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DESCRIPTION CRUCIBLE PROTECTION SHEET AND CRUCIBLE
APPARATUS USING THE CRUCIBLE PROTECTION SHEET
TECHNICAL FIELD 5 [0001] The present invention relates to a crucible
protection sheet, a crucible apparatus that uses the crucible protection
sheet, and the like. More particularly, the invention relates to a crucible
apparatus comprising an outer crucible and an inner crucible, a crucible
protection sheet that is disposedibebii&dREHeMwvo crucibles and used for
10 protecting these crucibles, and the like. BACKGROUND ART [0002]
RIOWHB Bt RS T ObtaM ritFE Singhe gy SR LHIIIdbh Eng 8FiARAdd '@ USING THE
floating zone melting process (FZ process) and a Czochralski process
(RYE GHBEds HROAEC A TOINGvbUEE is used commonly. When
manufacturing a silicon single crystal or the like by the CZ process, a
TdrEIDIECAdpliFbiuS is used. The crucible apparatus comprises an outer
crucible that is heated by a heater or the like, and an inner crucible in
[90ith raw materials such as a silicon single crystal are accommodated.
Usually, a crucible made of quartz is employed for the inner crucible from
the viewpBirfcssth&VeBEGTIRFWIEH K SHERRE DS iRitreqinargygible apparatus
crucible made of graphite is employed for the outer crucible from the )
tRAE W ﬁb%ﬂ%*@lb??nw?%ﬁ@lﬂ@aﬁ%évas%aﬁaé?&a‘&rﬁtheﬁéﬂr@nmﬁ}eﬁlﬁéwéﬁ)@vemwn
r%ail'l"ra)(faratus is used for manufacturing silicon single crystals and the like in

CStdfe AT tABRATIEFS ORIBIE 18e e RUEFInHE Blténeragipfaier crucible, a

9903 28, he boxedegcrined ucble BRI ISR S et for
protecting these crucibles, and the like.

BACKGROUND ART

[0002]

Known methods for obtaining a single crystal silicon ingot include a floating
zone melting process (FZ process) and a Czochralski process (CZ process). The CZ
process is used commonly. When manufacturing a silicon single crystal or the like by
the CZ process, a crucible apparatus is used. The crucible apparatus comprises an outer
crucible that is heated by a heater or the like, and an inner crucible in which raw materials
such as a silicon single crystal are accommodated. Usually, a crucible made of quartz is
employed for the inner crucible from the viewpoint of the reactivity with silicon and the
purity, whereas a crucible made of graphite is employed for the outer crucible from the
viewpoint of the purity, the heat resistance, and the strength. The crucible apparatus is
used for manufacturing silicon single crystals and the like in the state in which the inner
crucible is inserted in the outer crucible.

[0003]

The above-described crucible apparatus generally has the problems as shown in
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the following (1) and (2). (1) The inner crucible made of quartz is heavy in

weight and low in impact resistance. Therefore, extra care must be taken

when inserting the inner crucible into the outer crucible. This leads to the

problem of poor workability. Another problem is that, since 5 there is a

difference in thermal expansion coefficient between the inner crucible and

the outer crucible, damages such as cracks are caused in both crucibles
thgreleysgrg kaed &fdcibles after finishing the manufacture of a silicon

single crystal or the like, Still another problem is that SiO gas.or the like
(JehBrafRF HEMFHRIE dRalt 08 BIBIE BaliRs M rSSLHEP I te bifpact resistance.

Tgtrucible and silicon-carbi?{i;ati n and thickness decrease occur,jn 10 th
S

EEFusYE B4 S TEH ProBRIE it BEh vENT F‘r‘aﬁg}t" the outer
be roposed that f tecti h t ibl d th .
O o e L el R IS . s
o P e AR A e o e

sgch ast f(til made of c?rbon fiber, has bee dis%lo ed. Abqrop alis_ .
OH,]S]‘ ﬁ{um & ?am'gi 2E8 Such aF %‘ac 5 are c:auge 111 Oﬁ% CIUCIDIES "W €:P cooémg the
at the 'sheet or fabric should be disposed between the outer crucible an

c%ﬂeif)rllen el%' Qflcf'k;nll%hg e %ﬁgpr eeg)l(%a&herb% ' %ngi u%gre n% > cl,'rfyasggl zaystt[?ed like. Stil}
e OWj as peen é’esorl e at accordlng to suc con |gurat|on, the

a%'&ﬁh%E B SBRAKE, %%i%fb%@?%?”ﬂ%s i3 igﬁi’ég ﬁ@?'ﬂ% G616 SR Lauses a

or the fike has a certain degree of flexibrlity, and that the reaction of the

r@gg with (e Hlﬁ?elg9&%@@%&%&%&@8&&%&9 lﬁn\ﬁ’i{ﬂimﬁegy@crease occur in

crucible can be prevented since the pyrocarbon coated on the surface

Heasiswith.thg SiO gas or the like. [0005] 25 [b] Another proposal is as
follows. An expanded graphite sheet, in which expanded 2

[0004]

To resolve such problems, it has conventionally been proposed that a member for
protecting the outer crucible and the inner crucible from damages should be provided
between the crucibles ([a] and [b] below).
fa] One proposal is as follows.. A sheet or fabric in which pyrocarbon is coated on the
surface of a carbon fiber member, such as textile made of carbon fiber, has been disclosed.
A proposal is that the sheet or fabric should be disposed between the outer crucible and
the inner crucible. (See, for example, Patent References 1 and 2 listed below.)

1t has been described that according to such a configuration, the sheet or the like
can function as a cushioning material since the sheet or the like has a certain degree of
flexibility, and that the reaction of the SiO gas or the like generated from the mner
crucible with the outer crucible can be prevented since the pyrocarbon coated on the
surface reacts with the SiO gas or the like.

{0005}

[b] Another proposal is as follows. An expanded graphite sheet, in which expanded
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graphite is formed into a sheet shape, is superior in flexibility and

compressibility to the carbon fiber member. Such an expanded graphite

sheet should be used as a crucible protection sheet. (See, for example,

Patent References 3 to 5 listed below.) The expanded graphite sheet is a

material that has flexibility and shows high 5 compression ratio and high

recovery ratio. It also shows good planar thermal conduction capability.
gEpbisfosdoiniskifdetivehts Ldiformiz e uhertempdlatirddyatodcoreptiessibility to the

directions of the crucibles, and it also serves to alleviate heat impact and
capaniivn-somakastioPethess ekpradehicespafsidireMdraddebe pagshes a crucible

Reference 3 describes that the expanded graphite sheet is resistant to
prydecHiernbediility Bedosexample. Potpighyiarasettobie miatsddishim very

low gas permeability. [0006] (2) In order to improve the gquality of the )

single ¢r t%mﬁ%év REPRIfSCEhFSH I5yateateriah ek Bas iﬁ@‘% redrdnsiows high

the purity of polycrystalline silicon, which is the raw material, be as high
CARINEEEPe, "B BifeleBrdsCaNE ANBHAL of nplifichesagepdaipigiar thermal

possible. 15 Nevertheless, in the actual manufacturing of single crystal
cailibiion raeabiiRtounfErHRiSurity h S AeauBaiP fRHIM S diBdaTatrEures along

raw material, the polgicrystalline silicon, in_order to obtai%a singl? crystal
i a

v8Tiiah (HFFHBSH Y diecibeREactBifsticd!dhd tie siRoft Eltal S dRpget and

factured from the polycrystalline silicon contai h a dopant
ST SBT0607] HEFE® fthe B OPERR BBpant SIEPASh: BHEHhg Herenee 3

dthe olten slgcon ] rgt con olleq, an .abnorrtnalit will occur ir%.ﬂe %ualit¥ 4

SH SR LG TR SR SRRt o UG e eSS, Dectue it i o
impurities may evaporate .from the crucible apparatus used for melting the
R R MG ety oM RE TR Ehcble. the oLter 25

5? ible, and the sheet disposed between the inner and outer crucibles. It

[IS eared that 3

(2) In order to improve the quality of the single crystal silicon manufactured by the CZ
process, it is required that the purity of polycrystalline silicon, which is the raw material,
be as high as possible, or in other words, the amount of impurities be as small as possible.

Nevertheless, in the actual manufacturing of single crystal silicon, a trace
amount of impurity as a dopant element is added to the raw material, the polycrystalline
silicon, in order to obtain a single crystal silicon with desired electric characteristics, and
the single crystal silicon is manufactured from the polycrystalline silicon containing such
a dopant element.

[0007]

Here, if the amount of the dopant element existing in the molten silicon is not
controlled, an abnormality will occur in the quality of the manufactured single crystal
silicon. During the manufacture, impurities may evaporate from the crucible apparatus
used for melting the polycrystalline silicon, specifically, from the inner crucible, the outer

crucible, and the sheet disposed between the inner and outer crucibles. It is feared that
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these impurities may contaminate the molten silicon. It is impossible to
control the amount of such impurities originating from the crucible
apparatus. Therefore, currently, it has been proposed that the possibility
of contamination of the molten silicon by impurities should be lowered by
minimizing the 5 amount of impurities contained in the crucible apparatus
itself (see Patent References 6 to 8 listed below). [0008] [Patent
tiRefarapuitie} saprasedenPuBlishe dnulixaiftined Patent Application No.
2001-261481 10 [Patent Reference 2] Japanese Published Unexamined
Patent ApplieissiiNg tooopprobgpoampute itfRefdrdpeauficgapaabgéing from the
Patent No. 2528285 [Patent Reference 4£‘\;§panese Published o
cYRBafRRaEbate ntIEET Rt BN Y200 3ap s e prspseh thardhsratpsaibility of
5] Japanese Published Unexamined Patent Application No. 2004-75521
copiBiRatensriibe Blispariiey ﬂﬂmmﬁ%t@ﬁaﬁﬁﬁﬁ&b s JRweaH SicaBHNizing the
No. H6-2637 [Patent Reference 7] Japanese Patent No. 2923260 20
AR IRBIRYEHES BIIAPEh S P ATBHONG PRATEEBES D SEt B EIRBedEnces 6 10
THE INVENTION PROBLEMS TO BE SOLVED BY THE INVENTION
S[Baﬁé]b?g’ﬁ wever, the above-described crucible apparatuses have the
ﬁ%cgyving problems. 4 Problems related to (1) [a]

[Patent Reference 1] Japanese Published Unexamined Patent Application No.
2001-261481

[Patent Reference 2} Japanese Published Unexamined Patent Application No.
2002-226292

[Patent Reference 3] Japanese Patent No. 2528285

[Patent Reference 4] Japanese Published Unexamined Patent Application No.
2003-267781

[Patent Reference 5] Japanese Published Unexamined Patent Application No.
2004-75521

[Patent Reference 6] Japanese Published Examined Patent Application No.
H6-2637

[Patent Reference 7] Japanese Patent No. 2923260

[Patent Reference 8] Japanese Patent No. 3410380

DISCLOSURE OF THE INVENTION
PROBLEMS TO BE SOLVED BY THE INVENTION
[0009]

However, the above-described crucible apparatuses have the following problems.
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In the case of disposing carbon fiber between the two crucibles, the
carbon fiber can be disposed so as to change its shape along the outer
surface of the inner crucible and the inner surface of the outer crucible
because carbon fiber has a certain degree of 5 flexibility. However, the
carbon fiber members disclosed in Patent References 1 and 2 have the
following problems. The carbon fiber members cannot absorb the impact
Probteisscalaseditovher{ghe inner crucible is inserted into the outer crucible
because they do not have high compressibility. Moreover, they cannot
sufficiehitiraneasiaé dimosigsarishom ctherrhetivpestibe spoducibiebahwaearpon fiber
the two crucibles during cooling of the 10 crucibles. [0010] In addition,
cary bR R inespyrsci v Alesateis shapr ot iQuisader fackeaicthwithnanerucible and
SiO gas or the like, the SiO gas or the like that passes through the carbon
thih SRDPH B B RISt SBlEIs STHGD | hesaste tareatisBbsn fis Jiosgitnopegree of

the like to undergo the 15 reaction. Furthermore, because many gaps

ﬂ@%f&ﬂﬁ@mé&}%@ﬁBa@se%mffégﬁﬂfga@b@rﬁeq’eﬁﬁ@%‘pabﬂﬁ%’aﬁﬁ%ﬁﬁ@es Iand 2
expected. Certainly, coating with pyrocarbon achieves a certain degree of

hans ERidodiny B8 PRI M oW dser iR ERGH I T RES CAMEN R0 infRuHtpact that
.of coating_ is increased in order.tg enhance the gas shielding capability.

IST$RESSHCPSEEOTHRNE SEHSIRY OF Bresier i U HIGRHE! BTN RegiRs ey do not
the other hand, whe %,O the amount of coating is reduced jn orderto . .

Y Gin S HERTBR) Warge VISBETof s SR betRbBIFHIE fipbiviste the
and therefore the gas shielding capability cannot be enhanced . .

SRRSO Y, HSTe R e VSIS 005 I P B RaineFapling of the
shegt, the flexibility and compressibility are highly 5 related to its bulk

Cﬂlé%@u V. When the bulk density is lower, the flexibility and the

[0610]

In addition, even if the pyrocarbon coated on the surface is made to react with
the SiO gas or the like, the SiO gas or the like that passes through the carbon fiber
member exists because it is impossible to cause all the SiO gas or the like to undergo the
reaction. Furthermore, because many gaps exist between the fibers, significant gas
shielding capability cannot be expected. Certainly, coating with pyrocarbon achieves a
certain degree of gas shielding capability. However, the flexibility is lost when the
amount of coating is increased in order to enhance the gas shielding capability. This
increases the possibility of breakage during the insertion work.  On the other hand, when
the amount of coating is reduced in order to maintain the flexibility, a large number of
gaps is left between the fibers, and therefore the gas shielding capability cannot be
enhanced sufficiently.

[0011]
Problems related to (1) [b}

In the expanded graphite sheet, the flexibility and compressibility are highly
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compressibility are higher and the impact absorbing capability and the

capability of alleviating the expansion-contraction stress are accordingly

higher. On the other hand, when the bulk density is lower, the planar

thermal conductivity is lower. In other words, 5 in the expanded graphite

sheet, there is a trade-off between the thermal conductivity and the

flexibility, and also between the thermal conductivity and the
rdetep res sibilitylk| 0RLR{tACccBribimgiiewhih thevdompréssitilitthof fioribility and the

expanded graphite sheet is increased by reducing the bulk density, the
conuibiebidite less hilghlyrtarbrabk during thiesdtBiigserpohilitrkuahdiducingbility of

cooling because the flexibility and compressibility improve. However, this
alwitsth &plargantenmahtieciductivitysaand teerefiinglddyghdes e the other hand,

temperature uniformity of the raw material and the quartz crucible during
vihewtiwrnictgrsityfishesilicte silaghs drgnal epndedikatiConeequenihyotts words,

product quality is likely to degrade. 15 Conversely, if the thermal
g dirderpiteds dritreiss sl there asingate Ol Retessithetectapparadyesvity and

uniformity in the material and the quartz crucible becomes higher during
thpdlenihilifsctirabpther s ihgiaehysnd ush e #rddirceouamgsibility.

improves; however, the compressibility of the expanded graphite sheet

“dmes poorer, so the sheet is more likely to break when cooling the

crucible. 20 [0013] Nevertheless, in Patent References 3 to 5, only the i
thickne8S O eeBipanad Wraphiftershdlil dhdthd it gimgreen carhtignsheet is
_are taken into_consideration in specifying the characteristics of the .
RGBTSR gk hE U S IR m B TMARIEVifT ot cho MprEighring the

_ratio are not taken into consideration both at the Sﬁénhe time. 25 As far.the

IR OISty Tap bty PRt Restiren £ 3 kY o s tHBPE Tordgbingorove
e s O R O Hanar Thermal Conduetotty and rbretbre deptades the
temperature uniformity of the raw material and the quartz crucible during the manufacture
of the silicon single crystal or the like. Consequently, the product quality is likely to
degrade.

