SILICON SINGLE CRYSTAL PRODUCTION METHOD TECHNICAL FIELD 5The present invention
relates to a production method of a silicon single crystal. More specifically, the present invention
relates to a production method of a silicon single crystal based on the Czochralski method (hereinafter
referred to as "CZ method") which can prevent occurrence of the dislocations during the separation 10
process from the silicon melt, thereby improving the shape of the separation surface of the produced
silicon single crystal. BACKGROUND ART The CZ method includes steps of heating raw material 15
polycrystalline silicon in a crucible to produce a raw material melt, immersing a seed crystal in the raw

material melt, and finally liftingxp bR Rrogdiiced:siican sinalaensial yrgradually rewinding a wire

attached to the seed crystal. The method further includes growing a cone section with a 20
gradually-extending cone diameter, i.e. an extending-diameter section, which stretches from the
contact surface with th segdﬂcrg/stal, and then growing a straight-body section, i.e. a
constant—diamejfg(r?fsigé %Iﬁ, EWIF%_‘n the crystal diameter has reached a target diameter. The silicon single
crystal is finally sEparRted % HoWeiie PAW Thatdital e EwWASI e TeRgtR St fie StFaigifeBody section
reaches a pred&t&Fhmedienath. Meze corRiehtioralprodtictivrarrthobl thetstep of beparating the
silicon single crystal fonfHss rav naterfalohelt Eiidsto causd a suddealtémpetaturetdrop at the lower
end of the silicétrsiglel30Crystabdwtiichd srthétsepasationssufacesfrom the:siigon melt: This may
result in a considerablyweducederystallizationrratio dueto-the ocawriegceef the slipdisjocations
within the silicog:single crysiakaties beipglifiedypAs.apuniermeasurg fodhis,..anconyentional
production method-35further,ineludes a step of aradually;Rargwing the diameter of the

BACKGROUND ART
The CZ method includes steps of heating raw material
15  pelycrystalling silicon in & crucible to produce a rawmaterial melt,
immersing a seed crystal inthe rawmaterial melt, and finally lifting
up the produced silicon single crystal by gradually rewinding a wire
attached to the seed crystal.
The method further includes growing a cone section with a
20 gradually-extending cone diameter, il.e. an extending-diameter
section, which stretches from the contact surface with the seed
crystal, and then growing a straight-body section, i.e. a
constant-dlametaer section, when the crystal diameter has reached
a target diameter. The silicon single crystal is finally separated
25 from the raw material melt when the length of the straight-body
section reaches a predetsrmined langth.
In a conventional preduction method, the step of separating the
silicon single crystal from the raw material melt tends to cause
a sudden temperature drop at the lower end of the silicon single
30 crystal, which is the separation surface fromthe siliconmelt. This
may result in a considerably-reduced crystallization ratio d‘ué to
the occurrence of the slip dislocations within the silicon single
crystal after being 1ifted up.
As a countermeasure teo this, an converntional preduction method
35 further includes a step of gradually narrowing the diameter of the
silicon single crystal after the growth of the straight-body secticn
5o that the contact surface between the silicon single crystal and

-the raw material melt will be small encugh to avoid the occurrence



silicon single crystal after the growth of the straight-body section so that the contact surface between
the silicon single crystal and the raw material melt will be small enough to avoid the occurrence 2 of
the dislocations, before separating the silicon single crystal from the raw material melt. This narrowed
section is generally called a tail section. However, the tail section is known to cause a decreased yield
ratio 5 since its crystal diameter is smaller than a desired value, and therefore this section is not
considered to be a product. Accordingly, the step of producing the tail section should preferably be
reduced or even omitted in order to increase productivity of the silicon single crystal. 10There already

exist a number of teger&qg@écfé){ir@zdy,ciﬂgfe&@@Eﬁ@ggbﬁngﬁeﬁéagiﬁ‘_iél@ l&ﬂ‘ﬁ?&t%@@%&i?”’ and one of

them includes steps of Jifting up.a crucible containing the raw material. melt at the same lifting speed as
that of the silicogaﬂg%eacré/é:‘,ﬁd éfég{ }gg gfeowth of the stréf@ﬁ%oé?%é@t?oﬁ s aﬁanr@érn%]e‘fﬁng the bottom

15 surface of the S"'Ce%% ?ingle crystal protruding downward, and suppresses the occurrence of the

dislocations during the Separstion of tha aificars SIS oS SEF o mIRE FARSHATEHS RfdH *accordingly
(See the JapanesePatdfit ApHiicatich Bibifcation NG 1360707876132 i Feéeht Yearsatse silicon wafer
diameter is bectRfiFRy REerPF aiftf ldger, idn &S00 pwi derer now ks thermafinproduct. The production
of a silicon singlefciystdiwitiva |large dispneterrgederdiyinvelvesia steengthenedwiatural convection
current within the<facitiexdbe todhe-intreasedweight ofthersilican melt, whieh-tends to cause
dislocations and-a-defatmatiprnof the silicensingleghystak2%aMherefore, various approaches have
been madesto contrekthe: paturpksonveciiamncurient y,means of apalying.a, horizontal magnetic field
to the silicon meff, fgethe purpose of suppiessing:the. dislogations and the deformation,
steps of lifting up a crucible containing the raw matsrial mslt at
the same lifting speed as that of the silicon single crystal after
the growth of the stralght-body section, and rendering the bottom
15 surface of the silicon single crystal protruding downward, and
suppresses the cccurrence of the dislocations during the separation
of the silicon single crystal from the rawmaterial melt, accordingly
{B=e the Japanese Patent Applicaticn Publication No. 20607-176761). "
In recent years, the silicon wafer diameter is becoming larger
20 and lager, and 300 mm wafer now is the main product. The production
of & silicon single crystal with a large—diameter gensrally involves
a strengthened natural convection current within the crucible due
to the increased welght of the silicon melt, which tends to cause
dislocations and a deformation of the silicon single crystal.
25 Therefore, various approaches have been made to control the natural
convection current by means of applying a horizontal magnetic fisld
to the silicon melt, for the purpose of suppressing the dislocations
and the deformation.
However, application of the horizontal magnetic field adversely
30 causes a decreased temperature difference between the center and
the periphea:y of the phase boundary of the silicon single crystal,
compared to its absence, which can prevent the silicon single crystal
from forming a downward convexz shape on the phase boundary, and
therefore disrupts the omission of the tail sectior intended o
35 suppress the occurrence of the dislocations during the separation
of the silicon single crystal from the melt, while achieving the
suppression of the dislocations and the deformation in the
straight-body section,



