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has an approxi mately constant dianeter, is then grown
by controlling the pull rate and the mslt tenperature
whi | e conpensating for the decreasing nelt |evel. Near

BA@RGW@UWDUFETHEQWEWI@@SS but before the crucible
is enptied of nolten silicon, the crystal dianmeter is
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polycrystalline silicon, or polysilicon, is charged to a crucible and melted, a seed
crystal is brought into contact with the molten silicon, and a single crystal ingot is
grown by relatively slow extraction. After formation of a neck is complete,
decreasing the pulling rate and/or the melt temperature enlarges the diameter of
the crystal until a desired or target diameter is reached. The generally cylindrical
main body of the crystal, which has an approximately constant diameter, is then
grown by controlling the pull rate and the melt temperature while compensating for
the decreasing melt level. Near the end of the growth process but before the
crucible is emptied of molten silicon, the crystal diameter is gradually reduced to
form an end-cone. Typically, increasing the crystal pull rate and heat supplied to
the crucible forms the end-cone. When the diameter becomes small enough, the

crystal is then separated from the meilt.



(0C)) wll dissolve the surface of a silica (Siq 2)
cruci ble containing the nelt. Sone of the dissol ved

W@ 2dob/0BBeevaporates fromthe surface of the nel RCEHESSIID42928
(silicon nonoxide) while s@re of the dissolved silica
becomes i ncorporated into the growing crystal. The

remai nder of the dis oIvdsllc ins i e nmelt. .
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melt acts as a source of oxy en that is found in
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techni que. [0004] Oxygen in the silicon crystal may
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various heat treatnment processes during the
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accordance with the ultinmate application for the
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crystal .[0006] To address this oxygen control problem
maclna;ﬂcalcﬁtrem@& pEsilicen wafers@nd the crystal defects may improve the

yield of conforming products by entrapping contaminants of heavy metals.
Accordingly, oxygen content of the silicon crystal is an important factor for product
quality that should be carefully controlled in accordance with the ultimate
application for the silicon wafers.

[0005] The oxygen concentration in a conventional silicon crystal grown
under Czochralski conditions prevalent in the industry varies along the length of
the crystal. For example, the concentration is typically higher at the seed e.nd
than in the middle and/or at the bottom or tang end of the crystal. In addition,
oxygen concentration typically varies along the radius of a cross-sectional slice of

the crystal.



the use of magnetic fields to stabilize convective

flows in netal and sem conductor nelts for controlling
w@xygereconcent rati on and radi al distribution POI/USI00V@12928

dopant striation, etc. For ¥xanple, the Lorentz force

generated by magnetic fields in a conductive nelt my

ed to d en natural convecti flo nd .

(B8P BT enc o SERE BR.Hend ¥Rl bintemarteiinas been given to
magnetic field configurations used to stabilize _
thedisecefimagnetioliglds to slaniizerqonventye dows, imeejal and sgmiconductor

hori zontal, and cusped. [0007] The axial (or vertical)
metg et ¢antifallisigdoxygeni apncantratiorf ang radigkdis#ib@tiod to remove dopant

generates a magnetic field parallel to the
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1, shown in cross-section, supplies a magnetic field
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silicon nelt 25 fromwhich a crystal 27 1s grown.
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hori zontal (or transverse) magnetic field

cuspsdi guration (e.g., see FIG 2), two nagnetic poles
29 are placed in opposition to generate a nagnetic
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The horizontal configuration has the advantage of
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symmetry. But the axial magnetic field configuration destroys radial uniformity

due to its dominant axial field component.

[0008] In the horizontal (or transverse) magnetic field configuration (e.g.,
see FIG. 2), two magnetic poles 29 are placed in opposition to generate a
magnetic field perpendicular to the crystal-growth direction. The horizontal
configuration has the advantage of efficiency in damping a convective flow at the
melt surface. But its non-uniformity both axially and radially and the complex and
bulky setup make it difficult to apply the horizontal magnetic field configuration in
large diameter Czochralski growth processes.

[0009] The cusped magnetic field configuration (e.g., see FIG. 3) is
designed to overcome the deficiencies of the axial and horizontal magnetic field

configurations. A pair of coils 31, 33 (e.g., Helmholtz coils) placed coaxially above



configurations. A pair of coils 3 1, 33 (e.g
Hel mhol tz coils) placed coaxially aboveand bel ow a
woredobomel4 d | nterface and operated in an opposSEUI/US2005/042928
current node generates a nagnetic field that has a
purely radial field conponent near the nelt surface
and a purely axial field corrponent near the cent
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configuration attenpts to preserve the rotational
gmms@mgneﬁ@ﬁehdygat bawalperely sadiahfieldgompangnt Rear the melt
crystal. However, the effectiveness of the cusped
surfageednidca pusdiyl akial fieldreomspshertt neae treecérter of thelmaelteln this
Furthernore, since the cusp position remains at the
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def|C|enC|es in the prior art and provide control of
urdfiermity avthircthesmefi és geadnadiv redunsic anrtheventoaljys disappgars as the
appl ying a variable magnetic field. In one enbodi nent,

méih deptivie decoraseantonalrds fHeogndwof triystah ggowthcon nel t from
which a crystal is growing via an asymretric magnetic
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crystal-to-ne e axi
adl Nt _at the interface, and the radial variation of
coghgur HOQP- tenperature gradient in the crystal at and
near the interface to achieve a desired interface
shape and val ue. According to aspects of the
invention, a variable asymetric nagnetic field

SUMMARYEORTFHE INVENTION

[0011] Embodiments of the invention overcome one or more deficiencies in
the prior art and provide control of an interface shape between a melt and a
crystal by applying a variable magnetic field. In one embodiment, the invention
controls flow within a silicon melt from which a crystal is growing via an
asymmetric magnetic field having a configuration and field intensity that may be
continuously changed. Embodiments of the invention thus allow manipulation of
the crystal-to-melt interface shape, the axial temperature gradient at the interface,
and the radial variation of the axial temperature gradient in the crystal at and near
the interface to achieve a desired interface shape and value. According to
aspects of the invention, a variable asymmetric magnetic field achieves more

flexibility and capability than any of the conventional magnetic field configurations



flexibility and capability than any of the
conventional nmagnetic field configurationsin

w@ewbnwehd ng the crystal-to-nmelt interface shaper/us2005/042928
Mor eover, an enbodi ment of 3 he invention allows a cusp
position of the magnetic field to be noved either
above or bel ow the cr to-nelt [.nterface base
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magnetic field of the invention conbines the benefits
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whil e avoiding their deficiencies. [0012] A nethod
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t he ingot ifs.bei.n pulled fromthe nelt to control
a"@lfﬁ'?ﬂg%‘%ri@?!ﬁ'lewe ‘he magnetic field relative to a
nmelt-solid interface between the nelt and the ingot
[%03:2 Ipr odubimgthad emsbediding paprcts of theeinventior gpnigols crystal
interface. The desired shape of the nelt-solid
growtreinfaceysial growingcappamatk. |Teegnethafd inbkidies gpiplyinga iikped
I n anot her enbodi nent, a systemfor controlling

magneticield t@uﬁdérmﬁor@dtfdtdﬁmélt fih® Whitth &PRGHGUrYstalling lingt s
first and second coils positioned near a crucible
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field to control cusp position of the magnetic field
of thed eteiltvsoliddnterfaektis adlnction of length of the ingot.
[0013] In another embodiment, a system for controlling crystal growth in a
crystal growing apparatus includes first and second coils positioned near a
crucible containing a semiconductor melt from which a monocrystalline ingot is
grown according to a Czochralski process. The coils apply a cusped magnetic
field to the melt. The system also includes a variable power supply for energizing
the coils. A controller varies the power supply while the ingot is being pulled from
the melt. The variable power supply is responsive to the controller for varying the

magnetic field to control cusp position of the magnetic field relative to a melt-solid

interface between the melt and the ingot. This produces a desired shape of the



interface between the nelt and the ingot. This

produces a desired shape of thenelt-solid interface.
wabmwemdewi4 ed shape of the melt-solid interfacePCBUS2005/042928

function of length of the ihgot. [0014] Yet anot her

enbodi nent i nvol ves a nmet hod for produci ng a
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magnetic field to the nelt while growi ng the ingot and
[¢va1¥] ng tYet amaghet embbidmhenht ingolees amoethod foff produeimgt an
of the ingot, to control a shape of the nelt-solid
moRberysBfihedémRohlacton ﬂﬁzﬁat by dPezoehraIgki BbeEs mrh@enethod
nmelt.” [0015] Anot her d enbodyi ng aspects of the
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fuagtioy phg length 9H the ingghdpicontroka shape of thevareit-sotifdnterface while
nmet hod al so includes varying the nagnetic field while
thelhingotng beingplilsdiigomutheenkelf.r omt he melt to control
cusp position of the magnetic field relative to a
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for producing a desired shape of the nelt-solid
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apparatuses. [0017] O her features will be in
Cré(ﬁ g@qwlng@@pafptgg s soheated c&gﬁlble that includes ag mlconductor

melt from which the ingot is grown. The ingot is grown on a seed crystal pulled
from the melt. The method includes applying a cusped magnetic field to the melt.
The method also includes varying the magnetic field while the ingot is being pulled
from the melt to control cusp position of the magnetic field relative to a melt-solid
interface between the melt and the ingot for producing a desired shape of the
melt-solid interface. The desired shape of the melt-solid interface produces a
desired oxygen characteristic in the ingot.