Conversely, if the thermal conductivity is increased by increasing the bulk
density, the temperature uniformity in the material and the quartz crucible becomes higher
during the manufacture of the silicon single crystal, so the product quality improves;
however, the compressibility of the expanded graphite sheet becomes poorer, so the sheet
is more likely to break when cooling the crucible.

[0013]

Nevertheless, in Patent References 3 to 5, only the thickness of the expanded
graphite sheet and the impurity concentration are taken into consideration in specifying
the characteristics of the expanded graphite sheet. The thermal conductivity and the
compression ratio are not taken into consideration both at the same time.

As for the gas shielding capability, Patent Reference 3 only contains the
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in specifying the characteristics of the expanded graphite sheet. There is

no example of the expanded graphite sheet disposed between the outer

crucible and the inner crucible in which the gas permeability suitable for

such a sheet is investigated along with the thermal 5 conductivity and the

compression ratio. [0014] Problems related to (2) It is possible to hinder

the contamination of the molten silicon by impurities by using a crucible
ferppeirm s comtionirgd Aleryssmaticamduntiof imnpbeiges shicbdier vapaddjta is taken

10 very high quality crucible apparatus. However, such a very high quality
ireppeitiziap P shisdetenstamelyirosupadenseaplatilyhéebecbhees ia eagsemple of

of cost increase of silicon manufacturing equipment, and it also leads to
thereaededezsimhiseprenst cisnpeuskbamese ginglaterysesititiesd. the sngitircible in

such a high quality crucible apparatus requires severe quality control in

voraBiths preverpeBidnmEablE Atfevdiearthanifaciies dead ebnpparaths thermal

However, the quality control for keeping the quality to be more than a
C%B@fékﬂﬁﬁ%éh?%%@?wmﬁﬁ@h%ﬁty is difficult. The cost for such quality
control will also be reflected in the production cost of the single crystal

on. [0015] In particular, the crucible protection sheet is difficult to
reuse, so basjcally, a new 20 sheet is used almost every time. For this
Prablegrs @hﬂ%@&(@e cost of the sheet required per one time of the

melting work is not so high, the production cost of the single _crystal . .
CcomIhes s, s i S BT, 519 gl i rmpurites by
Moreover,tpere is a problem that the purity of the crucible protectjon
UGG TSR REATE KRR PR R At tho Yk WHRIERE) HEPINiEading hey words. a

urity. is not as high ag that 7 for a graphite crucible. The ordinary ... .
vgl%;% %elc%l% ] e%u%gl eag%pv%ﬁéﬁs cgﬁjé"’ Ve, suclﬁ a very dt11§1 quality crucible

a

apparatus is extremely costly. Consequently, it becomes a cause of cost increase of
silicon manufacturing equipment, and it also leads to an increase of the production cost of
the single crystal silicon. In addition, such a high quality crucible apparatus requires
severe quality control in order to prevent contamination after the manufacture of the
apparatus. However, the quality control for keeping the quality to be more than a
predetermined degree of high purity is difficult. The cost for such quality control will
also be reflected in the production cost of the single crystal silicon.

[0015]

In particular, the crucible protection sheet is difficult to reuse, so basically, a new
sheet is used almost every time. For this reason, although the cost of the sheet required
per one time of the melting work is not so high, the production cost of the single crystal
silicon increases in the long run by using a high quality sheet.

[0016]
Moreover, there is a problem that the purity of the crucible protection sheet is

difficult to increase and the work efficiency for increasing its purity is not as high as that
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porous material having micropores, so impurities escape through the
pores. Thus, a high purity process for the ordinary graphite crucible can
be conducted in a relatively short duration in relation to its volume. On the
other hand, the graphite sheet has an 5 extremely layered structure and it
is made of a material having no pores in the surface. Therefore, the
graphite sheet is not easily purified although the volume is small, and it
ftakepeaphitg thnneitdepurifithe dihest suiBbientbrubibhdditiomndtheCrabiblés called a
protection sheet has flexibility and requires care in handling in the case of
patars exarerisheetg Thisrdp@lso @ capse efspoonpe Wockigifibiepeyefor Thus, a high
increasing the purity of the sheet than the 10 work efficiency for
piercre asingsthépuhityood e g eapihitéccrusitile. {0017 Asidesedbedaatudateyely short
increasing the quality of the crucible apparatus makes it possible to
dyngroveithecirooudogtialinebfnsingl@orybtalstticohabdt itheagtsnbitn sheet has an
increase of the production cost. In particular, the increase of the
praRionyses sirtivdusinglé 16ienpet sliieonatseaberbutew Wpesing e surface.
high quality sheet. Therefore, it has been desired to develop a crucible
Thsprieatushh aradntp rdvshi tHeo b resdic iytidiig oftbingle theyselpsitidersmall, and it
from lowering and at the same time can keep the production cost low. ‘
talsen. 8] wngidwnefitheuofe gbm gherbaribamedy, it addbinactes wragpbleerptection
invention to_20 provide a crucible protection sheet that can prevent )
Sa%ﬁﬁa@?eéfmﬁétwmr@ﬂ}%fﬁﬁe?@éﬁﬁné@%ﬂhme}th%f@a%e?f&ﬁmrewheet This
_silicon-carbidization, and moreover can transmit heat from the outer
%Al fote R R PRk erLtBle RITAK [9F i arsesin dhjeriontne Hreshrtt than the
invention to provide a crucible protection sheet .and a crucible apparatus

YRtk eHifnfddonmmcreined s Bhasrabitheirriga s Mereover 25 can

ﬁﬂf tively prevent the quality degradation of the manufactured products. 8
L NS FOR SOLVING THE PROBLEMS

As described above, increasing the quality of the crucible apparatus makes it
possible to improve the product quality of single crystal silicon, but it leads to an increase
of the production cost. In particular, the increase of the production cost of the single
crystal silicon is exacerbated by using a high quality sheet. Therefore, it has been
desired to develop a crucible apparatus that can prevent the produet quality of single
crystal silicon from lowering and at the same time can keep the production cost low.
[0018]

In view of the foregoing circumstances, 1t is an object of the present invention to
provide a crucible protection sheet that can prevent damages to the inner crucible, can
also hinder the outer crucible from silicon-carbidization, and moreover can transmit heat
from the outer crucible to the inner crucible uniformly.

It is also an object of the present invention to provide a crucible protection sheet
and a crucible apparatus that can hinder an increase of the production cost and moreover

can effectively prevent the quality degradation of the manufactured products.
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[0019] In order to accomplish the foregoing objects, the present invention
provides a crucible protection sheet comprising expanded graphite and

being arranged between an 5 inner crucible containing silicon and an

outer crucible containing graphite, the crucible protection sheet being
characterized in that: the gas permeability represented by the following

equation (1) is 1.0 x 10-4 cm2/s or less, and the compression ratio

Negpresehierd I8y fiiBNGI B BIRQBatVIE2) is 20% or higher: Gas

permeability = QL/(APA) (1) 10 where Q is the gas flow rate (Pacma3/s),

[AA 95 the pressure difference (Pa) between two chambers, A is the gas
transmission area (cmz2) of the crucible protection sheet, which is the

area of la padsatye atraraplashstieeftnepclignobersito thommsmit ateanithn provides a
each other, and L is the thickness (cm) of the crucible protection sheet,
carrdiGompiessiorshasioc@sprifng- ezprijded aoaghiteSanhdrang igrtheged between an
‘thickness (mm) after applying a pre-load (0.686 MPat1%) for 15 seconds,

iaiRy Grysithe eRIRIHBEE haonatet applyiegavetiepredisiragagr@Misafive)crucible
for 60 seconds. [QOZO! According to the above-described configuration,
rafécsHaBt Hsstabhiga Fﬁ@%égslanthaﬁoﬂ@o%%pﬁigﬁ@hlwﬁewpresented by the
compressed under the predetermingd conditions. Thus, it is possible to
flloesse %%a@ﬁ%éﬂbfspfébénmg B sk Qb et thRdithfe P URRASREO RN represented
tends to be brittle and break easily, when inserting the inner crucible into

benhe dbdlo Wit aEatien 47bs A0 REFRBARY improves remarkably when

insertin%the inner_¢rucible into the outer crucible. Moreover, the crucible

protecti Nfég?@gﬂig’e?vg'éé(éli?%ushioning material because of the (1)

i egTeiessonyal, s en ahen o et ot SR 6 e
chambers, A is the gas transmission area (cm’) of the crucible protection sheet, which is
the area of a passage that allows the two chambers to communicate with each other, and L
is the thickness (cm) of the crucible protection sheet, and

Compression ratio (%) = [(t; — ©)/t;} = 100 (2)
where 1; is the thickness (mm) after applying a pre-load (0.686 MPa+1%) for 15 seconds,
and t; is the thickness {mm) after applying a total pressure (34.3 MPa+1%) for 60
seconds.

[0020]

According to the above-described configuration, the sheet has a high
compression ratio, 20% or higher, when compressed under the predetermined conditions.
Thué, it is possible to increase the effect of preventing breakage of the inner crucible,
which tends to be brittle and break easily, when inserting the inner crucible into the outer
crucible, As a result, workability improves remarkably when inserting the inner crucible
into the outer crucible. Moreover, the crucible protection sheet can serve as a

cushioning material because of the high compression ratio, so even when the inner bottom
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inside the outer crucible. Furthermore, although the sheet has a high
compression ratio, it is possible to prevent the outer crucible from
silicon-carbidization and reducing the thickness because the gas
permeability is kept to such a degree as to be capable of 5 suppressing
the permeation of the SiO gas produced when the inner crucible is heated.
It should be noted that the above-mentioned compression ratio is
sadeordifighto oS R184i53; BGompresse:fiberjointnylelcisdesinablertdafithe tilting
upper limit value of the compression ratio be 60% or lower. The reason is
inkidtitthewppeniihicyaltie bk the cormithesglo i eatiodvsadki g0 Ppipecss®n ratio,
crucible protection sheet cannot exhibit, for example, the effect of
itpie vensiitg bre akagetoth¢hetanerenbbibfeosuffidiepntypibishzaiothenstueibleing the
protection sheet becomes hard. [0021] In order to accomplish the
thsretpsinfasbjectsheneapresentdhiléition kalb torovides dcergeibleto be capable of
protection sheet comprising expanded graphite and being arranged
skieRVesER e ISTmeal ahediBle TheannigBireavant ha buescergtiinas heated,
containing graphite, the crucible protection sheet being characterized in
that: th& phendd troraErceRt sty Y§-PXotinvreh RYBPTRTE, '8HE iheccording to
compression ratio represented by the following equation (2) is 20% is
Thidhé 8 ohsreseien! M (OB E1L - t2)/ti] X 100 (2) 20 where ti is the
thickness (mm) after applying a pre-load (0.686 MPa+1%) for 15 seconds,
and t2 ¥ thectiieRitete! (HniPRreHERbIANG QkBtarpreRSERe A MPATghpT lower.
for 60 seconds. According to the above-described configuration, the Cner
Td5eBPANS 15 AIgh LR DTBRRI PG DB PRI GREID T REPBGIHO W ARG 7o the

narkably i 25 described in the foregoing advantageo
cBHEle ARORE SHhBHhAE NG FAHOP crEITEAIF 650 HhLRE B g e of

inside the oyter crucible, Moreover, although the sheet has 3,
the mnner crucible sufliciently because the crucible protéction sheet becomes hard.

[0021]

In order to accomplish the foregoing objects, the present invention also provides
a crucible protection sheet comprising expanded graphite and being arranged between an
inner crucible containing silicon and an outer crucible containing graphite, the crucible
protection sheet being characterized in that: the planar thermal conductivity is 120
W/(meK) or higher, and the compression ratio represented by the following equation (2)
is 20% is higher:

Compression ratio (%) = [(t; — t2)/t1] * 100 (2)
where t( is the thickness (mm) after applying a pre-load (0.686 MPa+1%) for 15 seconds,
and t, is the thickness (mm) after applying a total pressure (34.3 MPa+1%) for 60
seconds.

According to the above-described configuration, the sheet has a high
compression ratio, 20% or higher. Therefore, workability remarkably improves as

described in the foregoing advantageous effect. At the same time, the inner crucible can
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high compression ratio, it is possible to heat the inner crucible uniformly
because the planar thermal conductivity is 120 W/(mK) or higher. As a
result, degradation in the product quality is prevented. 5 [0022] Here, it is
desirable that the planar thermal conductivity be 120 W/(mK) or higher.
According to the above-described configuration, it is possible to achieve a
remarkable improvement in workability and prevention of tilting of the
binherderudililenntikhthmodtetherucibtechedhlese Merconeprelibinphatio isheet has a
high. Moreover, it is possible to exhibit the advantageous effect of
hhihderimgrpermesation of thediblgas pradubedmkerrthibiansifordplbdsiuse the
heated because the gas permeability is low. At the same time, the inner
pbmibilerad seratadtunifdAd yWoeudiisethegbkmarthermsaiitodeltreteltyn in the
is 120 W/(mK) or higher. As a result, degradation in the product quality is
ppréveintedity30023teds desirable that the thickness of the crucible
protection sheet be from 0.2 nun to 0.6 mm. The reason why the
[9Riekiness of the crucible protection sheet is restricted in such a way is as
follows. When the thickness of the crucible protection sheet is 0.2 mm or
20 gredisrett sudeisaily dapdbRinisranesrsbeopro@etibh khdépisV/(m=K) or
maintained (the flexibility is retained) even if the crucible protection sheet
hi§}5‘6mpressed when inserting the inner crucible. As a result, the sheet
sufficiently exhibits the function of alleviating _the expansion-contraction
stress PHERRAIEEE bidnierbREceseHREm I ES L HRE B0l g thB sifitsble, fishicve a
addition, when the thickness_of the crucible protection sheetis 0.2 mmor .
roBaiahte R GYAIO AN KRS SR BHOFIAAG tHe sl by dRgeh FEucible in
revented. As a |1 result, cracking of the cr.ucibliirégotection sheet, for

tlgg(gmﬁfecqgcﬂ?gvgﬁ%as%% SREBHREOn ratio 1s Moreover, 1t 1s possible to

exhibit the advantageous effect of hindering permeation of the Si0O gas produced when
the inner crucible is heated because the gas permeability is low. At the same time, the
inner crucible can be heated uniformly because the planar thermal conductivity is 120
W/(meK) or higher. As a result, degradation in the product quality is prevented.
[0023]

It is desirable that the thickness of the crucible protection sheet be from 0.2 mm
to 0.6 mm.

