisecting line of the
brown ring extending along a circunferential direction of
the quartz glass crucible. Al so, preferably, the brown
ring having the outer dianeter reference line with the

l ength of from10 nmto 13 mmsatisfies the follow ng
formula (1):

y 2 10x - 70 ... (1)

where the length of the outer dianeter reference line
of the brown ring is defined as x [mM, an uppernost
portion at an end of the outer dianmeter reference |Iine of
the brown ring is defined as a reference height 0 [um], and
a protrusion height, which is a height of an uppernost
portion on the outer dianeter reference line in an inner
region of the brown ring, is defined as y [um].

[ 0049]

The quartz glass crucible having such brown rings
fornmed can nore effectively inhibit pinholes in the pulled
single crystal silicon ingots as well.

[ 0050]

A nore detailed description is given below FIG 9
is a schematic view of a brown ring. The density of
bubbl es inside the brown ring as well as the outer dianeter
and reference height of the brown ring in the present
i nvention pertain to a single brown ring as shown in FIG
9. A wunion of multiple brow rings is not used for the
cal cul ation of these val ues.

[ 0051]

In FIG 9, a direction fromthe bottom portion of the

quartz glass crucible to the end face thereof (upper end of

the straight body portion), i.e., the vertical direction,
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is showmn. The bisecting |line extending along the
circunferential direction of the crucible is a line that
bi sects the brown ring in a plane perpendicular to the
vertical direction of the quartz glass crucible. The outer
di aneter reference line refers to a |ine segnment between
two points at which the bisecting line intersects the outer
circunference of the brown ring. In the present invention,
it is preferred that brown rings having the outer dianeter
reference line with the length of from10 nmto 13 nmare
formed after pulling the first single crystal silicon
ingot. The outer diameter reference |ine can be said to be
the outer dianmeter of the brown rings. However, since the
brown rings are not always perfectly circular, the above
definition is used.
[ 0052]

The uppernost portion at the end of the outer
di aneter reference line of the brown ring is the higher of
the above two points. This is described with reference to
FIG 8. FIG 8 shows the height of the brown ring in FIG
9 relative to the inner surface of the quartz gl ass
cruci bl e, as neasured using a surface roughness neasuri ng
I nstrunment. The uppernost portion at the end of the outer
di anmeter reference |ine shown on the right side of FIG 8
is defined as a reference height 0 [um]. A protrusion
hei ght, which is the height of an uppernost portion on the
outer dianmeter reference line in an inner region of the
brown ring, is defined as y [um]. In Experimental Example
4 in FIG 8, the length of the outer dianmeter reference
line is approximately 12.2 mm. The reference height 0 [um]
is located at approximately 15.5 nmon the horizontal axis
in the figure. Since this position is set as the reference
height 0 [um], the height of the uppermost portion on the

outer dianeter reference line, which is | ocated at
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approximately 10 mm on the horizontal axis in the figure,
is about 54 um. That is, y = 54, x = 12.2, satisfying the
formula (1).

[ 0053]

One presunmabl e reason for this protruding profile of
the brown ring to have occurred is that the crystallization
progressed concurrently with the occurrence of erosion into
the silicon nelt and thus the crystallized portion avoi ded
fromthe erosion, resulting in the protruding profile. 1In
ot her words, the portion corresponding to the left side of
t he maxi mum val ue of the curve of each experinental exanple
in FIG 8 was presumably eroded by the flow of silicon
melt, resulting nost of the brown-col ored portion
(crystallized portion) disappearing.

[ 0054]
Met hod for Manufacturing Quartz G ass Crucible

The inventive quartz glass crucible can be
manuf actured by any known net hod, except for controlling
the inmpurity el ement concentrations in the inner and outer
| ayers. For exanple, the inventive quartz glass crucible
can be manufactured by a nethod called an arc rotating
melting method. In this case, first, a silicon dioxide
powder (silica powder, quartz powder) as a raw materia
powder is supplied into a rotating nold and nol ded by the
centrifugal force into a crucible-Ilike nolded product.

Then, the nol ded product has its inner side heated and
nelted by arc flanmes to forma translucent quartz gl ass
cruci bl e base (outer |ayer) (base formng step). During or
after the formation of the crucible base, silicon dioxide
powder is additionally supplied into the heated atnosphere
i nside the crucible base to forma transparent quartz gl ass
i nner layer on the inner surface of the crucible base

(inner layer formng step). The nethod of form ng the
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i nner |ayer made of a transparent quartz glass by heating
whil e scattering the quartz powder is also called a
scattering nmethod. The inpurity el enent concentrations in
the inner and outer |ayers can be adjusted, for exanple, by
adjusting the inpurity el enment concentrations in the raw

mat eri al powder for each | ayer

EXAMPLE
[ 0055]

The present invention is now further detailed with
reference to exanples, though the present invention is not
limted to these exanpl es.