[0016] Alternatively, embodiments of the invention may comprise various
other methods and apparatuses.

[0017] Other features will be in part apparent and in part pointed out

hereinafter.



her ei naft er. BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0018]

FIG 1 is a block diagramillustrating an axi al
wore@n®tices field to a crystal grow ng appar at uUsPCT/US2005/042928

according to the prior art.7[0019] FIG 2 is a block

diagramillustrating a horizontal magnetic field to a

| r,at ing to the prior art.
BI?[%—‘ZB%S(&F@%@% éagﬁﬂedi&@ﬁgg‘ﬂm illustrating a
cusped magnetic field to a crystajl grovvi_nlg appar at us
[e@k®) di nd & 1tis@ Plerldiagram iflusiratingrnzaxial maghgtic field to a
illustration of a crystal grow ng apparatus and an
crystphgenwisg apparalus gccarding terthegirioeart. of t he present
invention for controlling the crystal grow ng

[GePsy at uskId. @0id Y blbtkdidytamsilladtratingls hoatdraal magastic field to a
exenplary nelt-solid interface having a generally

c %’tﬁ?’ﬁ?&mﬁhﬁ‘%ﬁpéﬁdto b¥€ordthed thBior at0023] FIG 5B is

l'ust an exenplary nelt-solid interface
lNg a al | S | agi I :
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nelt-sol.id interface havin enerally gull-w ng
CriFiabaoWi0e SBPafates SBe0TANG OIS BEIHARgr Am i | 1 st r at i ng

a horizontally dom nated asymmetric nmagnetic field
[&@2b) di nd i 406 @ndiivsitatiannl erystat orowiegtapparatus@pe] an

FIG 6B is an exenplary graph illustrating a power
appasatuskadcoading to an leonbaxbmieat bf/théqresantddverstiomier cootrolling the

magnetic field according to one enbodi ment of the
crystapgiovang app@afls FI G 6C is an exenplary graph

illustrating nelt-solid interface shapes generated by
(G0 | 201R). 1A HUH MASRAiHP o aIPbkeipldr hbIRSARS iftehthcehaving
a generally convex shape relative to an ingot.
[0023] FIG. 5B is an illustration of an exemplary melt-solid interface having
a generally concave shape relative to an ingot.
[0024] FIG. 5C is an illustration of an exemplary melt-solid interface having
a generally gull-wing shape.
[0025] FIG. 6A is a block diagram illustrating a horizontally dominated
asymmetric magnetic field according to one embodiment of the invention.
[0026] FIG. 6B is an exemplary graph illustrating a power distribution in a
horizontally dominated asymmetric magnetic field according to one embodiment of
the invention.
[0027] FIG. 6C is an exemplary graph illustrating melt-solid interface
shapes generated by a horizontally dominated asymmetric field according to one

embodiment of the invention compared to melt-solid interface shapes generated

by a conventional cusped magnetic field.



enbodi nent of the invention conpared to nelt-solid

i nterface shapes generated by a conventional cusped
wore@n®tices fi el d. [0028] FIG 7A is a bl ock di agpemusS2005/042928

illustrating an axially dori nated asymmetric magnetic

field according to one enbodi nent of the invention.

0029] FI 1s an exenpl ar. raph illustrating a

(4RREY | ai ST 0k S DR Sipciarlys B amexa EpmbRtEe
magnetic field according to one enbodi ment of the

asypreelricanagnetissfigld meeprding tosong embogimeant ofdhe imvention.
illustrating nelt-solid interface shapes generated by

[0 EXi al IKIGITB isa@reekeasplaregraph ilusttatingca podendistribubioa in an
enbodi nent of the invention conpared to nelt-solid

aﬂimwaidrﬁmetédwa?eﬁn@mww@gaéti@ﬂela_ AUROVENG it BAL chtlsdtiithent of the
magnetic field. [0031] FIG 7D is an exenplary graph

invdrtiémt rati ng oxygen concentrations generated by an
axially dom nated nmagnetic field according to one

di me he. | i r .
et f%6rS BarLPT bR SPEONGafhg AP pl gertace
magnetic field as a function of crystal | ength. [0032]
ShAPES SinSrated bV tiaply Joinaled peVmETatas ARl SHHiRG o ohe
concentrations generated by a horizontally dom nat ed
embegiement of the ipvertiasn epmpares torreekspbidinteraceshaprs generated
i nvention conpared to oxygen concentrations generated

byty canveantivenat cuspeld magpetit fieldnetic field as a function
of crystal length. [0033] FIG 8 is a block diagram

[oid3d1yst r atFIGY 7D is\am@ienslarpgra hiiI!Fugtiaﬁn% cﬁ)@%@h@oﬂ@eﬁ@ations
one enbodi nent of the iﬁventi gn. [ 0034] FI 9 is an

geREPATBY BhyYarPaAaMy th%ﬁté@méﬁghe?iefﬂ%@ﬁ 28cdté 9 Jrfég%rgbﬂdiment of

gradi ents as a Tunction anges 1n cry
e EREAELIS BRidh RKBBiale R AR LY B ona
cusped magnetic field as a function of crystal length.
[0032] FIG. 7E is an exemplary graph illustrating oxygen concentrations
generated by a horizontally dominated magnetic field according to one
embodiment of the invention compared to oxygen concentrations generated by a
conventional cusped magnetic field as a function of crystal length.
[0033] FIG. 8 is a block diagram illustrating a symmetric magnetic field
according to one embodiment of the invention.
[0034] FIG. 9 is an exemplary graph illustrating changing oxygen radial
gradients as a function of changes in crystal length when a cusp position is above
or below a melt surface and when the cusp position is near the melt surface

according to one embodiment of the invention.



according to one enbodi nent of the invention.[0035]

FIG 10A is an exenplary graph illustrating a
woredobH%®Bh4 d | nterface conpari son between a st arcEDS82005/042928

silicon growth process and ruci ble rotation

nodul ati on accordi ng to one enbodi nent of the

invention. [0036] FIG 10B is an .exenql ar raph. .
(98351 r atk iy 1A Branerertoanl SiaeD (itERdlA rifEEdla interface
rotation nodul ati on accordi ng to one enbodi nent of the
camparitdrobetweepa standard sitieqy aowth aacess anderugible rotation
conventional silicon gromh process. [0037] FIG 10C
modulatioraeopidingy tagore embodimentatfithg inverdiohace v/ Gs of a
cruci ble rotation nodul ati on according to one

[€aPeri ment)f1 0B deesthplafy §eippallgstrdting iﬁteefa‘c@cggzldgﬁes of a

of a conventional silicon growth process. [0038]

crpgibiér&&i&%mag'u tonf 4B h@% eﬁé%@[@%}& Bt/ iRGEiton

ow accordin 0 one enbodi nent o e I nvention r
use in.conbination . with.a cr I ow n rat us
cqfiparsR G ek oRRuPhlsart gt SIAPURRR ERSs
Czochral ski_ process. [0039] Correspondi ng reference
(648 bt er&lG. HOCCBal evaTBRhy AR P ATE RISSTAReo . ohe
drawi ngs. DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0040]
crieibly rdtatipmowdutation@ccordiag & ebe cankadiment st the igvenitian
appar at us enbodyi ng aspects of the present invention

compaiedvto interface wkG gofe camvdntiomal silicayegeveth prodess.
crystal grow ng apparatus includes a vacuum chanber

[d@ds encl asia1g 19is GnksidrhsladPiiow H%zﬁbngmnaaétmgsme%ﬂw

resi stance heater 105 surrounds the crucible 103.
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exanple, in the cl irectijon.as.indicate .
o BRI Paatats B arafing) 4 MBnoshRTIE rdpt AlEbERER 2 zgehratsk
and/ or | ower
process.
[0039] Corresponding reference characters indicate corresponding parts

throughout the drawings.

DETAILED DESCRIPTION OF THE INVENTION

[0040] Referring now to FIG. 4, a Czochralski crystal growth apparatus
embodying aspects of the present invention is shown in block diagram form. In
general, the crystal growing apparatus includes a vacuum chamber 101 enclosing
a crucible 103. Heating means such as a resistance heater 105 surrounds the
crucible 103. During heating and crystal pulling, a crucible drive unit (e.g., a
motor) 107 rotates crucible 103, for example, in the clockwise direction as
indicated by the arrow. The crucible drive unit 107 may also raise and/or lower

crucible 103 as desired during the growth process. Within crucible 103 is a silicon



cruci ble 103 as desired during the growth process.
Wthin crucible 103 is a siliconnelt 109 having a nelt
wo ewelo736i4. | n operation, the apparatus pulls BCHUSINE042928
crystal 113, starting withiga seed crystal 115 attached
to a pull shaft or cable 117, fromthe nelt 109. As is

meb A tonaiinaa cockieyd 45 B Shetplifne e(qasn%?éﬁvas’a&wstaosuagle crystal
drum (not shown), and the other end is connected t
1thsd Iowwtrsa]@mql crysdal hig atachesd tecpult shaft ar cqlals 1a1r7d from the

the crystal 113 grown from seed crystal 115. [0041]
meéhd 08r uks isl lmoldBinathe ast, ogleeeret ¢fsthelpull lshalftaowrecadnle 6 misn
axis of symretry 119. Crucible drive unit 107 can