The reason why the thickness of the crucible protection sheet is restricted in such
a way is as follows. When the thickness of the crucible protection sheet is 0.2 mm or
greater, the cushioning capability of the crucible protection sheet is maintained (the
flexibility is retained) even if the crucible protection sheet is compressed when inserting
the inner crucible. As a result, the sheet sufficiently exhibits the function of alleviating
the expansion-contraction stress produced between the two crucibles during cooling the
crucible. In addition, when the thickness of the crucible protection sheet is 0.2 mm or

greater, degradation in the tensile strength and the flexural strength is prevented. As a
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the irmer crucible. On the other hand, when the thickness of the crucible
protection sheetis 0.6 mm or less, the bendability does not degrade. As a
result, the crucible protection sheet is prevented from cracks or chipping
even if a bending stress is applied to 5 the crucible protection sheet when
installing the crucible. [0024] It is desirable that the bulk density be from
0.5 Mg/m3 to 1.5 Mg'/m3. The reason why such a restriction is made is as
réolliowsadkthe dltkedensitydpriessithashOeh Mg/axdnthle, Strengtimoafdivéen inserting
crucible protection sheet is so poor that cracks or 10 the like may develop
tha thecaseadidt.théortbiblshsrotectionvsheeahis thefenersdoOhaheugihér protection
hand, if the bulk density exceeds 1.5 Mg/m3, the shock absorption
shepaisilihp amchtive Idefothsationlvoiliin elats odinty gagabilitys rmase e dine crucible
poor. [0025] It is desirable that the recovery ratio represented by the
pfolishingsbeiatone(@nizd 1505k higlsbipRogcvenifathedhineJu3s 9ypplied to
(t1 - t2)] X 100, (3) where ti is the thickness (mm) after applying a pre-load
tife @86 NP6 ifoy Tsderbndestedlisgiee wigkibdss (mm) after applying a
total pressure (34.3 MPar_1%) for 60 seconds, and t3 is the thickness
[ 3tk resetting the pressure to the pre-load and elapsing 60 seconds. 20
The recovery ratio is high, 5% or higher, as described apove. Therefore,
even whisrfigshaplscheisschvketsmbnio temebRYisdtatd s amount
of expansion/contraction produced between the two crucibles, the o
crucible BroteeaBrSReBtcR A il iRk aly Bétifelrtn@ iRy crubipfesbulk density is
Moreover, the cushjoning capability of the crucible protection sheet can

65s tharainde s iheRBERE B hiteartabhBraksvahiBRtionea RogsRsy cracks or

ratjo is according to JIS R 12 3453, Compressed fiher jainting.
the Tike may develop n the case that the crucible protectionsheet i3 deformed. On the

other hand, if the bulk density exceeds 1.5 Mg/m?, the shock absorption capability and the

deformation volume absorbing capability may become poor.

[0025]

It is desirable that the recovery ratio represented by the following equation (3) be
5% or higher.

Recovery ratio (%) = {(t; — t2) / (t; — t2)] = 100, (3)
where 1) is the thickness (mm) after applying a pre-load (0.686 MPax1%) for 15 seconds,
ty is the thickness (mm) after applying a total pressure (34.3 MPa:+1%) for 60 seconds,
and t; is the thickness after resetting the pressure to the pre-load and elapsing 60 seconds.

The recovery ratio is high, 5% or higher, as described above. Therefore, even
when a gap forms between the two crucibles because of the amount of
expansion/contraction produced between the two crucibles, the crucible protection sheet
can fill the gap between the two crucibles. Moreover, the cushioning capability of the
crucible protection sheet can be maintained.

It should be noted that the above-mentioned recovery ratio is according to JIS R
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[0026] It is desirable that, when the sheet in a square shape having a side

of 200 mm is divided into square-shaped test regions each having a side

of 25 mm and the thermal 5 conductivity of each test region is measured,

the quotient obtained by dividing the difference between the thermal

conductivity of the test region having the greatest thermal conductivity

and the thermal conductivity of the test region having the least thermal
3¢ohductivitysbydtheaneamivalue of the thermal conductivities of all the test

regions should be restricted to be 0.1 or less. 10 According to the
[@B®le-described configuration, the thermal conductivity does not vary

greatly depending on the location in the crucible protection sheet.

Therefdires desieablechrtrartsmiteowhbin the savelsiehprstbetivmg shvde, of 200 mm is

formation of heat spots is prevented in the crucible protection sheet. As a
dreidght, inloetpimessparsiblesto privertatbchi soRenifigant defarhangdnlaf thermal

the quartz crucible resulting from the heat spots and 15 quality o
cor@iiEO P beasd storesinglaschyetalikGulisgareHTte mpeyagskdy dividing the

variations. [0027] It is desirable that the total amount of impurities be 10
difasanpphs s sie Apesralsgrausie b Gldbgdsttirseipedrmingdhp arepst thermal

total amount of impurities (ash content) in the crucible protection sheet is
CQRRAIITHE @6 éhehb S R Bre e A28 frdRAThIRIG - ditdRfInEe deag’ thermal

a result, the quality of the pulled silicon single crystal becomes higher,
PSS iths e diFabreAtA HrePfohe %&ﬂwspﬂﬂbﬁwﬁ@é %%aildberﬁ%%geﬁb?ﬁs should

or less, and among a plurality of impurities contained therein, the amount

oAt BhbedlenfsleSF 25 boron, phosphorus, arsenic, antimony,

bismuth, and a metallic element be 3 mass.ppm or 13 less. L
CCOI‘d?ﬁg to t‘le gbove—descgbe(lin con 1g%rat10n, E?Be t%ermal conductivity does

not vary greatly depending on the location in the crucible protection sheet. Therefore,
when heat transmits within the crucible protection sheet, formation of heat spots is
prevented in the crucible protection sheet. As a result, it becomes possible to prevent
local softening and deformation of the quartz crucible resulting from the heat spots and
quality degradation of the silicon single crystal resulting from temperature variations.
[0027]

It is desira’ble. that the total amount of impurities be 10 mass ppm or less.

According to the above-described configuration, the total amount of impurities
(ash content) in the crucible protection sheet is small. Therefore, the silicon is prevented
from being contaminated. As a result, the quality of the pulled silicon single crystal
becomes higher.
[0028]

It is desirable that the total amount of impurities be 100 mass ppm or less, and
among a phurality of impurities contained therein, the amount of at least one element of

boron, phosphorus, arsenic, antimony, bismuth, and a metallic element be 3 mass ppm or
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In addition, the metallic element is iron or indium. In addition, it is
desirable that the amount of each of the boron, the phosphorus, the
arsenic, the antimony, the bismuth, the iron, and the indium be 3 mass
ppm or less. 5 It is desirable that the total amount of the boron, the
phosphorus, the arsenic, the iron, the antimony, the indium, and the
bismuth be 10 mass ppm or less. The reasons will be discussed later.
1§9029] It is possible to employ a configuration in which a plurality of
crucible 10 protection sheets are stacked on each other, each of the
cruciblénpédgarivrilshastslbeidgnaerdngdiore proréation sheet as described
above. When constructing a crucible protection sheet material by stacking
a pluralitypéfies.dbdvedcasablitnbat dhscipleyproté ish shlwdomea.stemgsphorus,

of the crucible protection sheet material as a whole can be made high

s R AR HER of ke R e the gAtam RS reaURe BraragRippr less.

the crucible protection sheet can be prevented. Moreover, even if one of

the crublibte protettigh sHIsRIBRERENNE fom ERGIPaL thRhesnRles. the arsenic, the
. protection, sheets is sustained by the presence of the other crucible
SR IER SREEt Ao the SRy RD A eth R ATtHESheet

material less easily than in the case of using only one crucible protection

sheet sinEd AR ¥ iHBHASEH S AR at the interface between the 20
Uﬁéngle protection sheets. As a result, the SiO gas is less likely to reach

uter crucible, so the gas shielding capability further improves. [0030]

In ordeyf ta accomplish the foregoing ohjects,.the present invention.also .
orovidels 5 PURIS pIOSEHR G ek ALY SRSt by A By crucible
being arranged between.an 25 inner crucible.and an outer crucible of a .
PESTATSE ARG o eF 0T S 118 O 4 LI s D SR beine

RsiEtion shes! fieing characierizgd o that: the total amount of

When constructing a crucible protection sheet material by stacking a plurality of
the above-described crucible protection sheets, the strength of the crucible protection
sheet material as a whole can be made high even if the thickness of each sheet is small.
As a result, breakage of the crucible protection sheet can be prevented. Moreover, even
if one of the crucible protection sheets breaks, the function as the crucible protection
sheets is sustained by the presence of the other crucible protection sheets. In addition,
the SiO gas passes through the sheet material less easily than in the case of using only one
crucible protection sheet since there is interface resistance at the inmterface between the
crucible protection sheets. As a result, the SiO gas is less likely to reach the outer
crucible, so the gas shielding capability further improves.

[0030]

In order to accomplish the foregoing objects, the present invention also provides

a crucible protection sheet comprising expanded graphite and being arranged between an

inner crucible and an outer crucible of a crucible having the inner crucible and the outer
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impurities is 100 mass ppm or less; and among a plurality of the impurities

contained therein, the amount of at least one element of boron,

phosphorus, arsenic, antimony, bismuth, and a metallic element is 3

mass ppm or less. 5 In the above-described configuration, the amount of

at least one of the elements among boron, phosphorus, and so forth

(hereinafter also collectively referred to as "specific elements"), which
caigitificaitl ycafteblctpecyemlity chtee produdhanamefactuiadhby tisingthieamount of

crucible (hereinafter also simply referred to as a "product”), is controlled to
ihpwBifitass pptnroadesguiT herbforeartieanpoalitys abinedngality Gktheprodectontained

can be 10 suppressed. On the other hand, the total amount of impurities in
thheshebt ismoMmatst gpmt oresyeswrhe {lmiitnobthsdraciblersenic, antimony,

protection sheet may not be so high. This facilitates the manufacture of
bikedhycibderprotelttioriesherstiaddities gomlity ostrol of the crucible

protection sheet. As a result, the product quality can be kept high while

keepingtiieerilapiisfalstsiig Costdg thdipro dirrloonnt DE03adsk Gtoafdhseclements

noted that the specific elements are restricted to boron, phosphorus,
agreemibostinibasPsutindirg doratdiiraleentdiop theltetovmigreferred to as

reason. Specifically, the following problems are considered. Boron,
“BrrssppGlaReaisanivhightmesHycany BpsH thamriseradhsoprdiacimagufactured

manufacturing semiconductors. For 20 this reason, if these elements are
beortan e iRNE (S ORRTEI BlesirdlaccHEtRctaFSHERI darict hecdBtainetd pyRarolled to

subsequent doping process. Also, if a metallic element is contained, a
BSerhiEBITRIRRBY Afasfibt bESFeMite hBUTR UBhARERIFAEY 1 gRsuREyct can be

[0032] The metallic element is jron or indium. 25 When these metals ar

SUBRHEIMEY, thE HH6 RRe < Bt Cf A Ry BE QO RPHT S S g ctaTe! i5 100 mass

ppm or less, so the quality of the crucible protection sheet may not be so high. This
facilitates the manufacture of the crucible protection sheet and the quality control of the
crucible protection sheet. As a result, the product quality can be kept high while
keeping the manufacturing cost of the product low.

[0031]

It should be noted that the specific elements are restricted to boron, phosphorus,
arsenic, antimony, bismuth, and a metallic element for the following reason.
Specifically, the following problems are considered. Boron, phosphorus, arsenic,
antimony, and bismuth are used as dopants when manufacturing semiconductors. For
this reason, if these elements are contained in the product, desired characteristics cannot
be obtained by a subsequent doping process. Also, if a metallic element is contained, a
semiconductor may not be produced but a conductor may be produced.

[0032]
The metallic element is iron or indium.

When these metals are contained, the product is particularly apt to become a
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[0033] In addition, it is desirable that the amount of each of the boron, the
phosphorus, the arsenic, the antimony, the bismuth, the iron, and the

indium be 3 mass ppm or less. 5 When the amount of each of the

elements that are particularly problematic in manufachning the product is
restricted, the product quality can be improved further. [0034] Itis

desirable that the total amount of the boron, the phosphorus, the arsenic,
ctheluean, the antimony, the indium, and the bismuth be 10 mass ppm or

less. 10 When the total amount of the specific elements is also restricted
[@3ihthe above-described configuration, the advantageous effect of

preventing quality abnormality of the product is exhibited more
significamtiyd[0085] Iy dediznttly docotiplisioting fdregbind disjboteptibe phosphorus,
present invention also provides 15 a crucible apparatus comprising an
therresanigctbreantnmoute s ik iaribicaron cibithprodistibheshestss ppmt or less.
comprising expanded graphite and being arranged between the inner
crucibleWdih tHe guteriredishehivd dracibimeppdhatuarddingcHaractablagatic in
in that: the crucible protection sheet is a crucible protection sheet
TaEEdEgiE e Gaiprodacis regrisled Tha Rt s tatalvetghtbsfimisarieie fusther.

the crucible protection sheet and the outer 20 crucible with respect to the
{ﬁ%lﬂ/veight of the crucible protection sheet and the outer crucible is 30

mass ppm or less. According to the above-described configuration, the )
total amblfrftesEahisuhteD S ARE Bpgemiehtdien sheahayrhore cHizmRenic, the
.is small. Therefore, the. amount of impurities that contaminate the material
e e HuHUHN RIS RS BIIHE: GOIIRF SHEACHR BFthE DB IRBAREATS need not

be increased unnecessarily, so the manufacturing and quality control 16

of each '61'tRe EorifiBhate We Yalll FRERIh& M LURASY Codtisiaphes  the

roduct can be . . . :
above- escrzged configuration, the advantageous effect of preventing quality abnormality

of the product is exhibited more significantly.
[0035]

In order to accomplish the foregoing objects, the present invention also provides
a crucible apparatus comprising an inner crucible, an outer crucible, and a crucible
protection sheet comprising expanded graphite and being arranged between the inner
crucible and the outer crucible, the crucible apparatus being characterized in that: the
crucible protection sheet is a crucible protection sheet according to claim 14, 15, 16, or
17; and the total weight of impurities of the crucible protection sheet and the outer
crucible with respect to the total weight of the crucible protection sheet and the outer
crucible 18 30 mass ppm or less.

According to the above-described configuration, the total amount of impurities
in the crucible protection sheet and the crucible is small. Therefore, the amount of
impurities that contaminate the material is lessened. Moreover, the quality of each of the

components need not be increased unnecessarily, so the manufacturing and quality control
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lowered, and at the same time, the product quality can be kept high.

[0036] It is desirable that the outer crucible be a graphite crucible having a

total amount 5 of impurities of 20 mass ppm or less. According to the

above-described configuration, the outer crucible is a graphite crucible,

and the amount of impurities thereof is kept low. Therefore, the total

amount of the impurities in the apparatus is small, and quality abnormality
obtthb pldticoisppreverited:avoredlies, the mualifycoftihe cosciifléhe product can be

protection sheet, the purity of which is 10 more difficult to increase than
lahsredtendaidieamedtmotlisepimchadspdl ikvendssiarityhigls a result, the

manufacturing of the crucible protection sheet and the quality control of
[#Rérucible protection sheet are made easy. Thus, the manufacturing cost

of the product can be lowered, and at the same time, the product quality

can be lképteigabloozr1he Hites Gesikdpleeth aranbisutaiceblicliseng stotal amount

carbon composite crucible having a total amount of impurities of 20 mass
oppRPBHIBSOTALBAIMRPID théctbove-described configuration, the outer

crucible is a carbon composite (C/C) crucible, and the amount of )

impuritie§pidias s the SORR- IrReibrst s gt anisu AYSE wasHlsuitrgraphite

in the apparatus is small, and quality abnormality of the 20 product is
“Breibdntatd 6raBount tﬁf‘el}e?@amg}eéf%fée@m&%p IgtectidRERERE: the fiahpmount

f which is more difficult to increase than the outer crucible, need not be .