[ 0056]
Exanples 1 to 3 and Conparative Exanples 1 to 4

Quartz glass crucibles with an outer dianeter of 800
nm wer e manufactured using an arc rotating nelting nethod.
The inmpurity concentrations in the inner |ayer, the
i mpurity concentrations in the outer layer (at the curved
and bottom portions), and the inpurity concentrations in
the outer layer (at the straight body portion) of each
manuf actured quartz gl ass cruci ble were adjusted as shown
in Table 1. That is, each inpurity concentration shown in
Table 1 is the concentration (unit: ppb by mass) in each
portion of each quartz glass crucible prior to pulling a
single crystal silicon ingot. As described above, the
I mpurity concentration in the inner |layer is the
concentration at 1 mmdeep fromthe inner surface of each
quartz glass crucible, and the inpurity concentration in
each portion of the outer layer is the average
concentration in the thickness direction.

[ 0057]
Then, the manufactured quartz gl ass crucibles were

used to pull single crystal silicon ingots. Brown rings
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formed on the inner surface of each quartz glass crucible
after pulling the first single crystal silicon ingots were
observed. Brown rings having the outer dianeter reference
line with the length of from10 mMmto 13 mm were sel ected
as the brown rings to be observed. As the conditions of
bubbles in the inner layer within the inner region of each
brown ring, Table 2 shows the bubble dianeter of the

| ar gest bubbl e anbng t he bubbl es contai ned and the density
of bubbles with a dianeter of greater than or equal to 3.0
um in the brown ring. Table 2 also shows the length x of
the outer dianeter reference line in the above fornula (1)
and the protrusion height y, which is the height of the
upper nost portion on the outer dianeter reference |ine,
obt ai ned by observing the brown rings. Table 2 also shows
the conditions of pinholes that occurred after pulling the

first single crystal silicon ingot, under the colum

“pinhole results.” The pinhole results were evaluated on a
three-1level scale: “particularly good,” “good,” and “bad,”
whi ch were defined as follows for convenience. In terms of

t he nunber of pinholes detected when fabricating single
crystal silicon wafers fromthe single crystal silicon

i ngot, the pinhole results were evaluated as “bad” if the
nunmber of pinhol es detected was greater than or equal to
that of Conparative Exanple 1 as a reference, evaluated as
“good” if the nunmber of pinholes detected was | ess than or
equal to half of that evaluated as “bad,” and eval uated as
“particularly good” if the nunber of pinholes detected was
| ess than or equal to half of that evaluated as “good.”

[ 0058]
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[ Tabl e 1]

Aver age Aver age
I nner | ayer concentrations concentrations
(1 mm deep from in outer |ayer in outer |ayer
i nner surface) (at curved and (at straight body
[ mass ppb] bott om porti ons) portion)
[ mass ppb] [ mass ppb]
Na K Li Na K Li Na K L
Exanpl e 1 4 <1 7 1 14 12 5 62 710
Exanpl e 2 <1 1 43 1 36 95 1 36 270
Exanple 3 1 2 91 2 46 150 2 53 220
Comparative | ;| 5 | 120 | 2 41 | 200 | 5 | 75 | 680
Exanple 1
Comparative | gg | g3 | 17 | 520 | 180 | 33 88 | 86 | 180
Exanpl e 2
Comparative | g 1 78 71 77 | 150 4 91 | 470
Exanpl e 3
Comparative | 4 7 | 240 2 55 | 570 | 14 | 82 | 740
Exanpl e 4
[ 0059]
[ Tabl e 2]
Condi ti ons of bubbl es Rel ative h¢|ghF of
in brown rings brown rings:
formul a(1)
CQut er :
Maxi mum Bubbl e di amet er | Upper nost Pi nhol e
: . results
bubbl e density reference | portion
di ameter | [ Number of l'ine hei ght
[pm] bubbl es/ nm?] I ength [pm]
[
Particularly
Exanpl e 1 13 5.5 10 34 good
Particularly
Exanpl e 2 11 4.2 11 45 good
Exanpl e 3 11 4.8 12 52 good
Comparative | 5g 1.4 12 42 Bad
Exanple 1
Conpar ati ve
Exanpl e 2 25 1.6 10 25 Bad
Conpar ati ve
Exanpl e 3 20 1.5 10 20 Bad
Conpar ati ve
Exanpl e 4 25 1.3 11 32 Bad
[ 0060]

As can be seen from Tables 1 and 2, the pinhole
results were found to be good if the inpurity
concentrations of Na, K, and Li in the inner |ayer are |ess
than 5 ppb by mass for Na, less than 5 ppb by mass for K
and | ess than 100 ppb by nass for Li, and the Na, K, and Li
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concentrations at the curved and bottom portions in the
outer layer are less than 10 ppb for Na, |ess than 50 ppb
by mass for K, and |l ess than 180 ppb by mass for Li. 1In
addition, with such inpurity concentration requirenents
satisfied, the density of bubbles with a diameter of 3.0 um
or greater in the brow ring was able to reach 4.0
bubbl es/ Mm#® or greater. Such a high nunber density neans
that the bubbles remain unrel eased, and in that case, they
are present at deep positions inside the brown ring and
have not been incorporated into the silicon nelt. As can
be seen from Table 2, Exanples 1 to 3 satisfied the above
formula (1) for the brown rings having the outer dianeter
reference line with the length of from10 nmto 13 mm and
in this case, the pinhole results were “particularly good”
or “good.” On the other hand, Conparative Exanples 1 to 4
did not satisfy the above fornula (1).