cdritiettedc by Waly of alPdley! (PBDshd@n )Rl & dA (A6t SHtsvrifehhd U8 other

is depleted to naintain its level 111 at a desired

eiﬁj's?éiwae'fet&{) l?bsé @{\)ﬁja{ 9 i IHBWE hold¥ tlh@rée)édr&%ﬁta?% 5 and the

n a direction opposil
' j I rive unit 107 rotates

m@%%@ﬁ@#@“Tkgf%g%%g?&ggﬁkgéﬁpgtat|on) I n enbodi nents

usi n rotatiaqn, .the st al nit 121 ma

93450 pui 1S SRisile 05 Bhglervstal HEs ek adicradioh s o

in which crucible drive unit 107 rotates crucible 103
syremgtry 1i19. tGricile drivie switdil7cean @wige cnugibleld 08iadeng the axis 119

crystal drive unit 121 raises and |owers the crystal

adlthie meltdt0i9vie depleted to hmmgthinlilsl lexsl titt at adedired heightte A crystal
growt h process. [0042] According to the Czochral ski

drileN@hie 121 léﬁhﬂﬁrlyg'b@dtéb plfl B8R r cAbRURIT irf & dection opposite the
pol ycrystalline silicon, or polysilicon, is charged to

difdiohlh ?vrﬂ&ﬁcrtﬁlmg%gé URRVRY7 PHRBS Y:rd'c%@lss I I%e%eéﬂttﬁ@r-

resi stanc eater and 1 nsulation 1

0. e EHL R S, o 08 R iy o

pUlEShATLS" GHEE 1116, b e ERsUan T Bich otUEiRigEre unit 107
cooling jacket 133, which is fed with cooling water

rotatgmcwmélgem&)ﬁerg 1315thegzi¢¢|@u$@§|rectlon) In addition, crystal drive unit

121 raises and lowers the crystal 113 relative to melt level 111 as desired during
the growth process.

[0042] According to the Czochralski single crystal growth process, a
quantity of polycrystalline silicon, or polysilicon, is charged to crucible 103. A
heater power supply 123 energizes the resistance heater 105, and insulation 125
lines the inner wall of the vacuum chamber 101. A gas supply (e.g., a bottle) 127
feeds argon gas to vacuum chamber 101 via a gas flow controller 129 as a
vacuum pump 131 removes gas from vacuum chamber 101. A chamber cooling
jacket 133, which is fed with cooling water from a reservoir 135, surrounds
vacuum chamber. The cooling water is then drained to a cooling water return

manifold 137. Typically, a temperature sensor such as a photocell 139 (or



vacuum chanber. The cooling water is then drained to a
cooling water return manifold 137. Typically, a

WO eoop@TIiUr e sensor such as a photocell 139  PCT/US2005/042928
(orpyroneter) neasures the ttenperature of nelt 109 at
its surface, and a dianeter transducer 141 rreasures

he dianeter of, sin
py%%“%te&)o'ﬂ??ﬁ'i‘feﬁﬁi‘? teailre fifb%'”ﬁg £i18 SSERE g Uigmeter
y the photocell 139 and t he dj a r sducer 141 .
tfamﬁéu%n Tomeagavies the digpeiss 053}5‘9 ﬁ%?idqg' 3’r prgcegsor such as
anal og conputer; it controls crucible and single
a conjrel mhit d4B\processes the Bignals generaterbby the pb@@@fce&aéwayld the
123, punp 131, and argon flow controller 129. [0043]
diaveteh @ansducdr! 1@ 1. 4Thewcontpglemitm ey beua pregrammed digital or
sol enoid coil 145, and a | ower magnet, such as a

anaf eéH?hSut%P'd cér‘ﬂ?ols E!ﬁ)blth@ Andcsihgle craiedreiuMie) PO and 121,
respectlve y, melt level 111. Ih the illustrated

heg{rgg sect Pgmﬁﬁumééia%%fzn W %?."er1 gshare '
B8 A T kb A R oS o 145

an upper coi | power supply 149 and a | ower coil power

ang @loMer MBAgnet caliah 3 awrarioid soik i hdmay berlgcalsd above and
controlled by control unit 143. [0044] According t

belavhdaspestivelyo methlevehl/ht indhe ibustrated embogiment, the conls 145,
opposite directions in the two solenoid coils 145, 147

147 ostpsvarsl irc erogs+segtien | surfouriddvachiunesiesamber 105 3ndreharel ages with
cooling water to the upper and |ower coils 145, 147

axEfo%ryﬁ\rﬁéﬁ‘y ﬁﬂgg gﬁég'dnﬂgoWéF 86|I§ A% U 7TRANE §’é;§’ar&t°e7 power

ferrous shield 15 rrounds coils 145, 147 in the

S“bf"ﬁ? e e ElmchansThOF 10 Y 1BRRE Kbl phbet Cupoly
158 Paabr URGCIArongard 1 antag ol bieoirudl 144 "0

manuf act yri ng. Advant a geousl y, the present inventiaon
[0R4¢1be udeqotdingicvembedinents ohthe w@atlornqwre@t flows in opposite

substantial portion or all of which is
directions in the two solenoid coils 145, 147 to produce a magnetic field. A

reservoir 153 provides cooling water to the upper and lower coils 145, 147 before
draining via cooling water return manifold 137. A ferrous shield 155 surrounds
coils 145, 147 in the illustrated embodiment to reduce stray magnetic field and to
enhance the strength of the field produced.

[0045] Embodiments of the invention involve producing silicon crystal ingots
suitable for use in device manufacturing. Advantageously, the present invention
may be used to produce silicon crystal 113, a substantial portion or all of which is
substantially free of agglomerated intrinsic point defects. That is, a substantial
portion or all of crystal 113 produced by embodiments of the invention may have a

density of defects of less than about 1x10* defects/cm?, less than about 5x10°



substantially free of agglonerated intrinsic point
defects. That is, a substantial portion or all of
wa@eyshd61413 produced by enbodi nents of the i NRENUSIING/042928
may have a density of defedts of |ess than about 1x1
04 defects/cm 3, |ess than about 5x1 03defects/cm 3,
| ess, t hap about 1x1, 03 defect.s/cm 3, or even,no
deRRB/EE s Sdan SREHL PN ST SREE. B PHEN ABrdRedable,
further enbodinents, the present invention nay be used
agolprpewied intdnsis paint defedisy Imtyrhen smbadinents, fie present
aggl onerated defects that are | arger than about 60 nm
inventidinamay &e. ugedtéGirodeqectystab fl 18 Havprgesarstantiallyrmia on
control the shape of the nelt-solid or nelt-crystal

adolirAefA6@ defct that By lageOthamaboue 6Dirth in areiéter.
suppress the formation of agglonerated intrinsic point

rdRfedct - Addect omeye%tqgﬁér@m%mﬂl the B(ééfgf the meft-solid

I nterface, "I ncluding ne ace 161 . The pe

or b BEREE ARG Bl S B0l bl

ot aear e ono S Vies BT SicToiry
crystal 113 (e.g., a "gull-wng" shape). As described

mejerorstalimterfaset inslyding mettsurfase 16Aapkhe shape ohtbisr intarface
paranmeter for controlling defects during crystal

between mel{ 0081 @hd Isiliconengstaioth Immaty, be tenqaveserdonvex in shape
i nvention enploys nelt convection to affect the

relilVé 16 e erysr anBadmesmanRsoliFtitedate 8Rape hidyseleh béBoth
process of heat transfer in a liquid by the novenent

cogff;a\pé‘ﬁnﬁ IcBRUEX i %ﬁ reldtiveaB&ridtal 1W(§8f}?ggh“@vih§'p§ﬁape).

e
convectl on: natural convention and

CONV. Q). r ] I urs when the
AT R oo b S Rkt B AL i parameter for
esencge of heaters 105 giving rise to density
COEﬁQﬁ!Pe ectgguEBpg %Yﬁ%@'e@gm occurs when the novenent
of the nelt 109 is due to an external agent such as a
[0fdFdet i c Imoapembodiment she present ievantionregngloys melt convection

controlling the magnetic field intensity
to affect the melt-solid interface shape. Convection refers to the process of heat

transfer in a liquid by the movement of the liquid itself. In general, there are two
types of convection: natural convention and forced convection. Natural
convection occurs when the movement of melt 109 is due, for example, to the
presence of heaters 105 giving rise to density gradients. Forced convection
occurs when the movement of the melt 109 is due to an external agent such as a
magnetic field in crucible 103. Accordingly, controlling the magnetic field intensity
may produce a desired melt-solid interface shape.

[0048] For instance, because a magnetic field may affect the flow pattern in
electrically conducting fluids such as silicon melt-109, an embodiment of the

invention uses a magnet (e.g., in the form of coils 145, 147) to affect melt



may produce a desired nelt-solid interface shape.