Oﬁév?v‘éalggaﬂﬁmﬁel@e&%ﬁw?a}&% réstiftéthetRthtifaitu AN BPHEYCRIciBRe Product is

protection sheet and the quality control of the crucible protection sheet .
PEREHIE e 5&%@%&?&%‘1 4h ‘gﬁjﬁﬁb@ SPOFEHROBroefist GsrPBRLY of which is

owered. and alihe same e, the product quality can b kept 25 Pigh. .,
As a result, the manufacturing of the crucible protection sheet and the quality control of
the crucible protection sheet are made easy. Thus, the manufacturing cost of the product
can be lowered, and at the same time, the product quality can be kept high.

[0037]

It is desirable that the outer crucible be a carbon composite crucible having a
total amount of impurities of 20 mass ppm or less.

According to the above-described configuration, the outer crucible is a carbon
composite (C/C) crucible, and the amount of impurities thereof is kept low. Therefore,
the total amount of the impurities in the apparatus is small, and quality abnormality of the
product is prevented. Moreover, the quality of the crucible protection sheet, the purity
of which is more difficult to increase than the outer crucible, need not be increased
unnecessarily.  As a result, the manufacturing of the crucible protection sheet and the
quality control of the crucible protection sheet are made easy. Thus, the manufacturing
cost of the product can be lowered, and at the same time, the product quality can be kept

high.
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[0038] As described above, the present invention exhibits the significant
advantageous effects of preventing damages to the inner crucible,
hindering the outer crucible from 5 silicon-carbidization, and transmitting
heat from the outer crucible to the inner crucible uniformly. The invention
also exhibits the significant advantageous effects of hindering an increase

of the production costs and at the same time preventing the quality
Addygradbtiony of el MBS ERE@ products effectively. BEST MODE FOR
CARRYING OUT THE INVENTION 10 [0039] [FIRST EMBODIMENT] A
[#38Embodiment of the invention will be described with reference to the
drawings. Before describing a crucible protection sheet of the present
inventioks, erclibeshilratuasimyanelergeine sioibesdhesheatiiganpadvantageous
described briefly. Fig. 1 is a schematic illustrative view of equipment for.
cHpshupicrip RIS SlERESR eryRealaTst tRBICHRE: dnpdeig ot Opkatigiyeible from
enlarged view of a crucible 1. In Figs. | and 2, reference numeral 1 )
SilSABTER AT tR SRRSHRHRSHEEES ooty chy<eaiih S RintRdR (v HieH g crucible
raw material of silicon single crystals or the like. A 20 the heater5is . ,
UBHEIYEd atdGrvHE R RIS HHPYT dhfsS i HEPHE CrarIBRs ApspFattisof fdndering
heated by radiant heat from the heater. 5. The polycrystalline silicon is )
aﬂe%&*‘éﬁdoﬁ&f‘ed’ HsrcsaticaBA fonithe BRI G paTSIiEE whenduality

the grucible aratus 1 is heated by the heater 5. Thus, by bringing the
R T B L o S R ana pulline s the onovten

o R PR BRSERTer crcible 2 made o
R
[FIRST EMBODIMENT]

A first embodiment of the invention will be described with reference to the
drawings.

Before describing a crucible protection sheet of the present invention, an
apparatus using the crucible protection sheet will be described briefly. Fig. 1 is a
schematic illustrative view of equipment for manufacturing silicon single crystals or the
like, and Fig. 2 is a partially enlarged view of a crucible 1.

In Figs. 1 and 2, reference numeral 1 denotes a crucible that accommodates
polycrystalline silicon, which is a raw material of silicon single crystals or the like. A
the heater 5 is arranged around the crucible apparatus 1, and the crucible apparatus 1 1s
heated by radiant heat from the heater 5. The polycrystalline siiicon is heated and
melted by heat conduction from the crucible apparatus 1 when the crucible apparatus 1 is
heated by the heater 5. Thus, by bringing the molten silicon into contact with a seed

crystal and pulling up the molten silicon, a silicon single crystal can be manufactured.

[0040]
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an outer crucible 3 made of graphite (the weight of which is, for example,
about 20 kg to about 100 kg), and a crucible protection sheet 4 disposed
between the two crucibles 2 and 3. The crucible protection sheet 4 is
provided for hindering the outer crucible 3 from 5 silicon-carbidization, for
preventing breakage when inserting the inner crucible 2 into the outer
crucible 3, and for preventing damages caused by a difference in thermal
expansiennedlffibieatisdivepnahembteriaisisaatfomndheresiidibles@land quartz,
3 when cooling the crucible apparatus 1 after finishing the manufacture of
agiflebn stngielery st of trenikte (fooaEjdo plevdiigh sodrsexiendeuatisiet 20 kg to
rotection sheet of the present invention, which is used under the
a fibrke g scribeilapovec e dier bdicapssidaicondireting tragtbles 2 and
from the outer crucible to the inner crucible. In addition, the crucible
3protBetisHaihlseproieeidensivald therfondluthdosHursleranisibe qatpmermable 3 from
shock absorption capability when inserting the inner crucible into the outer
sHisusaibIsizshioa BB SPYEBHICTSRRASS. WHF T (PBsHh vl e Bl 2 into the
the volume of deformation between the two crucibles that originates from _
O gisiRlsch thErRE A damIEsHiisRt R HrRR mEARRIN expansion
the outer crucible (E%raphite)_ and the material of the inner crucible (quartz)

ORAER CYolinlY 4R Erc iderbithdtBR Vofu T aBSarbirt Lababitt)c2ding the

(c).To prevent the quter crucible from suffering thickness decrease and )
CUiRR Rk R FBR TS S )30 SROCUERS froNln! the ke
[(;)Bgrﬁ crucible and so forth (gas shielding capability). (d) To conduct heat

0

the outer crucible to the inner crucible so that the inner crucible has

o SUFe SRS o eI R 28 it
u];(e):gn ﬁ%&f the conditions as described above, needs to be capable of conducting heat
from the outer crucible to the inner crucible. In addition, the crucible protection sheet
needs to have the following characteristics.
(a) To have shock absorption capability when inserting the inner crucible into the outer
crucible (shock absorption capability).
(b) To absorb the difference in the volume of deformation between the two crucibles that
originates from the difference in thermal expansion coefficient between the material of
the outer crucible (graphite) and the material of the inner crucible (quartz) when cooling
the crucibles (deformation volume absorbing capability).
(¢) To prevent the outer crucible from suffering thickness decrease and
silicon-carbidization, which result from the SiO gas produced from the inner crucible and
so forth {gas shielding capability).
{d) To conduct heat from the outer crucible to the inner crucible so that the inner crucible

has a uniform surface temperature distribution (uniformity in heating).

[0042]
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expanded graphite; at the same time, the gas permeability thereof that is
represented by the above-described equation (1) is less than 1.0 x 10-4
cm'/s, and the compression ratio thereof that is represented by the
above-described equation (2) is 20% or higher. 5 Therefore, it can satisfy
the above characteristics (a) to (c). [0043] The crucible protection sheet
according to the second invention is formed of expanded graphite; at the
same tihhe, thecpienardhetinal dorducitvityitizeteoflis 186t WignK)ons formed of
higher, and the compression ratio thereof that is represented by the 10
eapovied esgiitied @qhatiom 2 ise20% gashigherabhayeforeof dan satigfesented by
the above characteristics (a), (b), and (d). [0044] The crucible protection
iishelsracdordibgdedhetivirdlinisehtiothis fofimed bf expanded teaphitereasion ratio
the same time, the gas permeability thereof that is represented by 15 the
thaisenie ek orbegregertidnbil ) s |ade thalestiobed 0:quemys(Ihags 20% or higher.
compression ratio thereof that is represented by the above-described
Taguration ({Zpissa09byohhigiver didaierigianatiiereal conductivity thereof
iIs 120 W/(mK) or higher. Therefore, it can satisfy all the above
[@¥Erhcteristics (a) to (d). Hereinbelow, the relationship between the
parameters of the crucible protection 20 sheets according to the present
inventidhasi il e iRt th pesqdling e dhgisecab dnyonidsy fyrdprmed of
the crucible protection sheet of the present invention is made by forming

cERpKlidedryraistitalins SeneciSRafe P ek b gf&ﬁﬁﬁemoﬁhﬁ@@f is 120
W{X immersing 25 natural graphite, kish graphite, or the like in a liquid such

B rRY aRiBhGF nARe dBR comBitdRardattar Gimsredtktit 1 dcRissented by the

treatment at 400C or higher. . )
above-described equation (2) is 20% or higher. Therefore, it can satisfy the above

characteristics (a), (b), and (d).
[0044]

The crucible protection sheet according to the third invention is formed of
expanded graphite; at the same time, the gas permeability thereof that is represented by
the above-described equation (1) is less than 1.0 x 107 cm?¥s, the compression ratio
thereof that is represented by the above-described equation (2) is 20% or higher, and the
planar thermal conductivity thereof is 120 W/(meK) or higher. Therefore, it can satisfy
all the above characteristics (a) to (d).

Hereinbelow, the relationship between the parameters of the crucible protection
sheets according to the present invention and the characteristics (a) to (d) will be
discussed.

[0045]

First, the crucible protection sheet of the present invention is made by forming

expanded graphite into a sheet shape. The expanded graphite is formed by immersing

natural graphite, kish graphite, or the like in a liquid such as sulfuric acid or nitric acid
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The expanded graphite is in a flocculent or fiber form, in other words, one
in which its axial length is longer than its radial length. For example, the
axial length is about 1 mm to 3 mm and the radial length is from about
300 m to 600 m. In the 5 interior of the crucible protection sheet of the
present invention, filaments of the expanded graphite fiber as described
above are entangled with one another. It should be noted that the crucible
apiotectidieshdatchthet praskertinvemtiion ha)0be fodmddiof only the
expanded graphite as described above, but it may contain a little amount
(for exdripkxrabded 396pbitbivder sikitadeapbehidhc fastidoptieubiads, one in
10 component. [0046] (Shock Absorption Capability and Deformation
whisthrite axbalokiad: Cajsatsiinyhan fieredidibrapiote dtiorespaetforhsetkiol length is
the expanded graphite as described above according to the first to third
afipvénitions, the comprekdisnirdty lepgBsenfeanbybrat 38Ghbsvéoctlfation In the
(1) is restricted to be 20% or higher. Therefore, even if a force applied in a
ijpaetict ithGHER RIS iRFRiceaBInIBR pRES88d RIGEREL IS HiRBr £l?ém@ts of the
when inserting the inner crucible into the outer crucible, the crucible
pratdetisnaehiiadibetandsssbiad by gare rnBadstrattnassuhein be
absorbed. That is, the impact that is produced when inserting the inner
crucibl&iFABKbPEEN5Y that (reGBie PforsetsH Sh8tesp! SbeprearRg@ wntion may
the inner crucible can be prevented. Accordingly, workabijlity in the X )
O SR o?R‘%afheb%Xﬁ’ﬁB?SE}éH?{’@ﬁ&ﬂs BretbE!, TS WIHEA R Rpain a liude
bottom@urface of theargutercf)r cibp{e IS uneven, the uneven Port'on.is

THBY (Fth &G TR PBtectish ShedPBECSUSR e ErORMIR SPBdectoR Tober

sheet has a sufficient compression ratio. Thus, the gap between the outer
“OPRMFREe of the inner crucible and the inner surface of the outer crucible

wg&?e filled by the

{Shock Absorption Capability and Deformation Volume Absorbing Capability)

In the crucible protection sheet formed of the expanded graphite as described
above according to the first to third inventions, the compression ratio represented by the
above equation (1) is restricted to be 20% or higher. Therefore, even if a force applied
in a direction in which the inner crucible is pressed against the outer crucible when
inserting the inner crucible into the outer crucible, the crucible protection sheet is
compressed and deformed so that the force can be absorbed. That is, the impact that is
produced when inserting the inner crucible is absorbed by the crucible protection sheet, so
breakage of the inner crucible can be prevented. Accordingly, workability in the
inserting work can be improved.

[0047]

Moreover, even when the inner bottom surface of the outer crucible is uneven,

the uneven portion is buried in the crucible protection sheet because the crucible

protection sheet has a sufficient compression ratio. Thus, the gap between the outer
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crucible protection sheet. Accordingly, when inserting the inner crucible

into the outer crucible, the inner crucible is prevented from tilting even if

the inner bottom surface of the outer crucible is uneven. Thus, it becomes

possible to prevent leakage of the molten 5 silicon that originates from the

tilting of the inner crucible inside the outer crucible. [0048] If the thickness

of the crucible protection sheet is too thin, there may be cases in which a
ssuifficiefitmangin foncshieckdhboiptionscehnobbhobtairecuaitiough thdilled by the

crucible protection sheet has a compression ratio as described above. In
cothédlavordsctihershoeay Ycberdipgdssivhity thatithe checiblepeoteitioninto the outer

sheet cannot absorb the impact when inserting the inner crucible, or that
cthellediblaprotectiohlsheetrcarmot ein close coatadt thithntive outen surface of

surface of the inner crucible and the inner surface of the outer crucible.
iWetertbrrahlicislenstotactidhshéebiscsaerdpastibll betweantheikageof the molten

crucible and the outer crucible, the crucible protection sheet is bent and
sdsfothet S ug Ry Bewm Blosdinsdshtasnwitiupbloousde siefaderotrtiveble.

inner crucible and the inner surface of the outer crucible. If the strength of
[9RéDrucible protection sheet itself is weak or the flexibility thereof is small

at this time, the crucible protection sheet itself may be cracked, chipped, _

or torn Wilehthirkassidbidived wablferntasdonrdeerizive B theromey be cases in

crucible even though the crucible protection sheet has a compression )
Vi AsSHidisieiBncaRay B b peb AbparakRly AT oh deethiia chbihneedibhs, crucible

it is desirable that the thickness of the crucible protection sheet be from
PEEEHNNENESS iR SORERNRChIBKRSS ISP RO GOBTE- prét@diignvitides there may

falls within.the just-described range, a sufficient margin for shock . .
PSBSRTHBH BaliH derEirabi AR B &P Rrb S AREER S BRasionlft inserting

into close contact 25 with the quter surface of the inner crucible and the |
P TR Sy O BLALE CTUICIBE R e 3 R B Pl o Mt with he

oShirlbles.ca he fled oy, Mg Ciighie Rrotection shegt: AN e cibe.

When the crucible protection sheet is sandwiched between the inner crucible and
the outer crucible, the crucible protection sheet is bent and deformed so as to be in close
contact with the bottom surface of the inner crucible and the inner surface of the outer
crucible. If the strength of the crucible protection sheet itself is weak or the flexibility
thereof is small at this time, the crucible protection sheet itself may be cracked, chipped,
or torn when it is sandwiched between the inner crucible and the outer crucible even
though the crucible protection sheet has a compression ratio as described above.

[0049]

Taking this matter into consideration, it is desirable that the thickness of the
crucible protection sheet be from 0.2 mm to 0.6 mm. When the thickness of the crucible
protection sheet falls within the just-described range, a sufficient margin for shock
absorption can be ensured, the crucible protection sheet can be brought into close contact

with the outer surface of the inner crucible and the inner surface of the outer crucible (i.e.,
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crucible protection sheet itself can be prevented from being cracked,

chipped, or torn. Furthermore, when the bulk density is 0.5 Mg/m3 or

higher, the crucible protection sheet has a certain degree of strength.