However, application of the horizontal magnetic field adversely 30 causes a decreased temperature
difference between the center and the periphery of the phase boundary of the silicon single crystal,
- compared to its absence, which can prevent the silicon single crystal from foiming a downward convex
shape on the phase boundary, and therefore disrupts the omission of the tail section intended to 35
suppress the occurrence of the dislocations during the separation of the silicon single crystal from the
melt, while achieving the suppression of the dislocatidns and the deformation in the straight-body
section. 3 In order to solve the above-mentioned problems, the inventors of the present invention
performed intensi\ﬁ%scgggjeq_ﬂs,tgnsqqﬁg%n t\ggrkggv%qt a. p{ggugtiop method allowing for the tr;ansformation
of the whole growth front of the silicon s“lngie crystal faced \{viffh?ﬁéer‘f%lt,tiﬂ?o@‘éeeoﬁ%xcshape
protruding in the Gpposite direction 1 the fifti i Aifedfich ot e SHRGFSingRe cystakevet under the
influence of the RBFiZOPTAPRTAGREMERERE “FHETRVErtBFstsaliyeachiaves: tive pleseatinvention when
they learned tha?tRE<Separatict oftheSillcom sibutd Trystakfrorfeths 30 melttaking: placeafter the
transformatién ifte theconexshapenwiliatowfohthersuphressionot the dislesations; and hence the
successful omissiorrof the tail seetioim SUMMARN: 15+-he dnvepters pesfoed;intensive. studies
especially in purstlitaé ancrystahgrowia snethed fok aghieving the separation of the silicon single crystal
from the melt at ahighisuecess Jate as welkas the.suppression and the prevention of the dislocations.
As a result, they: finally achieved the suppression qf the 20, dislocations gg& Rﬁe sycce§_$‘ﬁjl omission of
the tall sectign %g{o%r%g the %trgéggtgpgr y section of the silicon slﬁgiee Y&t unags? thsinfluence of
the horizontal mvg%qegc_le?g With 3 magnetic 1Tux dend F_t%%ddﬁ@ti&lé%rﬂ@?ﬁé‘in@b@@@al to or more
than 1000 Gauss. and eftialffs ortesE HIT360erGRusEerddacniy Herelatwe I5ifingspeed of the
silicon single cry&taft5the’sqfateiortRe nisk 1650 RfAtinete maintaining the static state until there is
a decrease in the apparent, weight of the silicon single crystal; further maintaining the static state so
that the whole gf8#thR¥ont of the silicon single crystal faced with the melt will forma convex 30 shape
protrudingiA the direction-oppesite=tecthendifting elirection afdhe silicon single.crystal,apd.finally
separating the silicoB:Sipgle QW@E%@%%%EI}QQ@MW:LW the separation of the silicon
single crystal from the malt at a high success rate as well as the
suppression and the prevention of the disiocations.
As a result, they finally achieved the suppression of the
2¢ dislocations and the successful omission of the tail section by
growing the straight-body section of the silicon single crystal
under the influence of the horizontal magnetic field witha magnetic
flux density at its magnetic center being equal to or more than 1000
Gauss, and egual to or less than 2000 Gauss; reducing the relative
25 lifting_ speed of the silicon single crystal to the surface of the
melt to 0 mm/minute maintaining the static state until there is a
decrease in the apparent weight of the silicon single crystal;
further maintaining the static state so that the whole growth front
of the silicon single crystal faced with the melt will form a convex
30  shape protruding in the direction opposite to the 1ifting direction
of the silicon single crystal: and finally separating the silicen
single crystal from the melt.



3a According to an aspect of the present invention, there is provided a production method of a silicon
single crystal based on the Czochralski method, comprising steps of: 5(1) growing a straight body
section of said silicon single crystal by lifting up said silicon single crystal, (2) reducing the
relative lifting speed of said silicon single crystal to the surface of said melt to 0 mm/minute, after
10said step (1) ; (3) measuring the apparent waight of the silicon single crystal and maintaining
the static state where the relative lifting speed of said silicon single crystal is kept at 0 15 mm/minute

until there is a decrease in the apparent weight of said silicon single crystal, after said step (2);
(4) further mairftairftg <2 SRR stERPES that thERFh SIBGIBWth Frof ot <id siiedFesingle crystal faced

with 20 said meltwill fierinearconiexcshapegriotriidifc i the appedite; tireatiost tal the diftihg direction of

said silicon single crystal, giter said.step.(3) whetgin.a;harizontalL magnetic field is applied to a raw
material melt.contained in a crucible at least during steps (1) to (4), the horizontal magnetic field 25

having a magnetic fhb( density at its magnetic center which is equal to or more than 1000 Gauss, and
equal to oBless than 2000 Gaussianda straigqB) sepdratiFrrsaithsilidorssingle thystahfrom said

30melt, after saig:step (4EEEEGT, OR INVENTION, 1 Ehe present uwentionalaws for an appropriate
control of the natural convection current in the melt and consequently
(2} reducing the relative lifting speed of said silicon
single crystal to the surface of saidmelt to 0 mm/minute, after
10 said step (1);

(3) measuring the apparent weight of the silicon single
crystal and maintaining the static state where the relative
lifting speed of said silicon single c¢rystal is kept at 0

15 mm/minute until there is a decrease in the apparent weight of

said silicon single crystal, after said step (2);

(4} further maintaining said static state so that the
whole growth front of said silicon gingle crystal faced with
20 said melt will form a convex shape protruding in the opﬁosite
direction to the lifting direction of said silicon single
crystal, after saild step (3}, wherein a horizontal magnetic
field is applied to a raw material wmelt contained in a crucible
at least during steps (1) to (4), the horizontal magnetic field
25  having a magnetic flux density at its magnetic center which
is equal to or more than 1000 Gauss, and equal to or less than

2000 Gauss; and

(5} separating said silicon single crystal from said

30 melt, after said step (4).