[ 0048] For instance, because a magnetic field may
wa@bdoent3stde fl ow pattern in electrically condurtT/ng005/042928

fluids such as silicon nel 13109, an enbodi nent of the

i nvention uses a nmagnet (e.g., in the formof coils

145, .147) to affect | tconvecti ng. t hu cha
corupBiRADe Shus chands edR AR LS ABtibuion ihdps Bwely f08, Which in
turn affects the nelt-solid interface shape.
tuereatfects doe malbsplidiptastaceeshapeofAs ﬁ%sqrwrhel@w, embogipents of

control the flow of silicon nelt 109 via an axially
thasyverdioni farthegoarttral tihe 8ow ofisdiconcoelt 10 vie an@xealg asymmetric

field intensity may be conti nuously changed. As such,
mb§Retitelidld WHdsé ddtifiguiation aitbfield ihteasiy hritly Bee oDStirRiowsE

gradient at the interface, and the radial variation of

cHahged X1y sﬂi(ﬁ{mlséaﬁ{éhr L Solff iRfreRE éh% gﬁ;{ﬁlaﬂt@ﬁ]ﬁa@?@' gradient

nedr the intérface may be nanlpul 0 pro

A A FATRER S -

|G 8 s of t resen vention provi
2 all] BSRR BRI INaCP N bR A RUIBle B Bi0EHPe & dRatieg interface
apparatus for producing desired nelt-solid interface

shepgpangd valdec s desciibad pn detatldelew witreferpacaito FIG. 6A, FIG. 7A,

characteristics. [0049] As is known to those skilled
anchF I eB, anbbodimenits obtheqrgsemt! ingzrdiom rbmaid\ea/amibﬂe megnetic fields
have an excess of crystal lattice vacancies ("V') or

wishih it§® BryeedlfgrowRigsapparatus for produchec@ésiiedimen-solid interface
enbodi ments of the present invention, nmanipulation of

srf'aalp@El \tNP&Wlhq brdlBE Geshade %I'dﬁgréé@n&f&‘.’“h of the

stal can e used to contr the 1nit

it g #ef@qﬁftp”ﬁwgﬁsgsﬂhaamé AU g o o

vari ous degrees fro the Lt-solid. interface,
m@l%ﬁ‘i'%’h@V% P FXCeRT € ?W\.SS% ice \g%‘??é}%q VoPe‘i’fe?"ﬁﬁ%e%F'f'
~near solidification. Therefore, if the dom nant point, .
intesstisials €5 Aecoatingto emborisrentsofthe prssest inveption, manipulation

super-saturation and if the nobility of the point
ofcefetttsdlid isteffaice ishapkduningthe growth of the crystal can be used to
control the initial distribution of point defects at the solidification front and the
diffusion path of point defects at various degrees from the melt-solid interface.
The dominant point defect type is generally determined near solidification.
Therefore, if the dominant point defect concentration reaches a level of critical
super-saturation and if the mobility of the point defect is sufficiently high, a
reaction or an agglomeration event is likely to occur. Agglomerated intrinsic point
defects in silicon may affect the yield potential of the material in the production of
complex and highly integrated circuits. By controlling the melt-solid interface

shape, embodiments of the invention reduce or avoid the agglomeration reaction

to produce silicon that is substantially free of agglomerated intrinsic point defects.



reaction or an aggloneration event is likely to occur.

Aggl onerated intrinsic point defects in silicon may
w@tdoeot3side yield potential of the material i nP@HhES2005/042928

producti on of conplex and héghly integrated circuits.

By controlling the nelt-solid interface shape,

enbodi nents of t i nvention reduc r avoi d .t he
(CRRPonrer Aieorptiodos B Felept oAl ot b afraialdempsrature

substantially free of agglonerated intrinsic point )
gradiest Gsinflicatss) thertype af indringic pait gafact likely to ogcurin the growing

crystal to an axial tenperature gradient G indicates
crystal. thigreexaimple; whenitise pail ratede hight, ldttikevgcancies ater gemerally

the growi ng crystal. For exanple, when the pull rate

thé Sofifdnt poitt deTectsagaRehately, avhE B lIvratd & IAsNidbh self-
poi nt defects. Alternatively, when the pull rate is

_ i Lic e i I _
gt BT i B e PGl ks e
rocess (i.e., ere may. var a fupction of the . .
Pl §oeehaic- whPH Vi e Vel S8R BBy o e (el andiPanial

defects within the grow ng silicon ¢rystal my change
lengHD,Af 5a¢ Ry Stalb Rt dESHES AN s 9roven lipn Crystal may change
dom nated, or vice versa. Mreover, an identifiable
frora being wananey idoninatesk totintgrstitiglrominatedson vies versa. Moreover,
associated with such a change. A defect free region

amidgntifiakdé vheanaes'salfintorstitialsqi/1y traasitipn de sstdateddvith such a
aggl onerated interstitial type defects. Specifically,

chbRge VIA défeefiééd i oﬁ%@%y?xiﬁit bétweehtgylsiabritéd Va88ncy defects
ef ect -

region. That is, this free reglion corresponds

angigaréqz&ngh‘ﬂ@& !iﬁtEFQ?itiE\?ﬁb@rHeffé&g] e%?fﬁﬁtﬁsﬁ éV@ﬁg%ﬁ%%sr;ttion occurs

ant region to an excess I ntersti

Jegi,on., The . defect-free .r.egion e_vacanc
wilffl iR el R BSIan oFati: i Yemire IFdiah GPrpRoRdto the
defect-free regi on does not include critical excess, .
transition rggioaciamian expassaaganey deminaii degiendp An gxcess interstitial
includes the V/I transition. [0051] Wen the
domisant regian. \The detactineedgrgicasnay pervacantydogtinated and/or
provi ded herein, crystal 113 is substantially free of
integgitiahgomireded efatetial. althet defect-frag sedibnioesarot imdtdencntical

a substantially flat V/I transition perpendicular to
extB88s pHint dafects fblfdrm any defects and generally includes the /I transition.
[0051] When the identified V/I transition has a particular shape as provided
herein, crystal 113 is substantially free of agglomerated defects at this transition.
For instance, a substantially flat V/I transition perpendicular to the pull axis 119
under dynamic growth simulations corresponds to a portion of crystal 113
substantially free of agglomerated defects. Therefore, controlling a melt-solid
interface shape produces improvements in substantially defect-free single silicon

crystal. In particular, by controlling the melt-solid interface shape according to a

target melt-solid interface shape as a function of axial length, embodiments of the



under dynam c growt h sinulations corresponds to a
portion of crystal 113 substantially free of
wagmbomerat ed defects. Therefore, controlling BCT/US2005/042928
nmelt-solid interface shapelproduces inprovenents in
substantially defect-free single silicon crystal. In
. particular, by controlling th |t-solid interface, .
imé&tion CRIURGRg 59PN sHbstantally e pfaagiomeratad delartp
as a function of axial |ength, enbodi nents of
crytal hl@Enti on can produce a region substantially free
of aggl onerated defects in crystal 113. [0052] The
[acEget i niher fanget istesfaceishapeaiigjupique tolike crystaldiot zohe design
zone design and the position along the axial |ength of
aridBeqostion aldAg thé\agial BingeH ¥f thehwydtar ge3. Asterdirglg the target
shape is determ ned for a particular hot zone at

intéa%ke‘éﬁaﬁe% bR Py atﬁﬁiéﬁﬁgﬁ%ﬁmééétuc r%'éls]hb%itions along

ther than Imting the rate at efects

r (Ny! j_hi
the R on BRI il M b0 S e 2 i e Bbcts form
contrqlling the | oneration reactions yiel a
or SRersdinabiaiaiel SRde oahe SR ehter evihadi Tormed
undesirabl e anounts or sizes of agglonerated intrinsic,
suppressingeeetherwisgmentrolingghe @genmergtipn rigaetipas yields a silicon
aggl oneration reactions al so affords single crystal
substratecthatvisf sutstdrdiallp dreenofapidelsirableyarabdntp airesigesadf i n
terms of the nunber of integrated circuits obtained

agefdmeRitéd itnsidipblin deféay. Sgpbfé%smgdi} soritallirRsthecgyi®fieration
Y

W th an _epi _taxi al process. [0053] _ aff_ecti ng t he
B} SRS SR TSI 8) oL AR poeru
o ' e . OX: C i i i n.th .
in SEHET OB oot Bharbd S R BRESE LAtk AR il having

of .relatively |arge dianeter, particularly at
tne bidky $98 SH ORIF BRI ah Griakil BRCEHS. our Lent i s

per meat ed t hrough the upper and |ower coils 145, 147
[0053]ndi c BYeaffgating the mcﬁlgs@lsﬂ inteyfageeshapsnadnagoetiefigld imposed

out of the page and the "X' indicating the flow of
upon melt 109 in accordance with embodiments of the invention can regulate the

oxygen concentration in the axial and radial directions for single crystal ingots of
relatively large diameter, particularly at relatively low oxygen concentrations.
Current is permeated through the upper and lower coils 145, 147 as indicated (the
"e" indicating the flow of current out of the page and the "X" indicating the flow of
current into the page), thereby causing a magnetic field to be imposed upon
crucible 103 and silicon melt 109. The magnetic field has horizontal and vertical
components that perpendicularly intersect Athe bottom and sidewalls of crucible
103. In addition, the magnetic field may have a vertical component that
perpendicularly intersects silicon melt surface 161. The average magnetic

component that perpendicularly intersects molten silicon surface 161 may be



current into the page), thereby causing a magnetic
field to be inposed upon crucible 103 and silicon nelt
wdao®s/0Tiees magnetic field has horizontal and vepeT/U81005/042928
conmponents that perpendicullarly intersect the bottom
and sidewalls of crucible 103. In addition, the
magnetic field may have a.vertical conponent that .
SRR A e Iy SIS BERLS EPmPBRRNTRPoBHIC izt Tigisecting the
The average magnetic conponent that perpendicularly
batiene apd sidewallstaferg¢iblectl? inioniad withhmedy10%: sHhatis, the
relative to the average nagneti c conmponent
aveedgeenmdighetie cbynponeeat thet pemendicilatt intersects mellsudats 161
of crucible 103 in contact with nelt 109. That is, the

maYy BeHIEgrEREIehhk aBBIPONERnth b thedavdagei sy @étie/component
intersects nelt surface 161 may be no greater than

peglg@mic&aﬂzﬁaef&c@ﬁ?&ﬁ@ ba&%éwﬁgag NIl Of PRRBRETE3 in Gontact

rpendicalarl’y Intersecting ottom and side wa
BB B S35 STl B AR 8B D M

perpendi cul arly intersecting t surface 161 nm .
pespergiculagy intersecting spelt §9”§%{§Jam?é’ﬂ?eca? ?%'P%a'rﬂﬂfg- br?‘at is, the
plane is |ocated at or near silicon nelt level 111.
magneticcligld pod iplanenis loerted @tioe near silicommeltigwel Hkl. Vertical
relative current in the two coils 145, 147 may
positiin tlenntimden of turnsgaret the relative catrrent imtber twiohepils| 1#i%e 147
of melt level 111. [0054] Enbodi nents of the invention

m&y PB5iHBn e Al AR ghelie FNE AT dCneBm R pland bEmelt level 111.
configuration (see FIG 6A and FIG 7A) that