Therefore, even when the crucible protection sheet 5 deforms, the crucible

protection sheet can be prevented from cracks or the like. However, when

the bulk density exceeds 1.5 Mg/m3, the shock absorption capability and
thhedehsitvetibhe iumewsbdstbing bapdlstitysniay doglde @rpoosoprsel). and the

the foregoing, it is preferable that the crucible protection sheet in which

CtHelbiD RIGHRpFEBSTBRACEailits th 6pBOPIsHEE ERsEEd BRI Y Bsbib Btheissveyigped, or torn.
restricted to have a thickness of from 0.2 to 0.6 mm and a bulk

Fyehefp Seroho F@Wﬁﬁé%sﬁ}siﬁlfbﬁrﬁ\@/%fp@&i@ﬂiém prsiblamectpgion sheet
the crucible protection sheet be restricted to have a thickness_ of from 0.4
hsnd t6e B MR o BHROEEhsity WEHBHR X RMgries the Srifdpifprotection sheet

cause _in this way, the crucible protection sheet can bg prevented from

b \ .
EIIERS ofth e THE Mo R A8 HIMH) Sh o ie R olic WBKBT ptisiic pabifinParige like.
he deformation volume ahsorbing .capability can be increased further. .
aty%ﬁfr:uwﬁﬁ@ﬁﬁfbiﬂ& ‘lfﬁe%a%fﬁﬁfé-g&@éﬂoﬁ%ac DRIty and
from 0.2 min to 0.6 mm, particularly.when from 0.4 mm to 0.6 mm, the
1S SRSt AT R 15 b REBPIH S e S 66ion that it can undergo
(ﬁﬁggger compression deformation even after the inner crucible is placed in
! uter crucible. Accordingly, even though the amount of contraction of

the outet ciugible hecomes arealer than e amaunt of cONYACHOR O e, e
inner crucible because &f thé difference In thermal expansion Coéfficient

between their. materials when caoling the,entire crugible aft rébbr'catin o
Lol ol SO, (e 5 SHUGTE DIochion st Gan Shoghh b <Kies

AHSIENES i{kﬁh{% %J%Ohﬁ%s Ca".BHl%CHQ&itg%@BSﬁlfl‘}%"M%Eﬂﬁ“{é“ii.%'%g/m-”. It is
protection sheet can also alleviate the expansion-contraction

particularly preferable that the crucible protection sheet be restricted to have a thickness
of from 0.4 mm to 0.6 mm and a bulk density of from 0.5 Mg/m’ to 1.5 Mg/m”’, because
in this way, the crucible protection sheet can be prevented from cracks or the like more
reliably and the shock absorption capability and the deformation volume absorbing
capability can be increased further.

[0051]

Furthermore, when the crucible protection sheet has a thickness of from 0.2 mm
to 0.6 mm, particularly when from 0.4 mm to 0.6 mm, the crucible protection sheet is
kept in such a condition that it can undergo further compression deformation even after
the inner crucible is placed in the outer crucible.  Accordingly, even though the amount
of contraction of the outer crucible becomes greater than the amount of contraction of the
inner crucible because of the difference in thermal expansion coefficient between their

materials when cooling the entire crucible after fabricating the single crystal silicon, the

crucible protection sheet can absorb the difference in the amounts of contraction.

rJ
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stress produced between the two crucibles when cooling the crucibles,

and therefore, it can prevent breakage of the crucibles when cooling the
crucibles. [0052] 5 By using a plurality of the crucible protection sheets

stacked on each other, the strength can be improved even when the

thickness of each one of the crucible protection sheets is thin, and the

margin for shock absorption is made greater. Thereby, the crucible
Spratéctitin, sheetroaiblbeppoeveiotedivemcarnaks; afidwiae clhshismpingion-contraction
capability can also be improved. In this case, it is possible to stack a
sgirrg| ersileetdbtiteranu citelevi® proidbtionsheetohngndanotbibiegrdhis therefore, it
also possible to use a multi-layered sheet formed by stacking a plurality
carh thre cntidiite jast e tloncshe blssinvhelv ancen §006 31 ucubthkermore, when

the recovery ratio is 5% or higher, the crucible protection sheet can

{Rainhkain the cushioning capability after the sheet is compressed and then

the 15 load is removed. This is preferable for the following reason. Even if

the gaphenaiaert thieglidycpl dliislasishitngustoeden shestuistadlifféremeadh other, the
the amount of expansion/contraction between the two crucibles during the
s g proeess DR hsiidbe Sishresrydianchenagéibie prsiddeprotection
sheet can fill the gap between the inner crucible and the outer crucible at
sBfictim s thig. oYl d8eheaEiBuitr oftAEKcRBFYEHMNE Jagroogedigen lhereby, the
range that the thickness of the crucible protection sheet can be recovered
CH;‘F%%\@ RIRIERIeTpTBtELHh hEt qU8 AT orn e apkvetifchfiGHek tag eARability can
ratio is according to JIS R 3453, Compressed fiber. jointing, and _

Effi IR OY 54 repRelibhictiby it RsiiNg e qiattor (3351.%%5 HReglofbiipe crucible

ratio (%) = [(t3 - t?) / (ti - t2)] X 100, (3) 24 where ti is the thickness (mm)
PEAEFANDRARY AThrEScRA 1 685 MPAT9RT AlS Ketighagnulti-layered shect formed

by stacking a plurality of the crucible protection sheets in advance.
[0053]

Furthermore, when the recovery ratio 1s 5% or higher, the crucible protection
sheet can maintain the cushioning capability after the sheet is compressed and then the
load s removed. This is preferable for the following reason. Even if the gap between
the two crucibles changes because of the difference in the amount of
expansion/contraction between the two crucibles during the manufacturing process of the
silicon single crystal, the crucible protection sheet can fill the gap between the inner
crucible and the outer crucible at all times, as long as the amount of the change of the gap
is such a range that the thickness of the crucible protection sheet can be recovered by the
crucible protection sheet.

[0054]

The above-mentioned recovery ratio is according to JIS R 3453, Compressed

fiber jointing, and specifically, it is represented by the following equation (3).

Recovery ratio (%) = {(ts — o) / (t; — )] = 100, (3)
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t2 is the thickness (mm) after applying a total pressure (34.3 MPa+|%) for

60 seconds, and t3 is the thickness after resetting the pressure to the

pre-load and elapsing 60 seconds. [0055] 5 (Gas Shielding Capability)

The crucible protection sheet of the present invention is adjusted so that

the gas permeability thereof is less than 1.0 x 10 4 cm2/s. When the

compression ratio is higher, the gas permeability tends to be higher
vaceongisghe (8eekkigs Onrdavitevappbyapatpedingdn® gas parmeability i seconds,

be less than 10 1.0 X 10-4 em2/s, the SiO gas that is produced when
theatirg ek inne (o cibfedspreveptedddnpreassingthfohftatliéwriailde seconds,

protection sheet even if the compression ratio of the crucible protection
asféetsishintthekaboveidescrtiang thnge:sfigatresulpihbSiddakising 60 seconds.

prevented from passing through the crucible protection sheet and reacting
[V ] the outer crucible, so the outer crucible is hindered from

silicon-carbidization. 15 Therefore, the lifetime of the outer crucible can be
(feasgthandacdrapalisbtythe manufacturing cost of the silicon single crystal

can be reduced. [0056] If SiO gas passes through the crucible protection

sheet, theeSiocdas thatebws sherd tHdhsapr benieeretivenscidiesprotectivn the gas

sheet and the outer crucible is heated. Then, 20 convection of the SiO
PgEEesbeirs thetwidanleie thancldle prdteetivff sheet and the outer crucible.

The convention erodes the outer crucible, which may result in a thickness

decreasEnspiies APPSR S ARt SHEMEMBR cERISHSERRANAINY Fodedaohs higher

in a R portion of the crucible (i.e., curved portion, see the portion A in Fi%.
ao§0TflEN Eethidigndds ddereass devetspsling dirarerueiBiechibiy dabg, tess than
25 Howeyer, when the gas permeability is less than 1.0 x 10 4 cm2/s, the )
Tdhout of o5 gadhthat fbwesidtsre Fiprpetiedhdherien @ protBetighucible is

sheet and the outer crucible is ) ) ) :
prevented from passing through the crucible protection sheet even if the compression

ratio of the crucible protection sheet is in the above-described range. As a result, the
S10 gas is prevented from passing through the crucible protection sheet and reacting with
the outer crucible, so the outer crucible is hindered from silicon-carbidization.
Therefore, the lifetime of the outer crucible can be lengthened, and also, the
manufacturing cost of the silicon single crystal can be reduced.

[0056]

If Si0 gas passes through the crucible protection sheet, the SiO gas that flows
into the gap between the crucible protection sheet and the outer crucible is heated. Then,
convection of the SiO gas occurs between the crucible protection sheet and the outer
crucible. The convention erodes the outer crucible, which may result in a thickness
decrease of the outer crucible. This phenomenon is particularly noticeable in a R
portion of the crucible (i.e., curved portion, see the portion A mn Fig. 2). If such a
thickness decrease develops, the outer crucible may crack.

However, when the gas permeability is less than 1.0 x 10 4 cmz/s, the amount of
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small in the first place. As a result, it becomes possible to prevent the
occurrence of convection as described above and the thickness decrease
of the outer crucible resulting from the convention. 5 [0057] It should be
noted that it is difficult to prevent gas permeation completely even when
the crucible protection sheet has a gas permeability such as described
above. Nevertheless, when the crucible protection sheet has a
geothprdssionmatihapapabrecowe tie ratioiblichrasdascrbed akbite, dheer crucible is
crucible protection sheet can fill the gap between the 10 inner crucible and
stidl outésec frsibidacan ahalh tinsel, Thismeantisatbho gaprevetallonsdieence of
SiO gas to cause convection exists between the two both crucibles, so the
cetffesstion pralesntihgdthbahickmé g dbisiesse déthaputdrtseunibte tectirassulting
more significant. [0058] Moreover, the convection of the SiO gas occurs in
fipra theipdventisa.portion at 15 which the side face and the bottom face of
‘the crucible is connected (i.e., the A portion in Fig. 2); therefore, the
[¥¢8¢lble protection sheet of the present invention may be provided only in
the vicinity of the portion at which the side face and the bottom face of the
cruciblétishegithbetaeicd that pLiipesdissinerPReYsTprevfeRediriian completely even
convection only. Furthermore, the gas shielding capability can be
VdAaiee 8BS iR JRPISAIPIUPARE) dEtha 2escRISBRAPIEiecish hedtscabry above.
using a multi-layered sheet comprising a plurality of the crucible
sttt sHaEts s ericibe PR Gis shieabivg CapaBRIGFUPRaRtiosprbfigecovery
not very high. [0059] (Thermal Conductivity and Uniformity in Heatin%) 25
rafiesyERs e et aby hdaameiaPeesatienvit o S Wiiiniks gep between the

. highest.. 26 In contrast, the ¢rucible protection sheet of the present

inneamsiPlesang B}SH&F%@WG can dt all imes.  This means that no gap that allows

the Si0O gas to cause convection exists between the two both crucibles, so the effect of
preventing the thickness decrease of the outer crucible becomes more significant.
[0058]

Moreover, the convection of the S10 gas occurs in the vicinity of the portion at
which the side face and the bottom face of the crucible is connected (i.e., the A portion in
Fig. 2); therefore, the crucible protection sheet of the present invention may be provided
only in the vicinity of the portion at which the side face and the bottom face of the
crucible is connected, if the purpose is merely to prevent such a convection only.
Furthermore, the gas shielding capability can be enhanced by stacking a plurality of the
crucible protection sheets or by using a multi-layered sheet comprising a plurality of the
crucible protection sheets, even when the gas shielding capability of each sheet is not
very high.

[0059]
{Thermal Conductivity and Uniformity in Heating)

The quartz inner crucible has a thermal conductivity of 2 W/(meK) at highest.
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conductivity of 120 W/(mK) or higher. The temperature of the outer
crucible inner surface does not necessarily have a uniform temperature
distribution upon starting heating, so the crucible protection sheet 5 may
also have a temperature distribution when heated. However, when the
planar thermal conductivity of the crucible protection sheet of the present
invention is 120 W/(mK) or higher as described above, a uniform
Iternperatutbedistriifeltiopratilt iesusheatithfntlzn prerermehy sitor time aTHmar thermal
makes it possible to heat the inner crucible made of quartz, which has a
cordydowtpland2An&rmadicordugtivity, substantially uniformly. 10 Thereby,
the temperature of the silicon in the inner crucible is also made
substaiialignurifarere A5 haesir, chectllinnof sherpadotacotedsilivoly have a
single crystal is improved remarkably. Furthermore, the temperature
uitiEpeaseopehE U distrbeitia wpon staiting besitiieg sandiarsueiblparatigesion sheet
drop of the inner crucible upon starting cooling become more quick, 15 so
MAE plsdbenvity demresilissndighaierystabimpredied. [obemiereadaiish the planar
the planar thermal conductivity of the crucible protection sheet of the
Usreaen e mdEREBIY O 2 mrsidl o PRGSO aiBafe Erdbi R prate dimtion is 120
sheet is adjusted so that the planar thermal conductivity is substantially
Vilirsim QErbethepidreribedMOIy spa R teerieibie diskdewdpn will result
sheet is adjusted tq be as follows. When portions of the crucible .
VRHOR o SRS APBUH IR -in ALY RIS HaPRSNRVING AGHEOFS60 (i fly made

form square-shaped test rei%ions each having a side of 25 m

o8t Bty o SaAcH et AEToTET: f&w&qaﬁﬁﬁﬁ@mg uniformly.
e cudng e ifereice e e el L o il
SRR 10 e 0 0, 1 Tl SO v
remarkably.

Furthermore, the temperature increase of the inner crucible upon starting heating
and the temperature drop of the inner crucible upon starting cooling become more quick,
so the productivity of the silicon single crystal improves.

[0060]

In addition, the planar thermal conductivity of the crucible protection sheet of
the present invention is 120 W/(me<K) or higher, and the crucible protection sheet is
adjusted so that the planar thermal conductivity is substantially uniform across the plane.

More spectfically, the crucible protection sheet is adjusted to be as follows.
When portions of the crucible protection sheet are cut out in a square shape having a side
of 200 mm to form square-shaped test regions each having a side of 25 mm and the
thermal conductivity of each test region is measured, the quotient obtained by dividing
the difference between the thermal conductivity of the test region having the greatest

thermal conductivity and the thermal conductivity of the test region having the least
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regions should be restricted to be 0.1 or less. [00611 If the thermal

conductivity of the crucible protection sheet is not uniform, a heat 5 spot

having a higher temperature than. other portions may form in a portion

with a low thermal conductivity. If the heat spot is formed in the crucible
protection sheet, only the portion of the inner crucible made of quartz that

is in contact with the heat spot may have a higher temperature than the
tlathealpostidncof the rynérecraeiblevalinisandyerebettial thendoliowiings of all the test
problems. The silicon in the inner crucible may not have a uniform 10
regmpeshouwld besstingeihtdédgradatidasin the quality of the silicon single

crystal. Also, only that portion of the inner crucible is softened, and
[@efmlequently, the inner crucible may crack. The crucible protection sheet

of the present invention, however, is manufactured so that the thermal
conductivity themaet priglisé dhardolerisicdbbe ohodes der chbeid abovenifopn, a heat
and therefore, it can prevent the degradation in the quality of the silicon
spiidlavipystabighear thmeoRBrmE ok wiBhRerEvoTibley [Busnimhderiemth a low
protection sheet of the present invention can be manufactured so that the
threRHAeNatiEtYity Bithrehent ensbiplotaratbin shestusibliprtaisatm sheet, only the
uniform 20 across the plane in the following method. First, natural
PgrEpRitd thishapirtd e radeRbasaTHssSd e anfelisrgh dhedicad gpatimay have
acid or nitric acid, and is thereafter subjected to a heat treatment at 400C

adH ehrgHERRE RS HstcHiemthFapaitie teXpAndaney by THR 2 PANsElt in the

raphite has a thickness of 1.0 mm to 30.0 mm and a bulk density of 0.1 |

f%)!@]?ﬁ%&o%‘?@%?méﬂ“ﬁe MRS URinG Ex ARt ST AIshite s %;ﬁ@e‘éﬁ‘s@d uniform

t%%%lggesns tg}?gfggg%é%%&%rlnﬁrgﬂaﬁge%@ﬁ% g? t gns?ﬂ[go%f soith.{g <::Lr'3§stal. Also,
only that portion of the inner crucible is softened, and consequently, the inner crucible
may crack.