EFFECT OF INVENTION
The present invention allows for an appropriate control of
the natural convection current in the melt and conseguently
35 the suppression of the deformation and the dislocations in the
straight-body section, by lifting up the produced silicon

gingle



35 the suppression of the deformation and the dislocations in the straight-body section, by lifting up the
produced silicon single 4 crystal under the influence of the horizontal magnetic field with a magnetic
flux density at its magnetic center being equal to or more than 1000 Gauss, and equal to or less than
2000 Gauss. The present invention also allows for the suppression of the 5 dislocations and
consequently the successful omission of the tail section, by suspending the relative movement of the
silicon single crystal to the surface of the silicon melt until there is a decrease in its apparent weight,
and maintaining the static state so that the while growth face of the silicon single crystal will forma
convex 10 shape-peatsudingdn the.oppesite. directian Lofhe: fting direction of the silicon.single crystal.
BRIEF DESCRIPLION.OF THEDRAWINGS FIg.d Is.gchemalic view of g siico SIaie crysta
production 15 exggigmcqlrgna%%d|ngtosana%rgbgqulerﬁer% oi:[ﬁti grgsegt_ mgen ion. Fig. 7'is'a flowchart
showing a produc,ggn method of a sﬁcbn single’cr stal ac“cord?ngiioai‘he gﬁwap§d‘i‘ﬁ?§nt. Fig. 3isa
partially-enlarged schématic view Showiy &nape*thaktesor thé grovrreRBhtdf the Sificon single
crystal. 20Fig. 47 A5t SHEWirRy RFCERERTHE bR the et Froreb e silidor singfd Erystal whose
tail-section has T&ffed 18- bRvofHitiet] o FighBris algietire SHowing arf examplé ofthe growdh front of the
silicon single crysteif@hdsethdl-secliorehas teen Successhilly omittedn25: is a decrease

in its apparent weight, and maintaining the static state so that

- the while growth face of the silicon single crystal will form a convex

10 shape protruding in the opposite direction to the lifring direction
of the silicon single crystal.

BRIEF DESCRIPTION OF TEE DRAWINGS
Fig.l igs 2 schematic view of a silicen single crystal production
15  eguipment according to an embodiment of the present invention.
Fig. - Z is a flowchart showing a production method of a silicon
single crystal according to the swbodiment.
Fig.3éjsapartially—enlargedschematicviewshcwingshapechanges
cf the growth front of the silicon single crystal.
20 Fig. 4 is a picture showing an example of the growth front of the
silicon single crystal whose tail-section has failed to be omitted.
Fig. 5 is a picture showing an example of the growth front of the
silicon single crystal whose tail-section has been successfully
omitted.
25
DETAILED DESCRIPTION
An embodiment of the present invention will be described below
with reference to the attached drawings. Referring te Fig. 1, the
silicon single crystal production sgquipment 100 according to the
30  present embodiment produces z silicon single crystal 2 based on the
CZ method. The silicon single crystal production equipment 100
includes a crucible 30 for containing melt 32, a driving unit 10
for not only lifting up/down and rotating the silicon single ¢rystal
2 but also rotating the crucible 30, and a magnetic field genarating
35 unit 50 for generating the magnetic field applicable to the melt
32. '
The silicon single crystal production egquipment 100 alsc includes
& contreller 1 for controlling not only the lifting movement and



DETAILED DESCRIPTION An embodiment of the present invention will be described below with
reference to the attached drawings. Referring to Fig. 1, the silicon single crystal production equipment
100 according to the 30 present embodiment produces a silicon single crystal 2 based on the CZ
method. The silicon single crystal production equipment 100 includes a crucible 30 for containing melt
32, a driving unit 10 for not only lifting up/down and fotating the silicon single crystal 2 but also rotating
the crucible 30, and a magnetic field generating 35 unit 50 for generating the magnetic field applicable
to the melt 32. The silicon single crystal production equipment 100 also includes a controller 1 for
controlling not anly the:lifting, mevement and. the retation.ofthe siliconsingle.crystal 2 and the rotation
of the crucible 39, bath,driyep %_tg‘éﬁfi\é@%ﬂité&t@%t@ﬁ%ﬁq horzontal magnetic figld generated by
the maanetic field. generaing.uit-20.2 [he sllicoh, sindle el production adipment 500 also
includes a chamber 20 for containing the cracible 30 and the sificon smgfe crystal 2 hieafers 42 placed
along the side wall of t?j‘e,crucibje 30, heaters 44 placed under the crucible 30, and a heat insulator 26
attached to'the sitieSwiit A thefhierbétion S chiffsarieaen Hh8 &litorsmgreerystal
production equipieHEET03ACIade°a Wite T AU fromciie fop o tive Kambeic2o, slnalight measuring
unit 5 for measGtkgthe apgEent Weightraftrdsiicor shtglescrstak 2] aptl tehuck Giattached to the
tip of the wire 3¥or hekingssdédrlscrstah8er Tire weightheasuriagaunitizis typically-atoad cell. The
apparent weight és caleulatedcby:subtsagtingihe bueyancy: ahthe ypels2 fromrthe.gsess weight of the
silicon single crystal 2. The silicon single crystal production equipment 100 also includes 20 a gas inlet
22 of the chambey:20 for; taking; ininert gas.«a 93s.Qutiet 24.far disGhargingths, ineyt gas from the
chamber 20, ang Araclfyipg eyindel 60,01 es(iying e Ineyt gagflow, The fnerf gag s typically Ar
gas. The melt 3& Ji%ra rrcpeealguog{gg\;,v{Hgteaggggg%?r%gg%ggeo? Itoen'silicon single ¢rystal '
2, and a chuck 6 attached to the tip of the wire 3 for holding seed
15 crystal 8.
The welght measuring unit 5 is typically a load cell. The apparent
weight is calculated by subtracting the buoyancy of the melt 32 from
the gross weight of the silicon single crystal 2.
The silicon single crystal production equipment 100 alseo includes
20  agas inlet 2Z of the chamber 20 for taking in inert gas, a gas outlsat
24 for discharging the inert gas from the chamber 20, and a rectifying
cylinder 60 for rectifying the inert gas flow. The inert gas is
typically Ar gas.
The melt 32 is a melt of raw material polycrystalline silicon.
25 The cracible 20 is typically made of synthetic guartz glass. The
base of the crucible 30 is connected with an axis 34 for supporting
_the crucible 30. The rectifying cylinder 60 is located above the
crucible 30 and substantially fomms a zircular truncated cone.
A driving unit 10 includes a winder 12 for winding up/down the
30 wire 3 and a crucible driver 14 for rotating the crucible 30.
The winder 12 is capable of rewinding and rotating axially the
wire 3 at the same time. The axis 34 is connected to the crucible
driver 14, and the crucible 30 can be rotated by the crucibls driver
14 via the axis 34. _
35 The magnetic field generating unit 50 includes a pair of coils
52. The palr of coils 52 is placed outside the chamber 20 to sandwich
the chamber 20. The magnetic center L2 of the horizontal magnetic