[RRAN 20845 HinhES of B mggﬁué}ﬁ{)@weea %hg@&fﬂ%@ﬁewac

cusped magneti c el'd confrguration (See

el T cPBEN SRR ISHRE? ARG 743 gt ptrafitsolit uses

adj ust the power distribution of upper and _| ower coil
the $8MebErENVATe SetR Auihe.sHspadInAgnelic tisld confiowragien (see F1G. 3).

intensity generated in upper and |ower coils 145 and
According e one erobedipesit,t¢antrol onikl 43 controlsclpperasnd lowey epil

111 (e.g., at a nelt-solid interface). Control unit
polvEt suppliésindBandctot tooddjust the power distribution of upper and lower
coils 145 and 147 such that an axially asymmetric field intensity generated in
upper and lower coils 145 and 147 moves a cusp position to above or below melt
level 111 (e.g., at a melt-solid interface). Control unit 143 may further control
upper and lower coil power supplies 149 and 151 to impose different asymmetric
field configurations upon the melt-solid interface such that an axially dominated
asymmetric field configuration, horizontally dominated asymmetric field
configuration, or symmetric field configuration (e.g., cusped magnetic field
configuration) may be achieved at any crystal length. Therefore, embodiments of

the invention provide the desired melt flow control and melt flow uniformity at the

same time with improved efficiency, flexibility, and capability that combine the



upper and | ower coil power supplies 149 and 151 to
i npose different asymmetric field configurations upon
wa bwemeel4 sol i d interface such that an axi al | yPCT/US2005/042928
dom nated asymetric fieldi1Tonfiguration, horizontally
dorri nated asymetric field configuration, or symetric
dcon uration . 0., cusped. ne |cf|eld
i dne S s BTG resaTiEti il poghigalipts whie voiding
Therefore enbodi ments of the invention provide the
theie gefieigneiest 1 ow control and melt flow uniformty at
the sane tinme with inproved efficiency, flexibility,
(0B Icapabiid moyetthatcusp positientupedrehddwh sanfdr torchamgetthe elegree
conventional magnetic field configurations while

(oRMRigAitige f breaxialdiTHotizeAt figld déiination ccartks? uhitel 43usd)usts
position up and down and to change t he degree (or

Hg)%g Bhk YR ?&Ilgg\h a{jjsﬁfg@tlﬁgﬁ'@oéﬁdih 51 & Eﬁaﬁi@éo"ll HPSp

ntrol uni s upper and | ower power

i es. 149 an 1 ch ' 1 i
BRI B naipe? Shigrofst Bl T0 G 877 el hBbiipRitsEie
m%rgltorl]?galggéﬁgrtp\é fqy\éﬁrucpﬂ%gﬁ@n@dng? ﬁ@regg\l%gsep}h%g tﬂntOI w?‘\é‘r?\ using the

di stribution (e.g., both at the sane percentage of the
safe Pawer gisidutiondetg., bethatdhe samespercentagerafithe maximum
nelt surface 111 (e.g., the nelt-solid interface).
povgariigp uth ¢hewyspyosjjiowaemainsiat ngfiistiefacy 1dnalel e sthe melt-solid
single coil (e.g., upper coil 145 or lower coil 147)

mfe@fa@é)"]eU@fh? tRe MR&XIMUNE pbivet mp@i typidaNy ehapisLa sirghe aon (e g.,

coupl e housand gauss dependi'ng on the size of

up‘b%'r oil hqg%ﬁ]loﬁ@tc P“Im tb%f%@eg@con Ghefit de&eof a few thdreds to

nventi on, contr uni’t fgured to nove
t o aboye or l111 wth

° g%‘*‘ﬁ%i3‘%59{‘9@@8589888%5@:%*‘”\eh%zel of esite ofpover
[ 14
(QAEY) | ViACCOHES 1A RTISSBPN IS B e oTpRPTES Uikel 438

151). Control unit 143 is also confl gured to adj ust
cqnﬁgumtoa‘op\ee theseuscposition to above or below melt level 111 with

variable distance by adjusting the difference of power distributions to upper and
lower coils 145 and 147 (e.g., via upper and lower coil power supplies 149 and
151). Control unit 143 is also configured to adjust the variable distance above or
below melt level 111 as a function of time or crystal length so that the variable
cusp position varies accordingly at different crystal growth stages and different
crystal lengths.

[0057] In the crystal pulling process, current is permeated through coils
145, 147 to impose a magnetic field upon silicon melt 109 and crucible 103 having
a predetermined intensity. The predetermined intensity varies depending upon
the diameter of crystal 113, the diameter of crucible 103, the amount of the

polysilicon charge, and the desired oxygen content. In general, the invention



bel ow nelt | evel 111 as a function of tine or crystal
l ength so that the variable cusp position varies
waewendiongl y at di fferent crystal grow h st ageBCHENS2005/042928
di fferent crystal |engths. 180057] In the crystal
puIIing process, current is perneated through coils
5,147 to.i a magnetic fiel on s
invEhess,A g il oD BBUnA UMY TSR LB TR nws@x"? f§9r
The predeterm ned intensity varies de end| ng upon
exarrum@t less Hrancseperal theusand gauss sueh as @Mezﬁmebwtéoﬂo@d 2000
t he anobunt of the polysilicon charge, and the desired
gaosggévs thernemgth.of cnysdelnkt&incradsesi(ing.c asitha fractivy efthe molten
magnetic field having a maxi num predet er m ned
chafjeesslidifledincrda¥esy xcomblot unit 443 delberaseeMthe imtehbioushthe field by
gauss such as between about 400 and 2000 gauss. As the

reb@flegﬁh@s u)‘m% Lurtdrt P trbligiethe 88iIst @ f b?%lbhf?Blhng

en c arge solidified increases), cont

orgh o e ESEARAR B PSR 18D, IO gt prae o
orelpgr 168 of by g o1 pmipAthold Riparetc spid %séfgl . 5’8“’?2
cruci bl e 103, or by novi ng or elimnating a

(0958 di nd\s STBBEMNAS! 43ARGreasesihe intepsty of H@s@@gf‘ﬁﬁc field, the

intensity of the magnetic field, the magnetic field
magnediorfeid sonipanepmrqhehpemelnd'rdujgrlyn'ntarsmitthe bettbot andrside
and side walls of crucible 103 is reduced. But because

wélkefrtrlidible! FOBiIsTbdUbed. NBaNBEtAuUSE thethullgyiane 8f thie @agnetic field
near silicon nelt surface 161 , the rati o between the

reﬁr‘éﬁ’f@é’t%r%?%ﬁlic%n%él‘t Quﬁ@é@ ‘?6‘1’3 ”ﬁwetrﬁﬁé bBEVESTHCAhhY

intersects silicon nelt surface 161 and the average

B g BB PR e g 101
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single crystal nom na
bottom and side walls of cru0|ble 103 in contact with the molten silicon of melt 109

may not change.

[0059] Depending upon such parameters as single crystal nominal
diameter, crystal length, crucible diameter, charge size, and magnetic field
characteristics, control unit 143 controls upper and lower coil power supplies 149
and 151 to increase or decrease the strength of the magnetic field imposed on
melt 109. For example, control unit 143 may control upper and lower coil power
supplies 149 and 151 to adjust the intensity of the magnetic field to some value
less than its initial level as the length of crystal 113 increases and the fraction of
the molten charge solidified increases. Control unit 143 may also completely turn
off the magnetic field after a predetermined fraction of the molten charge is frozen.