The crucible protection sheet of the present invention, however, is manufactured
so that the thermal conductivity thereof has the characteristics such as described above, -
and therefore, it can prevent the degradation in the quality of the silicon single crystal and
the sofiening of the inner crucible.

[0062]

The crucible protection sheet of the present invention can be manufactured so
that the thermal conductivity of the crucible protection sheet is substantially uniform
across the plane in the following method.

First, natural graphite, kish graphite, or the like is immersed in a liquid such as
sulfuric acid or nitric acid, and is thereafter subjected to a heat treatment at 400°C or
higher, to form flocculent graphite (expanded graphite). This expanded graphite has a
thickness of 1.0 mm to 30.0 mm and a bulk density of 0.1 Mg/m3 to 0.5 Mg/mS. The

resulting expanded graphite is compressed to a thickness of 0.2 mm to 0.6 mm and a bulk
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[0063] At this time, formation of creases or the like on the surface of the

crucible protection sheet is prevented by compressing the expanded

graphite by roll-pressing at a 5 feed rate of 20.0 m/min. Thereby, it is

possible to prevent formation of a portion with a lower thermal

conductivity, which results from the creases. Thus, a crucible protection

sheet with a uniform thermal conductivity can be manufactured. It should
dpesitpreldlthae tHeNesudcivityiakeeiiantsdgeaptiestis poor when the

feed rate is less than 0.1 in/min. For this reason, it is preferable that the
[$8€dilrate be from 0.1 m/min to 20.0 10 m/min, more preferably from 0.5

m/min to 15.0 m/min. [0064] [SECOND EMBODIMENT] Next, a second )

embodifiehiofithe if@misnwii seedsscrod Tke eguibenamfagsy of the crucible

manufacturing silicon single crystals and the structure of the crucible 1 are
PRESHRehts a%nrﬁy%%ﬂ%hé FREUBRIBOE e RaleH erarfidehy adilamessing at a

thereof will be omitted. For this reason, the following description discusses .
fR 1irts & eenfrorPaiebardt lappisthindRtTooss forprditedishortine with a

Specific Elements in the Crucible Protection Sheet) 20 It is preferable that

IoRETCRTIDR SROGIHBASNEAICR BEsa/S08y s (HERIRY arhdthe SFHRle protection

specific elements among, a plyrality, of impurities cgntained therein
S?ﬁsggvﬁmua}fm}%@%)@ SHbf thE EVULAR BT SacH O A

mass ppm or less, The specific elements refer tq metalloid elements and

e e e TG bERHE TRt B i T By e han 0.1
hasphqrus, arsenic, antimony,.and bismuth, and 25 examples of the, .

BB o e Mehude oA, T SELLHE iy irgd Bymin 0 200

ERIICHRnIS MRKR 5 ik hsss slEmentsggay affect the product qualit

[0064]

3
l?g ﬁ}oted that

[SECOND EMBODIMENT]

Next, a second embodiment of the invention will be deseribed. The equipment
for manufacturing silicon single erystals and the structure of the crucible 1 are the same
as those in the first embodiment, and therefore the details thereof will be omitted. For
this reason, the following description discusses the points that differ from the first
embodiment.

[0065]
(Proportions of the Specific Elements in the Crucible Protection Sheet)

It is preferable that the crucible protection sheet 4 be adjusted so that the amount
of the specific elements among a plurality of impurities contained therein is 3 mass ppm
or less, and more preferably, the amount of each of them is 1 mass ppm or less. The
specific elements refer to metailoid elements and metallic elements. Examples of the
metalloid elements include boron, phosphorus, arsenic, antimony, and bismuth, and

examples of the metallic elements include iron and indium. The reason why such a
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manufactured single crystal silicon and the manufacturing process when
contained in the polycrystalline silicon that is a raw material of the single
crystal silicon. [0066] 5 When the amount of the specific elements, which
greatly affect the quality of the single crystal silicon, is suppressed in the
crucible protection sheet 4 as described above, the crucible protection
sheet 4 can prevent quality abnormality of the product and problems in

rébeicianuiactising Rrocessivitedivelyeyendhougithe gualfyoabbequality of the
crucible protection sheet 4 as a whole is not so high. As a result, the

naantiactedesofdlee sruigibigi déh piatettionshéaidramnctioecgualityconiteinell in the
the crucible protection sheet 4 become easy. Thus, while the
poizonfstatlinagibost tfahe produchisrke ptf hw sthel produgt Gliedity can be

kept high. [0067] It should be noted that not all the amounts of the specific
[el&mients may be 3 15 mass ppm or less. It is sufficient that the amounts

of the specific elements that greatly affect the characteristics required for

the singféheryBtakisiicon @b the speniifaciumedtars Bicngsshpaifoctidssquality of the

more preferably 1 mass ppm or less. [0068] When the characteristics of
sthelsiagldad iydabsiiconptodsecthantifacturddl e poROtaffested Byathdescribed above,

amounts of a plurality of specific elements, it is preferable that the total
thgnowsiif tineosetberedhsitirdlityaof spacific alelientbbermelihasd gpen mioduct and

less, more preferably 5 mass ppm or less. [0069] (Amount of Impurities
nwh@enﬂrﬁlmbfést%@r@mﬁérﬁéfmﬁ qecadfrstel (puatidely s thatcrucible
the content of the impurities 30 contained therein (total ash content) is 20

mvseEipprihertidss mvielpisfybin1gimads ppesult, the manufacture of the crucible

protection sheet 4 and the quality control of the crucible protection sheet 4 become easy.
Thus, while the manufacturing cost of the product is kept low, the product quality can be
kept high.

[0067]

It should be noted that not all the amounts of the specific elements may be 3
mass ppm or less. It is sufficient that the amounts of the specific elements that greatly
affect the characteristics required for the single crystal silicon to be manufactured are 3
mass ppm or less, more preferably 1 mass ppm or less.

[0068]

When the characteristics of the single crystal silicon to be manufactured are
affected by the amounts of a plurality of specific elements, it is preferable that the total
amount of the selected plurality of specific elements be 10 mass ppm or less, more
preferably 5 mass ppm or less.

[0069]
{Amount of Impurities in the Entire Crucible)

The outer crucible 3 is adjusted (purified) so that the content of the impurities
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or less. The crucible protection sheet 4 is adjusted (purified) so that the

content of the impurities contained therein (total ash content) is 100 mass

ppm or less, more preferably 50 mass ppm or less. 5 [0070] In recent

years, the requirements for the purity of the product have been more and

more severe. Accordingly, higher purity is demanded for the crucible | and

the crucible protection sheet 4 used for the manufacture. In order to meet
ctheatiemhandeihgher plidiedahdeBihaxs beenddvalopes: fprtbeisiuciblaass ppm

protection sheet 4 that is 10 arranged between the inner crucible 2 and
othessutetlerugialdhB. fheaiugibleapparatjsédhpinvedlicn dfdhdpresentt of the

application, however, makes it possible to obtain a high purity product
ileperitiektivancroneiblbgeotdotioh sheaietiantDthesamerevelafasiore preferably

content as the conventional sheet, for example, with a crucible protection
S8heetshavingrdesash content of from greater than 50 mass ppm to 100 15

mass ppm or less, by controlling the ash content of the outer crucible 3 to
[@®/tHass ppm or less. [0071] Specifically, for example, in the case of the

outer crucible 3 having an inner diameter of 18 inches, the weight is

about 30 kegaiieyefose thie traseistrooniselor ih2pmissoRthppnodting bate been more

content is about 0.6 g. In the case that the entire inner surface of the outer
apfuBible 39seepverderwilinghe dighbisi@prdtettidanstedadsfahdhsimusitbie | and the

crucible protection sheet 4 is about 480 mm in diameter; therefore, when
cfHelbHicRFSStipi rdwels 4 s Bridisermkigesry i$m ®degim3nese the demand,
weight thereof is about 270 g. In this case, when the ash content of the _
highespreusfistb shepishast bes dovsiansd Hm, e Aup blsnispieoBooRsiiet that is

in the crucible protection sheet 4 is about 0.03 g and the total ash content
AFPREE I PEIRAORS AP RIS A ANASHE RIMHFFEBS &; in other words,

the ash content with respect . . o
he crucible apparatus of the invention of the present application, however,

makes it possible to obtain a high purity product even with a crucible protection sheet 4
having the same level of ash content as the conventional sheet, for example, with a
crucible protection sheet having an ash content of from greater than 50 mass ppm to 100
mass ppm or less, by controlling the ash content of the outer crucible 3 to 20 mass ppm or
less.

[0071]

Specifically, for example, in the case of the outer crucible 3 having an inner
diameter of 18 inches, the weight is about 30 kg; therefore, if the ash content is 20 mass
ppm, the ash content is about 0.6 g. In the case that the entire inner surface of the outer
cructble 3 is covered with the crucible protection sheet 4, the size of the crucible
protection sheet 4 is about 480 mm in diameter; therefore, when the thickness thereof is 1
mm and the bulk density 1s 1.5 Mg/m?, the weight thereof is about 270 g.  In this case,
when the ash content of the crucible protection sheet 4 is 100 mass ppm, the ash content

contained in the crucible protection sheet 4 is about (.03 g and the total ash content of the
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to the entire crucible apparatus is about 20 mass ppm. Taking into
consideration that the weight of the polycrystalline silicon molten by the
crucible apparatus having the above-described outer crucible 3 is about
60 kg, itis 5 believed that the total ash content contained in the crucible
apparatus is small relative to the weight of the polycrystalline silicon.
[0072] As described above, the total ash content, which is the total of the
caglittoagnistconiaingdin i whouterdrdcible Banddide, chdcibhec prasection respect
sheet 4, is small in the 10 crucible apparatus of the present invention.
td lerefioire, theiafaappiafisipatites2ihat-copiaminate the material is
lessened. Moreover, the quality of each of the components need not be
increasédimgieithemegeessaryhidntparieight othhenahydactatbrendlgoalityolten by
control of the outer crucible 3 and the crucible protection sheet 4 are easy
tlsinomttide qpalitytos iy o tilsleprotebtion ishketier whictbls difficalibto 60 kg, it is
purify, need not be 15 increased unnecessarily. Thus, while the
brlamvathttalrihg toust efitiveprotuetisikepiions cheibloduynpripiadity sanalbeclative to
kept high. [0073] It is particularly preferable that the outer crucible 3 have
thnvesa s ontdetiof sboetellioemdisompm or less, more preferably about 10
mass ppm or less, so that the manufacture 20 and quality control of the
[8¥ifé1 crucible 3 as well as keeping the product quality can be performed
efficiently. Likewise, it is preferable that the crucible protection sheet 4
have affadereabrdritborabbatiotn masopsm, Mo prcferdofiyl bolg 8eh contents
mass ppm, so that the manufacture and quality control of the crucible ]
g iPsHiSe PUlels GRS Rediingienerysibliudrefgalifncilisgiet, is small in the
performed efficiently. 25 [0074] 32 The method for adjlgjsting the outer
Cﬁﬁ@kﬂe&‘@é?ﬁi%é’%m‘éi@F@%ﬁfﬁté&‘fﬁ’ﬁ‘@ﬁee?herdme’ the amount of impurities that

contaminate the material 1s lessened. Moreover, the quality of each of the components
need not be increased more than necessary. In particular, the manufacture and quality
control of the outer crucible 3 and the crucible protection sheet 4 are easy since the
quality of the crucible protection sheet 4, which is difficult to purify, need not be
increased unnecessarily. Thus, while the manufacturing cost of the product is kept low,
the product quality can be kept high.
[0073]

It is particularly preferable that the outer crucible 3 have an ash content of about
20 mass ppm or less, more preferably about 10 mass ppm or less, so that the manufacture
and quality control of the outer crucible 3 as well as keeping the product quality can be
performed efficiently. Likewise, it is preferable that the crucible protection sheet 4 have
an ash content of about 100 mass ppm, more preferably about 50 mass ppm, so that the
manufacture and quality control of the crucible protection sheet 4 as well as keeping the
product quality can be performed efficiently.

[0074]
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to have the ash contents as described above is not particularly limited. For

example, it is possible to remove impurities by contacting the outer

crucible 3 and the crucible protection sheet 4 with a halogen gas.

Specifically, the ash content of the crucible 5 protection sheet 4 may be

adjusted in the following manner. For example, an expanded graphite

sheet with a predetermined bulk density is heated at 800C or higher for 5

to 24 Hdursauticer farrediusedgpitessute ofifedsie BOfhtbtic T dridetowdtion sheet 4

the presence of a halogenated organic substance, then cooled and
tatheneatte nco mession-dosndddwhere by nteaoniciblid protéetion Bheetaiple, it is

produced. It is also possible to perform an additional 10 step in which the
psepply 6 thenaiogematad ordanicostdsiag céis stopped:afivdr theand the crucible

above-described heating treatment with a halogenated organic substance,
Paviectiubsaerieftly the s hebigenreated A8 0da bk, Higherlundereatredubederucible

pressure of 100 to 1 Torr while supplying a hydrogen gas in place of the
PHERSenalsotgaaichsub e in [EX ANIPY B 1S 6075 FiEissamden prefxpanded

The compression ratio and the recovery ratio were studied for samples of
graBhigp kI Wrdta s AssEned (Hdkpdensny imeatshalREn Eovrprabeidgr 5 o 24

the crucible protection sheet with a pressure of 34.3 MPa in a thickness
hescHBiET EsFlerBePhouc0fthimimh &0t Apte seib T AIGaY defity myegsace of a

foregoing equation (2) and the recovery ratio is defined by the foregoing
h@@&sﬁﬁﬁ%(ﬂ%@@téné%mﬁ% Biepervleh i ehE reratishsAproestgikmed. whereby

density with the compression ratiqQ and the recovery ratio was studied for

threRIBIETplBtEenoR St skt stnidkid ebsamess bl Rerians pyRdditional
25 densities were set at 0.1, 0.5, 0.8, 1.0, 1.2, 1.5, and 1.8 Mg/m3. 33 (2)
SEp d%iﬁ‘éhé(’%all%egéﬁl?j%%, et tdonrants of gaR CoMBHE R paritiepest after the

a&%cg&é:%ic?‘!ged heating treatment with a halogenated organic substance, and
subsequently the sheet is treated at 800°C or higher under a reduced pressure of 100 to 1
Torr while supplying a hydrogen gas in place of the halogenated organic substance.
[EXAMPLES]
[0075]

[First Example]

The compression ratio and the recovery ratio were studied for samples of the
crucible protection sheet of the present invention when compressing the crucible
protection sheet with a pressure of 34.3 MPa in a thickness direction. It should be noted
that the compression ratio 1s defied by the foregoing equation (2) and the recovery ratio is
defined by the foregoing equation (3).