field generated by the colls 532 is substantially perpendicular to



25 The crucible 30 is typically made of synthetic quartz glass. The base of the crucible 30 is connected
with an axis 34 for supporting the crucible 30. The rectifying cylinder 60 is located above the crucible
30 and substantially forms a circular truncated cone. A driving unit 10 includes a winder 12 for winding
up/down the 30 wire 3 and a crucible driver 14 for rotating the crucible 30. The winder 12 is capable
of rewinding and rotating axially the wire 3 at the same time. The axis 34 is connected to the crucible
driver 14, and the crucible 30 can be rotated by the crucible driver 14 via the axis 34. 35The magnetic
field generating unit 50 includes a pair of coils 52. The pair of coils 52 is placed outside the chamber
20 to sandwich the chamber 20: ¥ her magnetic centesd 2:0f.4he harjzental;:magnetic field generated by
the coils 52 is sulstantiajiperpendisulanto -8 the cantralaxis L&Q&SBQ Silicon, single.crystal 2. The

magnetic field geRerafing Jnit bQ.is,capate.of movipoio and downal 2000 e enltabags L of the
silicon single crygstal 2@0% E%he Iposftl n of the magnetlc center L2 L2 w shifted along 5 the central

axis Li of thg &I{ﬁon smg (Erysta e Qon?ro?ler 1S electronica onnect%defloafﬁg Winder 12, the
heaters 42,44, the crucible driver 14, andtt 2 Magiiatic fiskf terdrdtirty uhit 50. The controller 1 is
capable of controﬁlr?g tRE TEihTing sﬁe@&ﬁﬁﬁ?’ﬁ’r&%ﬂré‘ FANeerotetior? difeetibH 6f thé dvire 3, and the
rotation speed oF'tESFTETS, f1é: therlififtRy Speeth oF tHeisiReohisimgie shpsted 2i¢headtitioh direction of
the silicon singlé=&Rstal-2g aiel thé fotation speed of the silicon single crystal 2 - by means of the
winder 12 The contrellier I is capable of controlling the rewinding speed

10  of the wire 3, the rotation direction of the wirs 3, and the rotation
speed of the wire 3, i.e. the lifting speed of the silicen single
crystal 2, the rotation direction of the silicon single crystal 2,
and the rotation speed of the silicon single crystal 2 ~ by means
of the winder 12.

15 The contreller 1 is alsc capable of controlling the rotation
direction and the rotation speed of the crucible 30 by means of the
crucible driver 14.

The controller 1 is also capable of controlling the position of
the colls 52 along the central axis L1 of the silicon single crystal

20 2, i.e. the position of the magnetic center L2 of the horirzontal
magnetic fleld.

The controller 1 is also capable of controlling the magnetic flux
density at the magnetic center L2 of the horizontal magnstic field
‘sc that it will be equal to or more than 1000 Gauss, and egual to

25 or less than 2000 Gauss.

The controller 1 is also capable of controlling the output power
of the heaters 42, 44, and controlling the temperature of the melt
32 by adjusting the output power of the heaters 42 with the output
power of the heaters 44 kept constant.

30 The controller 1 is electronically connected to the weight
measuring unit 5, and is capable of monitoring the apparent weight
of the silicon single crystal Z.

The controller 1 mainly comprises a CPU and a memory device, and
is capable of storing the system operations of the whole silicon

35, single crystal production equipment 100 into the memory device.