In one embodiment, control unit 143 turns off the magnetic field after



di aneter, crystal length, crucible dianeter, charge

size, and magnetic field characteristics, control unit
wdd®deowst4 ol s upper and | ower coil power suppl PE@BUI2H5/042928

and 151 to increase or decrngase the strength of the

magnetic field inposed on nelt 109 For exanpl e,

cont.r o 4 d | o
apas%maiwﬁp%ﬁo 408 e hdfen e e T Thefiitey, cantrol unit
magnetic field to sone valu ess than its _initial
1413emev qurﬁegu@tfgthﬂ% Sfyaenyeanignt i’JYE»'"PFﬂﬁSH&§§"éFrMetfﬁt@t'°” rate
fraction of the nolten charge solidified increases.
relgbve toh single ctystalmatationgeteonpl etely turn off the
magnetic field after a predeterm ned fraction of the
[ovEdlen chabae dmbddioeab of the innentior) exkineiiing ¢ioe mel-solid
unit 143 turns off the magnetic field

mt@f‘fb@é @Haprhw.m §|c\ért591°/ﬁatn@e&9%é?éer‘itﬁge 9P Rl Hig It itidnSratio

frozen ereafter, control unit 143 may further

(Hb?%gﬂfé&wtmﬁweq%égﬁgu&ﬂ@id%fen@)f%'iﬁ“&éﬁfé%' ”ﬂwé‘HﬁWf& &&t8rmined

ion ra to as crystal rota
f tt Eﬂ["006 I n tone enbodi ment of the inventi on,
r%'?ﬁ RMING EMAYRNY ¢ “solid interface shape within a
certain range or_percent R%e of a_height deviation

ratio (HDR) bylRBrmt Wi+ Helf RagiHees 806 el d intensity is

desired. The HDR is determ ned fromthe following
whege dddisthe hBight-of the crysia) céntaffoosmelitios] WMiarsd He is the
the height of the crystal center fromnelt l[evel 111

hetgid dfithe sryist edgedium afelt leeeklt yBt Bbr extlgapker; one @ehtiodiment of
| evel 111. For exanple, one enbodi nent of the

thé Wz%ﬂhbﬁ %oﬁﬁaisftﬁéfinél%oﬁﬂ?infteﬁé&é for a0y ﬁxﬂﬁrﬁefé?f(nﬁn)z&‘}stal
i meter crystal such that the HDR between th

su‘rénﬁ %@ésﬁtﬁ lgyet\%/gn mbegr&/gs}’%tc@htce?%g@ aﬁ\é cﬁi\%‘féﬂt Jﬂaéjé eﬁ)rout plus
orgplﬁﬁﬁtﬁ%%i? %aBE %y "ol el gﬁﬁg%”ﬂa#@%fﬁﬁﬁf fge 200
mm hset %lax{n%jm HDR can be gradually decreased by a slope of about -0.06 by
the crystal radius.

[0061] Embodiments of the invention may be used to control oxygen
concentration in single crystals having relatively low oxygen concentration (e.g.,
less than parts per million atoms (PPMA) oxygen). These single crystal ingots
may have an oxygen gradient of less than 5% in the radial direction and less than
5% to 10% in the axial direction.

[0062] As a specific example, embodiments of the invention may be utilized
to improve the capabilities of the 200 mm silicon wafer manufacturing process.
This manufacturing process typically relies on the following strategies. First, a

crystal are grown at (v/G); close to but slight lower than (v/G)., which is the critical

value of (v/G)s, so that the crystal is slightly interstitial rich. The temperature of



[0061] Enbodi ments of the invention may be used to
control oxygen concentration in single crystals having
wo edoab7isel y | ow oxygen concentration (e.g., | eBST/URRNS/042928
parts per mllion atons (PRMA) oxygen). These single

crystal ingots may have an oxygen gradi ent of |ess

than, 5% |.n the radi rec Iessthan 5% to
thd gogatal s Menaintaed at BbaE SPBCES Phiet & thpdtidisation
exanpl e, enbodi nents of the |nvent|on may be utilized
temaeta%wﬁo@fentaﬁ%tlt@égafﬁqts itp psormpte the diffasiathand theg annihilation of
waf er manufacturing process. This manufacturing
vapancies ant\yptecstitials. r Aftérdbe @nystalegrowith dive gy stal istqegnebed by
First, a crystal are grown at (v/Gs close to but

m&ling htintoaked phéredhanvbénto suppreds the defectdiucldatiah arl growth.
of (v/Gs, so that the crystal is slightly

TyPE:'aﬂi? St {stdeHdirabl déﬂ) hah ra‘itgl‘ iﬁﬂﬁé?&?@feﬁ%g@h at fhe melt-

n’ ‘mal nt al ned at aove chi1s

sofy Efacs ﬁ%‘@%Tpa?éiﬁS%%"ﬁg% #ﬁ@?ﬂiﬁ%ﬁh Honfefsf G nbfer pull rate

vacanci nt e tials. After the crystal _grow
anias ol S Mg T ShGUGRBHb oHBY BB NG toiths HTUalin o Jer 2one, a
chanber to suppress the defect nucleation and growt h.
highgsiaxigl tsmperatyure gradiendmay eame avith @hm@ﬁéadlakvalatlon of the
tenperature gradient at the neltsolid interface so
axiahsmperpture gratiienbin theadrystal attgndeearcthieavelt-satid interface. The
hi gher pull rate and thus at a higher throughput.

highenedaatiosl otHeOaxifleteripsrataté gradéntby Mﬁed@cbltﬁa @hiformity
axial tenperature gradient may come with a |gher

of gxﬁé');"lh tHé"E:b%ﬁétlorSd?ﬁet‘irHSs t]'oelHPr%"a@ hé ag ﬂérqakdfe

he“crysta and near t e sol i nt er ace

or AR BB P 3tind SRR AT Rl Y anc

onetimes, efforts to increase the axi al tenperature

de i ent cause the variation to increase and thus
generate coexistence of V and | defects. [0063]

[0R&Bddi mefmbastiments eithernnvenionapaybeussed tosods this probiem.
probl em

For example, control unit 143 may apply a higher power distribution in upper coil

145 than in lower coil 147 such that the asymmetric magnetic field moves the
cusp position to below melt level 111 to generate a horizontally dominated
asymmetric magnetic field at melt surface 161, as shown in FIG. 6A. This field
condition leads to a less concave-shaped and more gull-wing shaped melt-solid
interface, which has a higher axial temperature gradient and a flatter radial
variation of the axial temperature gradient in crystal 113 at and near the melt-solid
interface. FIG. 6B shows an exemplary graph illustrating the power distribution in
a horizontally dominated asymmetric magnetic field. Particularly, FIG. 6B
ilustrates changes in percentage of power input for both upper and lower coils

145, 147 as a function of changes in crystal length. FIG. 6C shows an exemplary



For exanple, control unit 143 may apply a higher power
distribution in upper coil 145 than in |lower coil 147
weemh/otdeat t he asynmetric magnetic fiel d novesPehesSmosm2928
position to below nelt level 111 to generate a
hori zontal Il y dom nated asymetric magnetic fi el d at
me]t surface 1 ,_as shown in FEl 6A. This fi
BB RITBHS dadi ety BE4Rs et Terach Shapss Jenerated by
gul | -wi ng shaped nelt-solid interface, which has a
p@l@rtaléw(d@mlrtaéﬂ% apynmealrig magnete figithand Al standardraspad
variation of the axial tenperature gradient in crystal
magsetit fieldd Asaary biessaes, tha pieltesdlidtinteiface . shap&.getBrated by the
shows an exenplary graph illustrating the power
hatizehtallwWorvinatet asymamietriv ihalhiticlfieid reisasbersadiiEted toward a
magnetic field. Particularly, FIG 6B illustrates

dé‘sf}%aqﬁl%chanpercent age of power input for both upper
and | ower coils 145, 147 as a function of changes in

r&«fé/«ag”atfcagmﬁvg B el B s sen
)55 A0l PTG R AL 4755 S

magnetlc field. As may be seen, the nelt-soli
an axially deminaiad asyewestie sepgeticiiieldat m@HrﬁUéﬁaIC? 161 by applying a
dom nated asymetric magnetic field has been adj usted
highevpaiver distibutidn i fosweriooi . 14/006rd jin Tppectoiel4b ao tuatdhe
stable nelt flow, in some growth stages such as

asyRRENie, mageent fisld indwassethealis ptpdsttivirtoiovermek evel 111, as
control unit 143 may generate an axially dom nat ed

SWIG A I'i‘i@tﬂe?d EbidiforiedB!th aSMBFé‘Eﬁn ekcsih oper melt solid

appl yi ng ‘a hi gher power distribution in

nferfiR el ARHarBbgeh tantPotafn bG8 TR ¢ ?,’%%ﬂ%%n

as shown ip . Fl 7A.. This field condition | a
e’%’?é%’oﬁ@@ﬁ "E‘f??@é'&gr’@? POYEH st tlé’r"f g0 axfgl Vag‘P’ESWé%Ied

oxygen concentration in crystal 113. FIG 7B shows an
asyrumplrigryagnetimfield) Particiiaiy flke 7Bdlkstraies changes brpgraentage

an axially dom nated
of power input for both upper and lower coils 145, 147 as a function of changes in
crystal length. FIG. 7C shows an exemplary graph illustrating the difference
between melt-solid interface shapes generated by an axially dominated
asymmetric magnetic field and a standard cusped magnetic field. As may be
seen, the melt-solid interface shape generated by the axially dominated
asymmetric magnetic field has been adjusted toward a desired direction. FIG. 7D
shows an exemplary graph illustrating a difference between oxygen
concentrations (Oi) generated by an axially dominated magnetic field and a

standard cusped magnetic field as a function of crystal length. FIG. 7E shows an

exemplary graph illustrating a difference between oxygen concentrations (Oi)



asymmetric magnetic field. Particularly, FIG 7B
illustrates changes in percentage of power input for
whoedoh/ogeper and | ower coils 145, 147 as a funce¢DnSmbs/042928
changes in crystal length. 26l G 7C shows an exenpl ary
graph il I ustrating the difference between nelt-solid