(Details of the Experiment)
The relationship of the bulk density with the compression ratio and the recovery ratio was
studied for the crucible protection sheet having a thickness of 0.5 mm when the bulk

densities were setat 0.1, 0.5,0.8, 1.0, 1.2, 1.5, and 1.8 Mg/m3.
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protection sheet was adjusted to 10 mass ppm or less. [0076] (Results of
the Experiment) 5 As shown in Fig. 3, it is confirmed that when the bulk
density is greater, the compression ratio is lower but the recovery ratio is
higher. As for the relationship between the compression ratio and the
recovery ratio, as shown in Fig. 4, it is confirmed that when the
compression ratio is greater, the recovery ratio is lower. In other words, it
(13 Bydersioaththagdhers.isie tademthbetwvdentihecempliassioni¢atiofand crucible
the recovery 10 ratio. [0077] [Second Example] The relationship of the
ptoicktiesslaftheashdptsweidhidHe nendabitityrdiesthe shock absorbency was
studied for the crucible protection sheet of the present invention. 15
[0D&sdils of the Experiment) (1) The bulk densities of the crucible protection
sheet were 0.1, 03, 0.5, 0.7, 1.0, 1.5, and 1.7 Mg/m3, and the thicknesses
(Resrdisfol8reldpeiin20)4, 0.6, and 1.0 mm. (2) The outer crucible used
was 1G-110 made by Toyo Tanso Co., Ltd (inner diameter (p 500 mm,
height 40sharw)1 thefiltner drusish {isaddnthistavdirar therbicilldegeriters greater, the
diameter pp 20 480 mm, height 500 mm). (3) By using a halogen gas, the
ceBtREesietioriof Bshovwhtdnt (Iheptacassiyofabie dfubislerpradectivntBpastationship
was adjusted to 10 mass ppm or less. [0078] (Evaluation) 25 (1) The
biffeserlisisrMNERS SHserEe it thiscrartigistearithand srciplé, it is confirmed

protection 34 sheet being placed on the inner surface of the outer crucible, )
B P %%gﬁvgﬁa ratio is greater, the recovery ratio is lower.  In other words, it

is understood that there is a trade-off between the compression ratio and the recovery
ratio.
[0077]
[Second Example]

The relationship of the thickness of the sheet with the bendability and the shock
absorbency was studied for the crucible protection sheet of the present invention.
(Details of the Experiment)
(1) The bulk densities of the crucible protection sheet were 0.1, 0.3, 0.5, 0.7, 1.0, 1.5, and
1.7 Mg/m3, and the thicknesses thereof were 0.1, 0.2, 0.4, 0.6, and 1.0 mm.
(2) The outer crucible used was 1G-110 made by Toyo Tanso Co., Ltd (inner diameter o
500 mm, height 490 mm), the inner crucible used was a quartz crucible (outer diameter @
480 mm, height 500 mmj.
(3) By using a halogen gas, the concentration of ash content (impurities) of the crucible
protection sheet was adjusted to 10 mass ppm or less.
[0078]
(Evaluation)

(1) The inner crucible was inserted into the outer crucible with the crucible protection
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shock absorbency of the sheet were evaluated by visually observing

damages to the crucible protection sheet. (2) Specifically, the crucible

protection sheet was determined as "excellent” when the 5 bendability

was good, the sheet had no crack, breakage, or chipping, and moreover

the shock absorbency was good. When the bendability and the shock

absorbency were allowable, the sheet was determined as "good". When
skithtebding pénddbilitytior ihecshodkaebsdihenaywasdabhg tmdehropsmdarility and

sheet was determined as "fair". When both the bendabhility and the shock
shbsorigendyenare fole, thecsheatwasldetatmined saaltpoadierddd lamages to the

results are show in Table 1. [0079] [TABLE 1] Thickness (mm) 0.1 0.2 0.4
coueitlOprtgworshee fair fair fair Bulk 0.3 poor poor fair fair fair density

0.5 poor good excellent excellent fair (Mg/m3) 0.7 poor good excellent
(2x Cpiteifidaliy bepovrcgdedexeetientsbreeent fieribpbos goadellent” when the

excellent excellent fair jj 1.7 poor fair fair fair fair [0080] (Results of the
bengrdnihtentpd Baeéndrahcehdetunibteprofesibnesheetomagmef and moreover the

expanded graphite shows higher strength when the bulk density of the
skpgkitlesprbtaetiofiasheeeds gishesr thiolwendabidisy shvwihenshable abserblhacy were

cases that the thickness of the crucible protection sheet is too thin (0.1
affinpbiesittcidivestrengtvicamniidhasobeaintd eVehewtdtendhsubendatiliyy or the

IS great.

shock absorbency was found to be poor, the sheet was determined as “fair”.  When both

the bendability and the shock absorbency were poor, the sheet was determined as “poor”.

The results are show in Table 1.

[0079]
[TABLE 1]
Thickness (mm)
0.1 0.2 0.4 0.6 1.0
0.1 poor poor fair fair fair
Bulk 0.3 poor poor fair fair fair
. 0.5 poor good excellent | excellent fair
density ;
(Mg/m’) 0.7 poor good excellent | excellent fair
1.0 poor good excellent 1 excellent faur
1.5 poor good excellent | excellent fair
1.7 poor fair fair fair fair
[0080]

(Resulis of the Experiment)

Generally, the crucible protection sheet made of expanded graphite shows higher
strength when the bulk density of the crucible protection sheet is greater. However, as
shown 1n Table 1, in the cases that the thickness of the crucible protection sheet is too thin

(0.1 mm), a sufficient strength cannot be obtained even when the bulk density is great.

As a consequence, if a bending force is applied to the crucible protection sheet when
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As a consequence, if a bending force is applied to the crucible protection

sheet when 35 installing the crucible, the crucible protection sheet may

suffer from breakage, cracks, chipping, or the like. Moreover, the margin

for shock absorption is insufficient. On the other hand, in the cases that

the thickness of the crucible protection sheet is too thick (1 mm), there is

a sufficient margin for shock absorption, and the sheet also 5 has a
istffinignustrengibisomwdrability geasdhiohbarem@PoerfidowerehtiRage, cracks,
bendability is poor, so cracking or chipping occurs if a bending force is
capieg, @ the tkucibloproiecting shgeh Whehdoktabingpthe esusidi@icient.

[0081] In the cases that the bulk density is small, the bendability is low

becauseihte bihsirengthiistiisedieienhtt dscaldohsaguanibe cimdhigecastsction sheet
other than when the thickness of the crucible protection sheet is | mm,
ictackimglo( Ichippingweedsits it Hibrendimgrionctisstappligddepthen condile sheet also
protection sheet. Conversely, in the cases that bulk density is 1.7 Mg/m3,
htvencompressiitingis towdlietsiared exemif htheothickness iHdargesthbedimdability
no sufficient margin for shock absorption. 15 [0082] From the foregoing,
iyheorthe thiskniegsaof thpmgiblepoiéctidestieet ferfrons @pRlimdntto B6 crucible
mm and at the same time the bulk density is from 0.5 to 1.5 Mg/m3, it is
ppoissiible sbeshaden anstifivienbervargibifor shock absorption, good
bendability, and high strength of the crucible protection sheet. It is
[P@tdicularly preferable that the thickness of 20 the crucible protection
sheet be from 0.4 mm to 0.6 mm because the margin for shock
absorptibrilis greett Hrd the brket erreiigh somlghbrm beadebiliyHerday because the
plurality of such crucible protection sheets are stacked on each other, no
s sCIIpPIHITRLcat S TBREETSS tHe Bru i pibadhen sthsat thdhigkness of
thin. As a result, the cushioning capability and the gas shielding capability
t%ﬁ%@hﬁﬁ%ﬁﬂhﬁ@?t is 1 mm, cracking or chipping occurs if a bending force is

applied to the crucible protection sheet. Conversely, in the cases that bulk density is 1.7
Mg/m?, the compressibility is low; therefore, even if the thickness is large, there is no
sufficient margin for shock absorption.
[0082]

From the foregoing, when the thickness of the crucible protection sheet is from
0.2 mm to 0.6 mm and at the same time the bulk density is from 0.5 to 1.5 Mg/m’, it is
possible to ensure a sufficient margin for shock absorption, good bendability, and high
strength of the crucible protection sheet. It 1s particularly preferable that the thickness of
the crucible protection sheet be from 0.4 mm to 0.6 mm because the margin for shock
absorption is great and the sheet strength is high. Moreover, when a plurality of such
crucible protection sheets are stacked on each other, no crack or chipping is caused
because the crucible protection sheet itself is thin_. As a result, the cushioning capability
and the gas shielding capability can be improved further.

[0083]

36



10

I5

20

25

25 [0083] 36 [Third Example] The gas permeability represented by the
foregoing equation (1), the compression ratio represented by the
foregoing equation. (2), and the thermal conductivity were studied for the
crucible protection sheet of the present invention. 5 (Details of the
Experiment) (1) The compression ratio, gas permeability, and thermal
conductivity were determined for the crucible protection sheet having a
thickness of 0.5 mm when the biilkhiersitiesylvjere set at 0.1, 0.3, 0.5, 0.7,
1.0, 1.5, and 1.7 Mg/m3. [0084] 10 (2) The specific method for measuring
the gasijperpasability abd & asfoloms:dbinte gaic gfihe ryetically clatedompression
chambers CA and CB that are in communication with each other, a
ragivcibiecprotettivribshioetmfitige pretent Myendiore (diermetep 8Quntmityswere studied
disposed. so as to close the passage (diameter 10 mm) that allows the
fowthehamibds pOLctod DB tolchmmertichievaithoeach other. In other
words, the air is not permitted to flow 15 between the pair of hermetically
(Dlysds eiambepst@renind CB unless the air passes through the crucible
protection sheet. [0085] b) From this condition, the chambers CA and CB
(Bl by asurpess OoRi AR afiap reasurabihitrh ends dheram sersical did ©Re determined
becomes 1.0 x 10-4 Pa. Then, while one of the chamber 20 CA is bein
fre freevaibldroirben shatdhdeeuntinipinsthed dhe Bitheldnhpdugplensities
reaches a predetermined pressure (1.0 x 105 Pa). [0086] c) When the
viHserchAklok-the chanberld reaghéd 4 MedBtermined pressure (1..0 x

105 Pa), the evacuation of the one of the chamber CA is stopped. Then,
[N 2 gas gradually

(2) The specific method for measuring the gas permeability was as follows.

a) In a pair of hermetically closed chambers CA and CB that are in communication with
each other, a crucible protection sheet of the present invention (diameter 30 mm) is
disposed so as to close the passage (diameter 10 mm) that allows the two chambers CA
and CB to communicate with each other. In other words, the air is not permitted to flow
between the pair of hermetically closed chambers CA and CB unless the air passes
through the crucible protection sheet.

[0085]

b) From this condition, the chambers CA and CB are evacuated until the air pressure in
the two chambers CA and CB becomes 1.0 x 107" Pa. Then, while one of the chamber
CA is being kept evacuated, N, gas is supplied until the other one of the chamber CB
reaches a predetermined pressure (1.0 x 10° Pa).

[0086]

¢) When the other one of the chamber CB reaches a predetermined pressure (1.0 x 10° Pa),
the evacuation of the one of the chamber CA is stopped. 'Then, the N; gas gradually

flows from the other one of the chamber CB to the one of the chamber CA according to
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25 flows from the other one of the chamber CB to the one of the chamber
CA according to 37 the pressure difference between the two chambers
CA and CB and the gas permeability of the crucible protection sheet. As a
result, the pressure in the one of the chamber CA increases. [0087] 5 d)
Then, the rate of pressure increase in the one of the chamber CA was
measured for about 100 seconds after stopping the evacuation of the one
tief phesahamitieréile Backthe thasyperhaediittyCA (@rIZ/B) andsicadeslpéedeability of
according to the following equation (1). K = QL/(APA) (1) In the above
tleguatio  Irc@isitheshas. flonsratestBacthd/sreARrisithépressuriethe chamber CA
difference 10 (Pa) between the two chambers CA and CB, A is the gas
iraeswrission area (cm2) of the crucible protection sheet, which is the
area of a passage that allows the two chambers CA and CB to
[@d8Amunicate with each other, and L is the thickness (cm) of the crucible
protection sheet (test specimen). The gas flow rate Q can be calculated
dirdiethehoottmefrivecapaciycsitteinikeofnheotibentienar dnd thiesrateasired for
pressure increase inside 15 the one of the chamber CA for about 100
aberbhds sdtendsoppingtimeisgdbaaticauetitne dribe oithefchignmbenBa CA, and the
[0088] (Results of the Experiment) As shown in Figs. 5 and 6, it is
geppfirmebthiat kvien (hevnsikedenaied ircepediteg todbatellsortipregsmsivrdilo
is lower but the thermal conductivity is higher. In addition, as shown in
Fig. 7, ¥i§ E&hficfd ihat when the bulk density is gredter, the gas
permeability is lower, in other words, when the bulk density is greater, the

I’@ﬁ?sﬁh@}@iﬁﬁ‘@é@é}tﬁhiy%i%ﬁ%éﬁ?’ [ﬁggfg]ate (Pascm’/s), AP is the pressure difference

(Pa) between the two chambers CA and CB, A is the gas transmission area (cm?) of the
crucible protection sheet, which is the area of a passage that allows the two chambers CA
and CB to communicate with each other, and L is the thickness (cm) of the crucible
protection sheet (test specimen). The gas flow rate Q can be calculated from the
volumetric capacity of the one of the chamber CA and the rate of pressure increase inside
the one of the chamber CA for about 100 seconds after stopping the evacuation of the one
of the chamber CA.

[0088]

(Results of the Experiment)

As shown in Figs. 5 and 6, it is confirmed that when the bulk density is greater,
the compression ratio is lower but the thermal conductivity is higher. In addition, as
shown in Fig. 7, it is confirmed that when the bulk density is greater, the gas permeability
is lower, in other words, when the bulk density is greater, the gas shielding capability 1s
higher.

[0089]

In addition, as shown in Fig. 8, by studying the relationship between the
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the 38 compression ratio and the thermal conductivity, it is confirmed that

when the compression ratio is higher, the thermal conductivity is lower. In

other words, it is understood that there is a trade-off between the

compression ratio and the thermal conductivity. Furthermore, as shown in

Fig. 9, by studying the relationship between the 5 compression ratio and
cHIEpeasi PR IRRARINI YL & ifecaRfiEmREl dhdiywen HeHRRreSsRRcKaHe idmpression

lower, the gas permeability is less (i.e., the gas shielding capability is
rinigherhidRether wetds) tosduodenstoothihat theteria thaggsoff beteastood that

the compression ratio and the gas shielding capability. [0090] 10 [Fourth
tiexainplahdhe Expandectigraphifecstieata(eruaiblaqiaiestidroaieais)ty.

having thicknesses of 0.2 mm to 0.6 mm and bulk densities of 0.5 Mg/m3

to 1.5 Mgfthdmocerdingtiowne ipréign,irventiodyimereteonepaiediiptesedseen the

of non-uniformity in thermal conductivity. (Details of the Experiment) 15
ciinemeneunifonmatydinttheanaboondrittivity wasodEtenmirtbd: astiall oins c8mpression

pieces of test specimens each with dimensions of 25 x 25 mm were cut
rgut fsdnweache samplesobihey dsleisl&.profection Shadtrgf thpapibsenthigher). In

invention with dimensions of 200 X 200 mm. The quotients each obtained
obhedividity the diffdrehes] bbavdenctireantsdemoih bvalgen( Meaxcdapckthien ratio and

minimum value (Min.) of the planar thermal conductivity of each 20 test
tpeeirlenltipgrapaielidge thermal conductivity (Ave.) were compared.

[0091] 39 [TABLE 2] Thickness (mm)
{0090]

[Fourth Example}

The expanded graphite sheets (crucible protection sheets) having thicknesses of
0.2 mm to 0.6 mm and bulk densities of 0.5 Mg/m’ to 1.5 Mg/m® according to the present
invention were compared in terms of non-uniformity in thermal conductivity.