The controller 1 is typically a PC or an EWS (Engineering Work
Station). The silicon single crystal producticn meihod described
below can be implemented by the contreoller 1 fox contrelling the



15The controller 1 is also capable of controlling the rotation direction and the rotation speed of the
crucible’30 by means of the crucible driver 14. The controller 1 is also capable of controlling the
position of the coils 52 along the central axis Li of the silicon single crystal 90 2, i.e. the position of the
magnetic center L2 of the horizontal magnetic field. The controller 1 is also capable of controlling the
magnetic flux density at the magnetic center L2 of the horizontal magnetic field so that it will be equal
to or more than 1000 Gauss, and equal to 25 or less than 2000 Gauss. The controller 1 is also
capable of controlling the output power of the heaters 42, 44, and controlling the temperature of the
melt 32 by adjusting:the,guiputpoweref the heaters 42 with the output power of the heaters 44 kept
constant, S0The gaairelief Jyis glecupnically sannegied 49 e weloht feasring uillo, and is capable
of monitoring the apparent wel%pt aof the silico sg%e crystal 2. The controllér T main y comprises a
rding To g present 2} ents . -
CPU and a memaqry_device, and IS c?p% e of storing the system operations of the whole silicon 35
007

"EGuipment 100 T8 tHe1HemBR ATt E THE Baritrolfet B1gtpically a PC or

single crystal pro ugﬁgﬁ eawpme
an EWS (ERging&riifg Work 'StdtfoRy oPE Sificdhrsifighe TH&ta protiictoRafethsd desckibed below can
be implemented By fife cotfiréMer298F cohtiafing Sre 7 bperatiortep edkiriinitreatHadolowing is a
production methde=cf g3silisohesipipe crimtalactoriptpitotire Presentemipodimentg step
52 of generating the melt 32; and a straight-body section growing
step 83 (or step (1)} of growing the straight-body section 4 of the
10  silicon single crystal 2. The production method alse includes a
stspension step 34 (or step [2)); a first static-state maintaining
step 55 {or step (3)); & second static-state maintaining step 56
(or step (4)); and a separating step 87 {or step (3)) of separating
the silicon single crystal 2 from the melt 32, all of which are
15 intended to omit the tail-section of the silicon single crystal,

The inert gas filling step S1 includes steps of ssaling the chamber
20, and taking in the inert gas through the gas inlet 22 in parallel
with evacuating the chamber 20 through the gas cutlet 24 using a
vacuum pump (not shown) in order to create the inert gas atmosphere

20  inside the chamber 20.

The inert gas atmosphere inside the chamber 20 is maintained by
an inert gas flow intco the chamber Z0 in the siteps afterwards.

The melt producing step 32 which follows the inert gas filling
step §1 includes a step of generating the melt 32 by melting the

25 raw material injected into the crucibls 30, using the heaters 42,
44,

The straight-body section growing step $3 which follows the melt
preducing step 82 includes steps of growing the straight-body
section 4 of the silicon single crystal 2 by lifting down the seed

30 crystal B to immerse it urder the surface of the melt, using the
winder 12, and lifting up the silicon single crystal 2 from the melt
32 using the winder 12 under the influence of the horizontal magnetic
field applied to the melt 32 which has a magnetic flux density at
its magnetic center L2 being equal to or mere than 1000 Gauss, and
35 equal to or less than 2000 Zauss.

The silicon single crystal 2 and the crucibie 30 rotate axially
in the opposite directions to each other,

The straight-body section 4 of the silicon single crystal 2 is



Referring to Fig. 2, the production method according to the present 5 embodiment is to produce a
silicon single crystal based on the CZ method, and includes an inert gas filling step Si of creating an
inert gas atmosphere inside the chamber 20; a melt producing step 52 of generating the melt 32; and a
straight-body section growing step S3 (or step (1)) of growing the straight-body section 4 of the ID
silicon single crystal 2. The production method also jncludes a suspension step S4 (or step (2)); a first
static-state maintaining step 55 (or step (3)); a second static-state maintaining step S6 (or step (4));
and a separating step 37 (or step (5)) of separating the silicon single crystal 2 from the melt 32, all of
which are 15 intergesd:ie-amitithe tail-section of the silicon single erystat. . Thesinert gas filling step 51
includes steps af sealing:the.chamber 20, and.taking,in.the inert gas thrqugh the gag jnlet 22 in parallel
with evacuating_the chamber,20 thrquahthe, gas oulet, 24 using.a vagium, pump, (not shown) in order
to create the inerf gas atmosphere 20 inside tpg_ghamber g% Eﬁggnerf) gas atmospﬁerg inside the
chamber 2Q is maintained by an inert gas How into the chamber 20T the SepsAfteRivatds. The melt
producing step 37 ViRichTgWEThS et Gats Tt Slep B THEHEE B5idp b yénertingethe melt 32 by
melting the 25 r&whatefaPhjétieF it 7 ttG8ible 30, using the heaters 42, 44. The straight-body
section growing stép 33 s#kieh-foll cWwsRhé‘nigit pFodaéirystep 8 2 dddes-Stepis efgrowing the
straight-body sectish™d of the siiconsingte crystal? by ftidg-dowrt thke iseiad 30 spgstal 8rto immerse it
under the surface=of the melts Using theywinder 12, andiftingtp thetsiicomnsivglr-crystak2 from the
melt 32 using thewindenk? undenthe irfleence ofthg horizental magnetic field.applied to the melt 32
which has a magneticsflux density at isJnagnetic center L 2.heing egualfo.qn more than 1000 Gauss,
and 35 equal ta.orless than.2000,6auss, . Ihe silicon single crystal 2 %?lde the cryciblle 30 rotate axially
in the opposite dligetions to,gach otier, T Sitaighisbody seelion 4 gL e siicon Single Grystal 2 is a
cylindrical porti8n With, a near tgin@%}nt diameter in the ,wegﬂgn para\{ﬁeftLo he~cer‘r?ral axis LI of the
silicon single crystal 2~ The stfaight-heay SECHISIT GT6hiRg Stép B3 TREMTEs F48iF GFgrdfing the
straight-bgay SELORK ﬁﬁ@ﬁ}tﬁecaya?rﬁ%g

The second static-statemaintaining step S€ which follows the first

e?dﬁeasured.by the weight measuring unit 5.

static-state maintaining step S5 includes a step of continuing to
maintain *he static state so that the whole growth front of the
silicon single crystal 2 faced with the surface of the melt 32 forms

20 a convex shape which protrudes in the opposite direction te the
lifting direction of the silicon single crystal 2 is pulled
(hereinafter referred to as “downward convex shape” for
gimplification).