e8{/e B 2 gAY O B P LRHOROUS T A € alagard cusped

magnetlc field. As may be seen, the nelt- SO|Id
magnedicrfigde as iafpactiemet ﬁ’b/é'@' I8nathe axial |y doni nat ed

asymmetric magnetic field has been adjusted toward a
(oS ]r ed din geawihostages QystdD letgihs where ttenplandardycagped

illustrating a difference between oxygen

mggmmmge ansa :(;ﬂa]memmmgheﬁc figldpis @edirdd, YolBol it €43 may
magnetic field and a standard cusped rmgnetl c field as

co@ﬂé&'(é%is%&rﬁﬁweﬂd’% bg?ﬂ:&)gmd: g%ub?t:arﬁlﬁ Wenf8rm power

npl ary ‘graph i i fterence betwee
; { e | "
il BENRED s RbeL SRS T4} B 4Tt BBEg et lsh position
netic field as functiaon stal | th. [0065
to PROG A IAvEk e 23 TG0 §h§t e " Eicinptant oraen
cusped magnetic field (e.qg., érmetrlc magnet i c
illystratiay ohgng@gu pygensadiel gwadﬁnts (QRGs1ap @ bimatignraé changes in
symetric setting by applying a substantially uniform

crystaldengthswineératdusp positionds atppeve anbeloowmeltdevels! 1114ke. ,
and 147 to nove the cusp position to near nelt |evel

as{hinetdis nedghwltici fieldd) @ndBwhémh the Busppusitian iscatergdranylt level 111

graph illustrating changing oxygen radial gradients

(.é%ﬁéﬁcﬁ,gﬁ%lﬁg t)of changes in crystal |ength when

Sp position is at above or below nelt level 111

| on AR e BRIBH ol Pl iRl o
at Jafipun pirstal fordits ban Gepseate werpus desised et SRbRes A
colaggglggnstlycdaegrgegnrg&gtl gnc\il %rxlla(l) ltjesmggrsz;t&%dgrlag}e?\rtsf gg Svesllhaas \?/SGs can
be achieved at desired body lengths. FIGS. 6A, 6B and 6C show that horizontally
dominated asymmetric magnetic field at melt surface 161 can generate a less
concave-shaped and more gull-wing shaped melt-solid interface. FIG. 10A shows
an exemplary graph illustrating the melt-solid interface comparison between the
standard interface and a more gull-wing shaped interface at a crystal length of 480
mm. FIG. 10B shows an exemplary graph illustrating a difference between
interface gradients of the standard interface and a more gull-wing shaped
interface. Particularly, FIG. 10B shows changes in axial temperature gradients of
the standard interface and a more gull-wing shaped interface as a function of

changes in distance from axis on the interface. FIG. 10C shows an exemplary

graph illustrating a difference between interface v/G; of the standard interface and



consequently desired radial and axi al tenperature

gradients as well as v/ Gs can be achieved at desired
whomy/ormngt hs. FIGS. 6A, 6B and 6C show t hat PCT/US2005/042928

hori zontal |y dom nated asyndetric magnetic field at

nmelt surface 161 can generate a | ess concave-shaped

and nore .gul | -w shaped L t-solid.i rface. FIG .

= Fiaie SRt shaReAinERgee, BRI R Fig, ThG snaas canges in vic,
nmelt-solid interface conpari son between the standard

on areel-sekd wterfaceeitbe ptamndaid intesRsy a@dianere gul-wipg ghaped
crystal length of 480 nmm FIG 10B shows an exenpl ary

intprtack ad 4 gtatianiafighandes iredistaneeframeais omthe intertace.
gradients of the standard interface and a nore

[@067T W noRefeamesitd RIG B em. exémnplasufiew diagrbhrGllusttdles process
shows changes in axial tenperature gradients of the

flow 8BEGTUthd 1t i asBoaittert dTARE irflintioMiaiusd mR&Snbination with a

interface as a function of changes in distance from
crgtabaiing ppatefls R Yrofirk o Mo EpBIAR ik BBcBiding fo 2
of .the standard_jnterface anda nore, qull-wng, shape
CEIRNRERORESE | TheHiatg TTe PSS aRRerani pet gt pcible
~v/Gs on a nelt-solid interface of the standard i
inclyging 3 semigandyctasmeellyfrom whish tbadpgal is pulted.afhe ingad is grown
function of changes in distance fromaxis on the
on atseeflarystal pWied] fravefthe nelty The Fhape of theamelosystabinterface is
flow diagramillustrates process flow according to one

foerfiea disreefiinctibn ioha lengtardfitee irfgot. 1As€ 002, awekionaalimagnetic field
with a crystal grow ng apparatus for growing a

is gvggeséd it é'deirilﬁl oMY Rle eSS iHicMRcE HetwEd ¥ Aleltkdnd the ingot

cess. Th ystal grow ng apparatus has a heated

AGHEp o b HeubO8, ForGlHABHE! Qo nddrlk WIE R e

i Hgot™ Ts grown on a Crys

. | f th It. Th h f th lt- I .
fRaseiyc S MRS 85 PLAGENGR) SUSeRGGEVE NG fett-sold
~ingot. At 1002, an external magnetic field is inposed
intesfage\and asegord magret {e.9o1a seqoRdadienaidbeituaiet g?h@low the

melt and the ingot during pulling of the ingot. For
mektaofit intetfaee.ext ernal magnetic field may be

[0068] At 1004, the external magnetic field is selectively adjusted to control
a shape of the melt-solid interface while the ingot is being pulled from the melt.
For example, a horizontally dominated asymmetric magnetic field configuration,
an axially dominated asymmetric magnetic field configuration, or a symmetric
magnetic field configuration may be applied to the vicinity of the melt-solid
interface. If the horizontally dominated asymmetric magnetic field configuration is
applied, embodiments of the invention achieve a less concave and more gull-wing
shaped interface shape relative to the ingot with a flatter and more concave
interface, a higher axial temperature at the melt-solid interface, and a lower radial

variation of the axial temperature gradient in the ingot at and near the melt-solid



i nposed by a first magnet (e.g., a first sol enoid)
situated at above the nelt-solid interface and a
waeewenemagnet (e.g., a second sol enoi d) situarerusio05/042928
bel ow the nelt-solid interf&ce. [0068] At 1004, the
external magnetic field is selectively adjusted to
..cantro shape of the nelt-solid intecrface while the.
inftate.”r<Pe 20 sormbae B iempdhel: fdd copniadiaion is
hori zontal | y dom nated asymetric nmagnetic field
applied.igjubedimeants ahthedn¥entionechiew adnersyeanvexiiaterface shape
magnetic field configuration, or a synmetric nmagnetic
relfatieg tb thenihggt) megubstantiajly istatde preletiow canda lower levelofadxygen
the melt-solid interface. If the horizontally
codeentraticPdinalg gty i ¢ magnetic field configuration is
appl i ed, enbodinents of the invention achieve a |l ess

[o%%RGave %dse{lﬁ(gﬁ/ie g%dt:jus\i e esémsﬂrﬁaph@ﬁé fekl %fm»eerdi%tribuuon

relative to wth a flatter” and nofe ‘concav

of W] 5L Bfeimef abl S e By RE R ot Bholficusp pesiien 0.

o 2Bl EB S B 0 oo hE RS 3 Ref G st
asymretric magnetic field configuration is applied,

of epipaphrdaaboye or belaw thentiedrsolid hinteviaca vieva enagnetisxield
interface shape relative to the ingot, a substantially

intengityl gemarhtedt indhe fiesstanagnetwend theselcondl neagreetn Thus, a higher
concentration in the ingot. [0069] To selectively

poaer d%tribdt@namb?maépﬂﬁé nethefifst Mabned tIMRI the second magnet to
di stribution of the first magnet and the second magnet

mdve tRdidish gg‘ég@\ﬁﬁlﬁ%@? Hﬁﬂé&%lmnffﬁggtoa&ch?ev\éaét h8fksntally

di st ance engt the 1 ngo
- . . J ) t@.aboye ar. bel ow
coftbE8 Ry LRI rRAds lend i\l BuRBRYE 4 ¥ioRS! St
.l ntensit enerated in the fjrst magnet and_t he second
disERIGR mi e anpliarl dn e erasd MAGRFY AN et Fragnet to move
applied in the first magnet than in the second magnet
the ¢spoResitionpteakeveths medsolia interface thachieve asdxially dominated
interface to achieve a horizontally
asymmetric magnetic field configuration. Furthermore, a substantially uniform
power distribution may be applied between the first magnet and the second
magnet to move the cusp position to near the melt-solid interface to achieve a
symmetric magnetic field configuration.
[0070] To selectively adjust the external magnetic field, a configuration of
the external magnetic field and/or an intensity of the external magnetic field may
be varied while the ingot is being pulled from the melt and according to the length
of the ingot and/or the growth stage (e.g., during necking, crown, or late-body to
end-cone growth) of the ingot. The external magnetic field may also be adjusted

to control the shape of the melt-solid interface to maintain a level of oxygen

concentration and/or a level of oxygen radial gradient in the ingot. The external



dom nated asymmetric magnetic field configuration.
Simlarly, a higher power distribution my be applied
w0 moobhesesecond magnet than in the first nmagnetPeDUSIUE042928
the cusp position to above2ithe nelt-solid interface to
achi eve an axially dom nated asymretric nagnetic field
confiquration. Furthernore, ubstantially uniform
magartie T iglcmay Ek!ﬁh%frp%?JUB?dathﬂq?‘é‘?y desiéed ¥haps (5.9 2 convex
magnet and the second nmagnet to nove the cusp position
interfaceeshapenrelatier todbe iinatne eenedve interface shapeayrelative to the
symmetric magnetic field configuration. [0070] To
ing®e| ared guiblingisiterfdce $teapm) tof thexmeltegplidtinterfaicelal a desired length
configuration of the external magnetic field and/or an
of!h@tlﬁgéﬂ ty of the external magnetic field may be varied
while the ingot is being pulled fromthe nelt and