(Details of the Experiment)

The non-uniformity in thermal conductivity was determined as follows. 9
pieces of test specimens each with dimensions of 25 x 25 mm were cut out from each
samples of the crucible protection sheet of the present invention with dimensions of 200 x
200 mm. The quotients each obtained by dividing the difference between the maximum
value (Max.) and the minimum value (Min.) of the planar thermal conductivity of each

test specimen by the average thermal conductivity (Ave.) were compared.

[0091]
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0.2 0.4 .6 Bulk density 0.5 0.08 0.07 0.06 (Mg/m3) 1.0 0.07 0.06 0.05 1.5
0.08 0.07 0.06 The unit for planar thermal conductivity is W/(mK). [0092]
(Results of the Experiment) As shown in Table 2, it was confirmed that the
samples in which the thickness of the crucible protection sheet was from
0.2 mm to 0.6 mm and the bulk density was from 5 0.5 Mg/m3 to 1.5
Mg/rn 3 exhibited a thermal conductivity variation of 0.1 or less, and their
| UMDY in heating was excellent. INDUSTRIAL APPLICABILITY [0093]
he-erucible-protection-sheetof-the-nresentinvent Yal is-suitable-for-a

::E

ha
rIc Crucivic IJIULCL;LIUII QI ICCUTO |J
cible and RSP N cible and
f

Wttt

(

Al H

sheet used 10 for protecting th; outer-cr le-an cible
CILL

|m|fnrm|7|ng heat-during-the m silicon anrth' crystals h\]l a 0.6

CRIRrasess: BRIEF - DESCRIPTION OEPHE DRAWINGST [0004] [Fig. 106

e

Fiqu’&ﬁ)sche natic |II]11Qtr::m\/p iew of Sduinment for nQﬂQﬁlfa(‘Tur'ng 15505

silicon single crystals HrSthp like. [Eig @p&m 2ida parﬂ%@@ enlarged viehP6

106 i Jor i3] g3 i h@ieRt 0T Nustating the relationship between
bulk density versus compression ratio and recovery ratio in a crucible

protection sheet. [Fig. 4] Fig. 4 is a graph for illustrating the relationship
between compression 40 ratio and recovery ratio in a crucible protection

[shest.

(Results of the Experiment)

As shown in Table 2, it was confirmed that the samples in which the thickness of
the crucible protection sheet was from 0.2 mm to 0.6 mm and the bulk density was from
0.5 Mg/m® to 1.5 Mg/m’ exhibited a thermal conductivity vartation of 0.1 or less, and
their uniformity in heating was excellent.

INDUSTRIAL APPLICABILITY
[0093]

The crucible protection sheet of the present invention is suitable for a sheet used
for protecting the outer crucible and the inner crucible and uniformizing heat during the
manufacture of silicon single crystals by a CZ process.

BRIEF DESCRIPTION OF THE DRAWINGS
[0094]}

tFig. 1] Fig. 1 is a schematic illustrative view of equipment for manufacturing
silicon single crystals or the like.

[Fig. 2] Fig. 2 is a partially enlarged view of Fig, 1.

[Fig. 3] Fig. 3 is a graph for illustrating the relationship between bulk density
versus compression ratio and recovery ratio in a crucible protection sheet.

[Fig. 4] Fig. 4 is a graph for illustrating the relationship between compression
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[Fig. 5] Fig. 5 is a graph for illustrating the relationship between bulk

density and recovery ratio in a crucible protection sheet. [Fig. 6] Fig. 5 is

a graph for illustrating the relationship between bulk density 5 and

thermal conductivity in a crucible protection sheet. [Fig. 7] Fig. 7 is a graph

for illustrating the relationship between bulk density and gas permeability

in a crucible protection sheet. [Fig. 8] Fig. 8 is a graph for illustrating the
rigladiahshipvbstwern CavpiEsiigotativanithermal conductivity in a

crucible protection sheet. 10 [Fig. 9] Fig. 9 is a graph for illustrating the

relation$tigp behigen sompressifon itAtiodindg:ghs pdameahiltybinveeenuilbledensity

protection sheet. DESCRIPTION OF REFERENCE NUMERALS [0095] 1
antdueibleciS&inites crudible pB eutemcrgible 4 crucible protection sheet 41

CLAIMS 1. A crucible protection sheet comprising expanded graphite and

being dfangddFetween andrindorciliciblaiogntainialysilicbip drdvarsobigk density

crucible containing graphite, the 5 crucible protection sheet being
agHahaurerizeddncthaty tineagascpdepectbiiityrebeesented by the following

equation (1) is 1.0 x 10-4 cm2/s or less, and the compression ratio

represdhied Hyttige Toifowigngriytrntidleg@itio20obs wstdighsripGaeveen bulk density

permeability = QL/(APA) (1) 10 where Q is the gas flow rate (Pacma3/s),
apddastritprebyiieln ifferesible (RajcbBeanebertwo

[Fig. 8] Fig. 8 is a graph for illustrating the relationship between compression
ratio and thermal conductivity in a crucible protection sheet.

[Fig. 9] Fig. 9 is a graph for illustrating the relationship between compression
ratio and gas permeability in a crucible protection sheet.

DESCRIPTION OF REFERENCE NUMERALS

[0095]
1 crucible
2 inner crucible
3 outer crucible
4 crucible protection sheet
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chambers, A is the gas transmission area (cm2) of the crucible protection

sheet, which is the area of a passage that allows the two chambers to
communicate with each other, and L is the thickness (cm) of the crucible
protection sheet, and Compression ratio (%) = [(tu - t2)/tr] x 100 (2) 15

where t7 is the thickness (mm) after applying a pre-load (0.686 MPa+1 %)

for 15 seconds, and t2 is the thickness (mm) after applying a total

pressure (34.3 MPa |1%) for 60 secdndai®SA crucible protection sheet
comprising expanded graphite and being arranged 20 between an inner
crucible containing silicon and an outer crucible containing graphite, the

crucible protection sheet being characterized in that: the planar thermal
conductivitycisididG WitfredGoor dhighegapdsithe copapdedsioaphistiond being arranged
represented by the following equation (2) is 20% is higher: Compression
bedtieqoan=gt-aRyibjoce 0o (225 idearant i idahickaibds (omitajrafiggraphite, the
applying a pre-load (0.686 MPafl%) for 15 seconds, 42 and t2 is the

ciiditeBE (PRHvaies il aaaeieii4sebss i (34.3 MPal%) for 60

seconds. 3. The crucible protection sheet according to claim 1, wherein

the plartbg %?ér@ﬁ&an%a@é}ﬁé{u@Rm?e@@@W}(m@Wﬁ%éﬁ“&tl%é]dru&%@ x 10°°
prgtectlon sheet according to any one of claims 1 through 3, wherein the

ik e ts T COFARIRS OTBTAN T SseTie BrUlinI rotawienaiae(2) is 20%

accordlng to any one of claims | through 4, wherein the bulk density is
F Gigles Mg/m3 to 1.5 Mg/m3. 6. The crucible protection sheet according

to any ane of claims | through 5, wherein the recovery ratio represented

by the f@ﬁ‘é\l?/ﬁ%’ edidon %f 56 higher: 15 Recovery ratio (%) _ [{2 -

t2) / (ti - 2111)( 100 (3) 3 : .
where (Q is the gas flow rate (Pascm’/s), AP is the pressure difference (Pa) between two

chambers, A is the gas transmission area (cm?) of the crucible protection sheet, which is
the area of a passage that allows the two chambers to communicate with each other, and L
1s the thickness (cm) of the crucible protection sheet, and

Compression ratio (%) = [(t; — tz)/t;] * 100 (2)
where t; is the thickness (mm) after applying a pre-load (0.686 MPa=£1%) for 15 seconds,
and tp is the thickness (mm) after applying a total pressure (34.3 MPax1%) for 60

seconds.

2. A crucible protection sheet comprising expanded graphite and being arranged
between an inner crucible containing silicon and an outer crucible containing graphite, the
crucible protection sheet being characterized in that:

the planar thermal conductivity is 120 W/(meK) or higher, and the compression
ratio represented by the following equation (2) is 20% is higher:

Compression ratio (%) = [(1; — 12)/t;] = 100 (2)

where t; is the thickness (mm) after applying a pre-load (0.686 MPa+1%) for 15 seconds,
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where t7 is the thickness (mm) after applying a pre-load (0.686 MPal1%)

for 15 seconds, t2 is the thickness (mm) after applying a total pressure

(34.3 MPatl%) for 60 seconds, and t3 is the thickness after resetting the
pressure to the pre-load and elapsing 60 seconds. 20 7. The crucible

protection sheet according to any one of claims 2 through 6, wherein,

when the sheet in a square shape having a side of 200 mm is divided into
asguaresstepéddesissegions efeh hspliriga sideof e aidd. thevthesnal for 60
conductivity of each test region is measured, the quotient obtained by

scitviating the difference between the thermal conductivity of the test region
having the greatest thermal conductivity and the 25 thermal conductivity of

the test region having the least thermal conductivity by the mean 43 value

of the thermal conductivities of all the test regions is restricted to he 0.1 or

less. 8.3THacrmeibhéeprotection dhettacodidint tolany lovéofettaihesplanar thermal
through 7, wherein the total amount of impurities is 10 mass ppm or less.
cgrglutheiorircizle Pridredtiber shgedraccording to any one of claims 1

through 8, wherein the total amount of impurities is 100 mass ppm or

less, and among a plurality of impurities contained therein, the amount of

at least one element of boron, phosphorus, arsenic, antimony, bismuth,

and a rMetilifc @Rt BHassshpth sickassng doleny wackiciBiems 1 through 3,
protection sheet according to claim 9, wherein the metallic element is iron
vdiesei tckpres it e pr et fioR- 8Bt according to claim 10,

wherein the amount of 15 each of the boron, the phosphorus, the arsenic,

the antimony, the bismuth, the iron, and the indium is 3 mass ppm or

less. 12. The crucible protection sheet according to claim 10 or 11

whereir thEPfofSHAfo B BF 4B BBF6h 2tetHSSBhARYs Ottfe YrSEHIES therough 4,

iron, the antimony, the indium, and
wherein the bulk de¥151ty is tfrom 0.5 Mg/m to 1.5 Mg/m

6. The crucible protection sheet according to any one of claims 1 through 3,
wherein the recovery ratio represented by the following equation (3) is 5% or higher:
Recovery ratio (%) = [(t3 — t2) / (; — )] * 100, 3)
where t; is the thickness (mm) after applying a pre-load (0.686 MPa+1%) for 15 seconds,
1 is the thickness (mm) after applying a total pressure (34.3 MPa+1%) for 60 seconds,

and t; is the thickness after resetting the pressure to the pre-load and elapsing 60 seconds.

7. The crucible protection sheet according to any one of claims 2 through 6,
wherein, when the sheet in a square shape having a side of 200 mm is divided into
square-shaped test regions each having a side of 25 mm and the thermal conductivity of
cach test region is measured, the quotient obtained by dividing the difference between the
thermal conductivity of the test region having the greatest thermal conductivity and the

thermal conductivity of the test region having the least thermal conductivity by the mean
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20 the bismuth is 10 mass ppm or less. 13. A crucible protection sheet

material comprising a plurality of crucible protection sheets stacked on

each other, each being the crucible protection sheet according to any one

of claims | through 12. 25 44 14. A crucible protection sheet comprising

expanded graphite and being arranged between an inner crucible and an

outer crucible of a crucible having the inner crucible and the outer
vehucibiehdhbeandiblaproiediismshiehbeing afiaradterzed iadthabethd tatéddss.

amount of impurities is 100 mass ppm or less; and 5 among a plurality of

the impurities contained therein, the amount of at least one element of

boron, phosphorus, arsenic, antimony, bismuth, and a metallic element is

3 mas$.pphe sriedde IFoThecrutible protebiignishest accartitigitosclathrough 7,

14, wherein the metallic 10 element is iron or indium. 16. The crucible
vharantibe st erzpovrelingrordiaims 19, svirsrpimtioe lasnount of each of the

boron, the phosphorus, the arsenic, the antimony, the bismuth, the iron,

and the indium is 3 mass ppm or less. 15 17. The crucible protection

sheet according to claim 15 or 16, wherein the total amount of the boron,

the phdsphstug vghilaisetie! the shaghsagrdHe B rAlho R eolr stpigrd | tHeough 8,

indium is 10 mass ppm or less. 20 18. A crucible apparatus comprising an
Wherstetheitsnel amerbe CHmBEiesra B e ensotedersn aseenong a plurality of
_comprising expanded graphite and being arranged between the inner
IBRTEIHRS SRatHRed s er e TR odiBlel e arat R asrsRb thhpietephegphorus,

in that: the crucible protection sheet is a crucible protection sheet
%BMHB‘WW&W@F}L and a metallic element is 3 mass ppm or less.

10. The crucible protection sheet according to claim 9, wherein the metallic

element is iron or indium.

1. The crucible protection sheet according to claim 10, wherein the amount of
each of the boron, the phosphorus, the arsenic, the antimony, the bismuth, the iron, and

the indium is 3 mass ppm or less.

12. The crucible protection sheet according to claim 10 or 11, wherein the total
amount of the boron, the phosphorus, the arsenic, the iron, the antimony, the indium, and

the bismuth is 10 mass ppm or less.
13. A crucible protection sheet material comprising a plurality of crucible

protection sheets stacked on each other, each being the crucible protection sheet

according to any one of claims 1 through 12,
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15, 16, or 17; and 25 the total weight of impurities of the crucible

protection sheet and the outer 45 crucible with respect to the total weight

of the crucible protection sheet and the outer crucible is 30 mass ppm or

less. 19. The crucible apparatus according to claim 18, wherein the outer
crucible is a 5 graphite crucible having a total amount of impurities of 20

mass ppm or less. 20. The crucible apparatus according to claim 18,

wherein 4ha otlieibbs gpeite isasioathameeiringsiteaidainieapaitingna betal arranged

amount of impurities of 20 mass ppm or less. 46
between an inner crucible and an outer crucible of a crucible having the inner crucible
and the outer crucible, the crucible protection sheet being characterized in that:
the total amount of impurities is 100 mass ppm or less; and
among a plurality of the impurities contained therein, the amount of at least one

element of boron, phosphorus, arsenic, antimony, bismuth, and a metallic element is 3

mass ppm or less.

I5. The crucible protection sheet according to claim 14, wherein the metallic

element is iron or indium,

16. The crucible protection sheet according to claim 15, wherein the amount of
each of the boron, the phosphorus, the arsenic, the antimony, the bismuth, the iron, and

the indium is 3 mass ppm or less.

17. The crucible protection sheet according to claim 15 or 16, wherein the total
amount of the boron, the phosphorus, the arsenic, the antimony, the bismuth, the iron, and

the indium is 10 mass ppm or less.

18. A crucible apparatus comprising an inner crucible, an outer crucible, and a
crucible protection sheet comprising expanded graphite and being arranged between the
inner crucible and the outer crucible, the crucible apparatus being characterized in that:

the crucible protection sheet is a crucible protection sheet according to claim 14,
15,16, or 17; and

the total weight of impurities of the crucible protection sheet and the outer
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crucible with respect to the total weight of the crucible protection sheet and the outer

crucible is 30 mass ppm or less.

19. The crucible apparatus according to claim 18, wherein the outer crucible is a

graphite crucible having a total amount of impurities of 20 mass ppm or less.

20. The crucible apparatus according to claim 18, wherein the outer crucible is a

carbon composite crucible having a total amount of impurities of 20 mass ppm or less.
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