The suspension step S84, the first static-state maintaining step

25 85, and the second static-state maintaining step 86 are executed
under the influence of the horizontal magnetic field applied to the
melt 22 having a magnetic flux density equal to or more than 1000
Gausgs, and squal to or less than 2000 Gauss, like the straight-body
sectiocn growing step S3.

30 Apart from the present embodiment, the suspension step 54, the
first static-state maintaining step 85, and the second static-state
maintaining step $6 can alsoc include & step of cutting off the
horizontal magnetic field, but this may be attributed to 2 current
change in the melt 32, and it may cause the dislocations.

35 In the present embodiment, the suspension step $4, the Ffirst
static-state maintasining =ztep 55, and the second static-state
maintaining step 56 should preferably involve continued application

of the horizontal magnetic field in order to prevent the dislocations,



5 the silicon single crystal reaches a predetermined value after the formation of the cone section. The
suspension step 54 which follows the straight-body section growing step 53 includes a step of
reducing the lifting speed of the silicon single crystal 2 to 0 mm/minute in the state where the 10
upward and downward movement of the crucible 30 is suspended. The first static-state maintaining
step 55 which follows the suspension step 54 includgs a step of maintaining the static state where the
lifting speed of the silicon single crystal 2 is kept at 0 mm/minute until there is a decrease in the
apparent weight of the 15 silicon single crystal 2 measured by the weight measuring unit 5. The
second static-statedpaintaining step 56 which follows the first static-state maintaining step 55 includes
a step of continuingdo.maintainthe stafie state so-that the ywhalegrowth front, of the silican single
crystal 2 faced with the: surface of the pglt 32 forms 20, a.canve; s@@(gpe which pratrudes in the
opposite dlrectlggitaglthre jgfatjcr}_% q%reocglon gf StQE.SC:I|ICOQi%In EI‘e gr_%g %I 2 15 %Jlllet hereﬁlnabtle‘! referred to
as 'downward convex shape” fBr slmpﬁﬁlcatlo_n .Qﬁ]e sugs ension stlep 5 ,the irst static-State
maintaining’step 2555, aenggfﬁgs§"é:(:@or?&rs?3ﬁ%-§t%t§Dm?a‘?r#t)baiﬁiwétep 56 are executed under the
influence of the hOFZoTBFATagHELE Féld Hppléd T0 thelhidie 32 Radiiy acmiigidtic fitat@ensity equal to
or more than 10067 Gau8s arkd By tial to6r S thareZedd G atisss liketre strailyhtcboeySection
growing step 53. 30Apartframiihedprésent embodimeritsthe suspension step Bdr¢he first static-state
maintaining stepi35ianddhe secend:statictstate. maintaining step 56 can also include a step of cutting
off the horizontal veagpeticdfiels, ut.this roay baatiribyied4e a currentebangeinthe-mekt 32, and it
may cause the gdiglogations. 3higithe presentembodiment the,syspension step,o¢. dhefirst static-state
maintaining step5, g@dtmecﬁgpgggaétﬁiﬁzgt%t@egaée_t%li@éngléggpi%%@etﬂgmmefefab'y involve
continued applicafion,of the; horizontal magngfic field in arder.ta,prevent the dislocations,
crystal Z forms a convex shape which protrudes in the direction
15  paraliel to the lifting direction cf the zilicon single crystal
(hereinafter referred to as “upward convex shape” for
_ simplification) in the straight-body section growing step 33.
As shown in Fig. 3 (B}, the growth front 7 starts to grow in ths
oppesite direction to the 1ifting direction of the silicon single
20 crystal when the 1ifting speed of the silicon single crystal Z reaches
0 mm/minute in the suspension step 54.
ARs shown in Fig. 3 [(B) and Fig. 3 {C), the upward convex shape
of the growth front 7 is gradually reduced to become substantially
flat, i.e. the growth front 7 is substantially aligned with the fluid
25 surface 9 of the melt 32 in the first static-state maintaining step
55. The growth front 7 then transforms into a downward convex shape,
and ends up being located under the fluld surface 9.
The Silicon,single crystal 2 1s free from the bucyancy of the melt
32 and its apparent welght gradually increases with the reduction
30 of the upward convex shape of the growth front 7 due to the growth
of the silicon single crystal 2 as long as the growth front 7 is
located above the fluld surface 9. However, it is assumed that the
silicon single crystal 2 is given the buoyancy of the melt 7 and
its apparent weight starts to decrease when the growth from:t 7

1
[#4]

transforms into a downward convex shape to be located under the Fluid
surface 9.

As shown in Fig. 3 (D), the whole growth front 7 transforms into
a downward convex shape due to the maintained static state in the



9 accordingly. The suspension step 34, the first static-state maintaining step 55, and the second
static-state maintaining step 36 also involve  axial rotations of the silicon single crystal 2 and the
crucible 5 30 in the opposite directions to each other.. The separating step 37, which follows the
second static-state maintaining step 36, includes separating the silicon single crystal 2 from the melt
32 by suspending the rewinding of the wire 3 and liftipg down the crucible 30. 10Referring to Fig. 3, the
shape changes of the growth front 7 of the silicon single crystal 2 from the straight-body section
growing step 33 to the separating step 37 are described below. As shown in Fig. 3 (A), the growth
front 7 of the silicansinglesetystat 2-orms a-canyey shape sghich protrudes in the direction 15 parallel
to the lifting directipa-0f the silican single erystalibereinafter raferred do-asupward convex shape” for
simplification) iny the straight-nady.secion:growing sten.nd- . As shown niFid, 3 .(BL. the.growth front 7
starts to grow ”LHA% o%%s%g dlrt%ctron to the, H;‘:ln{%dlrectl?n of th%sih%on smgle 20 %roy%tal when the
lifting spee(% of the slli rg{s%ng le ch%s 2 rggc /mfinute 1h the stspension ste As shown in
(3(%) fup & 6f the growth ?ronatt’f?’s g?adu%ﬁlf?@&ﬁced to