[ 0061]

In each of the above exanpl es and conparative
exanples, the inpurity elenments at the straight body
portion in the outer |ayer of each manufactured quartz
gl ass cruci ble included a high concentration el enent
(satisfying at | east one of greater than or equal to 10 ppb
by mass for Na, greater than or equal to 50 ppb by mass for
K, and greater than or equal to 180 ppb by mass for Li),
whi ch inhibited coll apse and si nking.

[ 0062]

It should be noted that the present invention is not
limted to the above-described enbodi nents. The
enbodi nents are just exanples, and any exanpl es that
substantially have the sane feature and denonstrate the
same functions and effects as those in the technica
concept disclosed in clains of the present invention are

included in the technical scope of the present invention.
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CLAI M5

1. A quartz glass crucible for pulling a single crystal
silicon ingot, the crucible having a crucible shape
i ncluding a straight body portion, a curved portion, and a
bottom portion, the crucible conprising:

an outer |ayer nmade of an opaque quartz gl ass
cont ai ni ng bubbl es; and

an inner |ayer made of a transparent quartz gl ass and
having a thickness of greater than or equal to 1.5 nm
wher ei n

concentrations of Na, K, and Li in the inner |ayer at
1 mmfroman inner surface of the quartz glass crucible are
| ess than 5 ppb by mass for Na, less than 5 ppb by nmass for
K, and |l ess than 100 ppb by nmass for Li, and

average concentrations of Na, K, and Li in a
thi ckness direction at the curved portion and the bottom
portion in the outer |ayer are |less than 10 ppb by nass for
Na, |ess than 50 ppb by nass for K, and | ess than 180 ppb

by mass for Li.

2. The quartz glass crucible for pulling a single
crystal silicon ingot according to claim1, wherein
concentrations of Na, K, and Li in the inner |ayer at
1 mmfromthe inner surface of the quartz glass crucible
are less than 5 ppb by mass for Na, less than 5 ppb by nass
for K, and | ess than 50 ppb by mass for Li, and
average concentrations of Na, K and Li in the
t hi ckness direction at the curved portion and the bottom
portion in the outer |layer are |less than 5 ppb by nmass for
Na, | ess than 50 ppb by mass for K, and |less than 100 ppb
by mass for Li.
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3. The quartz glass crucible for pulling a single
crystal silicon ingot according to claim1 or 2, wherein
average concentrations of Na, K, and Li in the thickness
direction at the straight body portion in the outer |ayer
satisfy at |east one of: greater than or equal to 10 ppb by
mass for Na; greater than or equal to 50 ppb by nmass for K

and greater than or equal to 180 ppb by mass for Li.

4. The quartz glass crucible for pulling a single
crystal silicon ingot according to any one of clains 1 to
3, wherein an outer dianeter of the quartz glass crucible
Is greater than or equal to 800 mm

5. The quartz glass crucible for pulling a single
crystal silicon ingot according to any one of clains 1 to
4, wherein

the quartz glass crucible holds a silicon nelt
therein, and has a brown ring forned on the inner surface
thereof after pulling a single crystal silicon ingot from
the silicon nelt, and

a density of bubbles with a dianeter of greater than
or equal to 3.0 um in the inner layer within an inner
region of the brown ring is greater than or equal to 4.0
bubbl es/ m%.

6. The quartz glass crucible for pulling a single
crystal silicon ingot according to any one of clainms 1 to
5, wherein

the quartz glass crucible holds a silicon nelt
therein, and has a brown ring fornmed on the inner surface
thereof after pulling a single crystal silicon ingot from
the silicon nelt, the brown ring having an outer dianeter

reference line with a length of from10 nmto 13 nm the
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outer dianeter reference |ine of the brown ring being
defined as a bisecting |ine extending along a
circunferential direction of the quartz glass crucible, and

the brown ring having the outer dianeter reference
line with the length of from10 mMmto 13 mmsatisfies the
following formula (1):

y 2 10x - 70 ... (1)

where the Iength of the outer dianeter reference line
of the brown ring is defined as x [mm], an upper nost
portion at an end of the outer dianeter reference |Iine of
the brown ring is defined as a reference height 0 [um], and
a protrusion height, which is a height of an uppernost
portion on the outer dianeter reference line in an inner

region of the brown ring, is defined as y [um].
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