Fig. 3 (B) and Fi he u Ward Convex's a & 6f the grow

become substaﬁﬁ%ﬂ%? PB- th%tﬁr%ﬁ?f"ﬂtaﬂscgﬂﬁﬁa‘?‘ﬁl%ﬁﬁ/ PR SththEHIaRF 95 8urface 9 of
the melt 32 in t17é first taticstate RABRtAATY 8t 55. e gl Frontiotiem iran$torRss into a
downward convése shpe, it ends ur beirg- foshted umder thedfiuielseirfase 9. the first

static-state maintaining step S5 and the second static-state
10 maintaining step S6.
The following is a description of Example 1 and 2 as well as
Comparative Examples 1-4 of the actual production of silicon
| single crystals according teo the above~described silicon single
crystal production method.

15 In Examples 1, 2 and Comparative Examples 1-4, 240 kg of the raw
material was injected into the crucible 30 made of synthetic quartsz
glass, and the inner pressure of the chamber 20 was raduced to 70
mbar. _ '

In each of Examples 1, Z and Comparative Examples 1-4, the silicon

29  single crystal 2 was produced under the influence of the horizontal
magnetic field applied to the melt 32 having a different magnetic
density from one ano*nnr The diameter of the produced silicon single
crystal 2 was 450 mm.

The magnetic flux density was set at 3000 Gauss in Comparative

25 Examples 1 and 2, 3800 Gauss in Comparative Example 3, and 500 Gauss
in Comparative Example 4.

On the other hand, the magnetic flux density was ssat at 1000 CGauss
in Example 1, and 2000 Gauss in Example 2.
Takble 1 shows the regults from Examples 1, 2 and Comparative Examples

30 1-4.



The silicon single crystal 2 is free from the buoyancy of the melt 32 and its apparent weight gradually
increases with the reduction 30 of the upward convex shape of the growth front 7 due to the growth of
the silicon single crystal 2 as long as the growth front 7 is located above the fluid surface 9. However,

it is assumed that the silicon single crystal 2 is giv]ejn

the buoyancy of the melt 2 and its apparent

weight starts to decrease when the growth front 7 35 transforms into a downward convex shape to be
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On the other hand, the magnetic flux density was set at 1000 Gauss in Example 1, and 2000 Gauss in
Example 2.  Table 1 shows the results from Examples 1, 2 and Comparative Examples 301-4. 11
12 As shown in Table 1, the generation of thestraight-body section was successful in Examples 1 and
2 with the magnetic flux density being equal to or more than 1000 Gauss, and equal to or less than
2000 Gauss. 50n the other hand, the deformation and the dislocations in the straight-body section
occurred in Comparative Example 1, 3 and 4 with the magnetic flux density being less than 1000
Gauss, and more than 2000 Gauss. Accordingly, it is understood that the magnetic flux density 10
should be preferabiy equatta or rapre thani0O0;Gaiss: :and equaldo-erless. than 2000 Gauss, and
this flux density range sanachievedbessuppression ot the deformation and dislggations in the
straight-body sectiog. 45,0n the.other.hand. it anpgars that 2 magnetic flux density less than 1000

Gauss tends to causg the defgrmatign of the silicon single crystals 2; and a magnefic flux density more

than 2000 G%uss tgrqdﬁs[_lgo reverljt %Stg(&%vgt%er nt 7 from transforming into the downward convex

shape. 20In Comparative EXample 3- the omission of the tall Sectiomwas fidt Lliktessful while the

deformation and 'diSIGEARGAR IRt/ sHETTHEB oty 8eEion WererBippreSSed*2e thé other hand, the
omission of the tAf 82ttt ahBtRe Bt ssiohBrihe vifdcatibrsintthe St Gsubady section 25 were
both successful #REEXEMpléESAnanblR, Causs.

Accordingly, it is understood that the magnetic flux density

10 should be preferably egual to or more thanlQ00 Gauss, and equal
to or less than 2000 Gauss, and this flux density range can
achieva the suppression of the deformation and dislocations in

the straight-body section.

15 ©On the other hand, it appears that a magnetic flux density less
than 1000 Gauss tends to cause the deformation of the silicon
single crystals 2; and & magnetic flux density more than 2000
Gauss tends to prevent the growth front 7 from transforming into
the downward convex shape.

20 In Comparative Example 2, the cmission of the tail ssction
was not successiul while the deformation and dislocations in
the straight-body section were suppressed.

On the other hand, the omiszssicn of the tail section and the
suppression of the disleccations in the straight-body section

25 were both successful in Examples 1 and 2.

In the examples which resulted in the failed omissicn of the
tail section, the growth front 7 admittedly transformed inte
the downward convex shape to some extent as shown in Fig. 4,
kit the separaticn of the silicon single crystal 2 from the melt

30 32 still had to take place before the adequate transformation
of the whole growth front 7 as the downward convex shaps in this
example was formed by the partial growth front 7 but nor the
whole growth front 7.

On the other hand, in the examples which resulted in the

35 successful omission of the tail section, the whole growth front

7 transformed into the downward convex shape as shown in Fig.



In the examples which resulted in the failed omission of the tail section, the growth front 7 admittedly
transformed into the downward convex shape to some extent as shown in Fig. 4, but the separation of
the silicon single crystal 2 from the melt 30 32 still had to take place before the adequate
transformation of the whole growth front 7 as the downward convex shape in this example was formed
by the partial growth front 7 but not the whole growth front 7.  On the other hand, in the examples
which resulted in the 35 successful omission of th&tail section, the whole growth front 7 transformed
into the downward convex shape as shown in Fig. 13 5, and therefore the occurrence of the
dislocations in the straigbi-nadi:sectina was-prepery stppressesh dusingsthe sepatation of the silicon
single_ cry_stal 2 f@%ﬁ@%{ngw,S%M%@&{]d,%@tlgﬂ&@ﬁlﬁggcg%t}_& Q@gig@[ﬂgﬁ@%@@etic field. 5The _
following is a deggtiptiop; of the effects;exered.by fhe Present embodiment.,.Ihe present embodiment

can achieve the controlled natral cusrentt 1o the melt 329y lifting up fhe silicon single crystal 2 under
the influenc% of ﬁ@hréo%%tal.ma%netic field Wié%a 10{“{%%”6?% lux dens%g) inqpqual to or more
0

f
than 1000 Gauss, and equé)qu“ongr ess than Bauss; there ?/cgﬁoﬁﬁét e LS‘u@ppress.ion of the

deformation and®d&6E5AiIGRR IR e Straight-body section 4. The present embodiment can also prevent
the silicon single T8'&rystaf o tising Eepardtedfroft théthefCsd Tefore thetadaquate
transformation ofthesgiowth- oM inte thie HolrwarePcorrex shieies byssasperrtiag the lifting
movement of the silicen singlércrystal? refative tocthier hguid: surtaed of thieemelt 32:until there is a
decrease inthe apparent weightief the gilieon @ single crystalk2 satichmaitaimiagsthe static state
afterwards so thatsheqwhole-grewtbfront £-0f the silicon, single«erystal Zmillfefmthgsdownward convex

shape, thereby allowing forthe suppression.of the.dislocatiqns euan.under theinfluence of the
horizontal magngg'gaf%?gtauggagpg%%qgggtly‘the successful 25 omission of the tail section. The present

invention is not Iimli%% to tggn%melg[%%@%g% gegé:rgiba%% proé’e%e%@d tgeergmriecgncasq ztﬁﬁ Qodified within the
scope of the appen ed?i claim. , :

15 " 'crystal 2 from being separsted from the melt 32 before the
adeguate transformaticon of the growth front 7 into the downward
convex shape, by suspending the 1ifting mevement of the silicon
gingle crystal 2 relative to the liguid surface of the melt 32
until there is a decrease in the apparent weight of the silicon

20  single c¢rystal Z, and maintaining the static state afterwards
sc that the whole growth front 7 of the silicon single crystal
Z2will form the downward convex shape, thereby allowing for ths
supprassion of the dislocations even under the influence of the
horizontal magnetic field and consegquently the successful

25  omission of the tail section.

The present invention is not limited to the embodiment
described above, and therefore it can be modified within the
scope of the appended claim.

For example, unlike in the above embodiment, the driving unit

36 10 can move up/down not only the silicon single crystal 2 but
also the crucible 30. In this example, the crucible driver 14
can also rotate or move up/down the crucible 30, The driving
unit can also 1ift up the cruciblie 30 at the same 1ifting speed
ag that of the silicon single crystal 2 so that the relative

35 speed of gilicon single crystal 2 to the fluld surface of the

melt 32 will be reduced to zerc, and then suspend the relative



For example, unlike in the above embodiment, the driving unit 30 10 can move up/down not only the
silicon single crystal 2 but also the crucible 30. In this example, the crucible driver 14 can also rotate or
move up/down the crucible 30. The driving unit can also lift up the crucible 30 at the same lifting speed
as that of the silicon single crystal 2 so that the relative 35 speed of silicon single crystal 2 to the fluid
surface of the melt 32 will be reduced to zero, and then suspend the relative 14 movement of the
silicon single crystal 2 to the melt 32 for a certain périod_of time. 15 CLAIM 1.A production method of
a silicon single crystal based on the Czochralski method, comprising steps of:

movement of the silicon singlie crystal 2 to the melt 32 for a

certain period of tims.



(1) growing a straight body section of said silicon single crystal by lifting up said silicon single crystal:;
(2) reducing the relative lifting speed of said silicon_single crystal to the surface of said melt to O
mm/minute, after said step (1); (3) measuring'the apparent weight of the silicon single crystal and
maintaining the static state where the relative lifting speed of said silicon single crystal is kept at 0
mm/minute untit3ke¥e is a decrease in the apparent weight of said silicon single crystal, after said step
(2); (4) further maintaining said static state so that the whole growth front of said silicon single
crystal faced with saig mg!jt Cfﬁ/j}lu%rm a co(gg/exﬁshage protruding in the opposite direction to the lifting
direction of said silicon Single crystal. after said Step (3 WhersHT & HorzoRtaltRERMetit field is applied
to a raw materiaPmERTTHEEAEY A aliciBREaT I€ABE dERRF s&ps (1) to (4)1 the horizontal magnetic
field having a magnetic flux density at its magnetic center which is equal to or more than 1000 Gauss,

and equal to or less than 200Q.Gauss; anda; gne(S)h88parating said Osﬂlicggigngslglgrgglgal from said

rnen’aﬁersa“j§g§§ﬁ24%rystal by lifting up said silicon single crystal;

{2) reducing the relative lifting speed of said silicon
single crystal te the surface of said melt to 0 mm/minute,

after said step (1);

(3) measuring the apparent weight of the silicen single
crystal and maintaining the static state where the relative
lifting speed of said silicon single cryetal is kept at 0
mm/minute until there is a decrease in the apparent weight of
said glliicon single crystal, after said step (2}

(4) further maintaining said static state so that the
whole growth front of said silicon single crystal faced with
said melt will form a convex shape protruding in the oppouite
direction to the lifting direction of seazid silicon single
crystal, after said step (3, wherein a horizontal magnetic
field is applied to & raw material melt contained in a
crucible at least during steps (1) to {4}, the horizontal
magnetic field having a magnetic flux density at its magnetic
center which is egual to or more than 1000 Gauss, and equal to

or less than 2000 Gzuss; and

{5) separating said silicon single crystal ZIfrom said

melt, after sald step (4).