10§78 fd' ”%é%rg&e #e%{é‘&hﬁﬁr?t)rb@ﬁohﬂgﬁée Bf‘ll‘il/e%etﬂ?)gisgﬁ&‘ffalibd

rng nec g, crown

ne, growt h) qf the ext ernal. g
and .dsﬁa%ﬁaﬁ%'%ﬁaeoﬁssgvae'dgv88385?3%4'8% HReERS TRl itis
nelt-solid interface to naintain_a | evel of ox
corlgruaer A tbR iavRIters that elpetenis o firsdetios mey Geaaasmed in
in the ingot. The external ragnetic field may further
anyerdefj uslesd otheraise specified] endribat Hieapethagdsgnay indlusie/mere or
interface shape relative to the ingot, a concave
lesk dl@néntsethahdhese disalosed hiepeihhe i ngot, or a gull-w ng
interface shape) of the nelt-solid interface at a

[og¢gired \\angi .htreau&.hg élé}ﬁehts cifQﬂé preddift nWéi'ﬂlanfr the

execution or performance of the nmethods illustrated

err%'?)ﬁ iSRS thoRds qﬁé%rﬂclﬁ "{G’t' r’?satﬁ@t"'aﬂd " t&im"ﬁ'ﬁ mtgnged to mean

erw se Sspeci s con
inventars that nts he, net hods be,.
thaé@??rsﬁ@&"erpramre offbE mEnBs e Ese CoRRERING, cincluding,”
hat the nmethods may incl ude nore or |ess el enents

ang | %v'w{b%r@ iBtendesdabenariusive gnsbrepnialthers Mauke agditional

el emrents of the present invention or the
elements other than the listed elements.



enbodi nents thereof, the articles "a," "an," "the,"
and "said" are intended to nean that there are one or
wonoe/0tde14 he el enents. The terns "conpri si ng, "PCT/US2005/042928
"including,” and "having" ase intended to be inclusive
and nmean that there may be additional el enents other
than the listed el enments. CLAIMS What is clained is: 1.
CLA'M%t emfor controlling crystal growh in a crystal
growi ng apparatus, said crystal grow ng apparatus
Whadvs olgireedhésat ed cruci bl e i ncl udi ng a semi conduct or
melt from which a nonocrystalline ingot is grown
accor o\ sgstém for Cantediling skistaligrowtisin = arydtal ggowingeapparatus,
grown on a seed crystal pulled fromthe nelt, said
saiayc?%é‘itﬁl GOWY _§BP5r:ata‘.s hé\‘iin?%éété@ rReuciBlelinclnamigtd oned
near the crucible for applying a cusped magnetic field
L1 bl L
s fbonSfeftE rielt Ao FULER £rPRUEN SRR, Mogfls Gi8REdcoing to 2
supply.while the . ngqt is bein ulled, fromth |t
CzgghiaIski Plogses HIddnIRinsing SBuingR Acssst et puffied from the
controller for varying the nagnetic field to contro
medty §BIdRYSIaM SRNYFISINE nagnetic field relative to a
meltsolid interface between the nelt and the ingot for
pr ofitst and secded icoisl pesitipred heahthengrlcibisofor @pphing & ausped
said desired shape of the nelt-solid interface being a
maignetit fiell oftheengit,h of the ingot. 2 . The system of
claim1 wherein the variable power supply is

r esHQRAFaNR peweMsuppdr &nefdizing th¥ @olé:Nehd he magnetic
field according to one or nore of the follow ng types

of . . ) . . . _
e PRI ol Gafyirep el AL oy RIS S o i Bing pulted from
the mé , satia 'v%ri%%”&évbé:r sfulp%llfI bgi%BfrlegHér?sti\llé) Pd thaenco%rlo?lle!' yor varying
the magnetic field to control cusp position of the magnetic field relative to a meit-
solid interface between the melt and the ingot for producing a desired shape of the

melt-solid interface, said desired shape of the melt-solid interface being a function

of length of the ingot.

2. The system of claim 1 wherein the variable power supply is responsive
to the controller for varying the magnetic field according to one or more of the
following types of magnetic field configurations relative to the melt-solid interface:
a horizontally dominated asymmetric magnetic field configuration; an axially
dominated asymmetric magnetic field configuration; and a substantially symmetric

magnetic field configuration.



dom nated asymmetric magnetic field configuration; and
a substantially symmetric magnetic field
weonbiggsr4at i on. 3. The system of cl aim 2 wher ei PCT/1i§2005/042928
hori zontal Il y dom nated asyrhetric magnetic field
produces one or nore of the followng: a nelt-solid

i nterface shape Vi n flatter concaye gull-wn .
shage Tk sysiol oL aHELhiseh e norepalyl diminaled Symmetric
tenperature gradient at the nelt-solid interface; and
magniticr fiedd ecodungis aneveirmate ehtherfollewingi a anelt-salik inderface shape
gradient in the ingot near the nelt-solid interface,
hawvirg affiatter coridaveayillaving shaperetatide ds yimeririgot caming restsied axial
field produces one or nore of the follow ng: a

tefetatord §hdidHtei tRe merhailie iRRYHaRE, andrardecteayKraiidRariation
relative to the ingot; a substantially stable nelt

offth@wxiaggégpeeﬁﬁ%?g&en{ fF\Vtﬁ% i@g{;cgt?ﬁé??%%ﬁ&t iftdrRitel Bnd

thein ystem o e first
I%:oil is positioned higher than the nelt-solid
WREBEY f ace and the second coil is positi oned | ower than

the nelt-solid interface. 5. Th ystem of claim4
theyqxiady ﬁonneawgrasamr@es@v@a%%rwe %Ja iPEOdUEES NG QeMOEE Phihe

controller for increasing a power distribution in the
follawing: eoneltrselidintedace shape bavingn TeIre copvenshapeaeelative to the
cusp position below the nelt-solid interface for
ingetha evubstantialiyp siabtenineltl flow] emdreatiecreasgdieteal iof orpgpret i ¢
field configuration. 6. The system of claim4 wherein

conBenttatidrfpl theRfy&! supply is responsive to the
controller for Tncreasing a power distribution in the

second coil relative to the first coil to nove the
cusp position above the nelt-solid interface for

achi gving an axially dom nate met.ric net..
1 eids bR ergarhet i | WHelCLy Ce B ETOTR sRsBNGH idey than the
the variabl e power supply i.s responsive to the )
meltsplid Intefageand e speansdcaibis rositionediawset@ndhesnelisolid
agfcordi ng to a
interface.

5. The system of claim 4 wherein the variable power supply is responsive
to the controller for increasing a power distribution in the first coil relative to the
second coil to move the cusp position below the melt-solid interface for achieving

a horizontally dominated asymmetric magnetic field configuration.

6. The system of claim 4 wherein the variable power supply is responsive
to the controller for increasing a power distribution in the second coil relative to the
first coil to move the cusp position above the melt-solid interface for achieving an

axially dominated asymmetric magnetic field configuration.



substantial ly uniform power distribution to nove the
cusp position near the neltsolid interface for

w@edhsevieng a substantially symetric magneti c PCBUS2005/042928
configuration. 8. The systesnof claim5 wherein the
controller varies the power supply to selectively
adj ust_a power distribution of the first and second
coi I's The systemaficimgt WHsEeIB theyadakle RWW%HHPM\FH@SQQPS'W
change the magnetic field intensity thereby noving the

to thesgontradiet farenengiaingdbe fiest ansksedosd cdils\ascordingtoa t he
nmelt-solid interface: length of the ingot; and growh

sulsstagtialyf udifeem peweér, distithutibe te movielthe pusptgositiongsear the melt-
i ncl udes one or nore of the follow ng: necking; crown;

solﬂf‘ﬁ\téﬁéc% 13 AehieRirf) 4 sﬁﬁﬁan%l%ﬂhm%tnc-%%gﬁéﬁé ﬁ@?dctfonﬂguratlon.
claim1l wherein the controlléer is responsive to a
desired | evel of oxygen concentration for varying the
povver suppl y to sel ectively adjust the magnetic fi eI d

r ol f the | t d interface

br ofuddie nstelBsh HE Suberp ?ﬁ%aatﬁoll%ﬁ@@ﬁm? BBirer supPly to
t he ingot. 10. The system of claim 19 wherein the

selegtively arﬂust AP vearsisisbytion ef @eoﬂa@t ardiseernd cojfs @s@é@mptlon of
radi al gradient for varying the power supply to

one o eware\afithe faljowdng tdhehangmibei magnetiafield ictensitytherély moving
shape of the nelt-solid interface to produce the

thed@ssp posifiey & a despsy pesitivAdibadve O ddicmthe mdltsvlidrioeiface:
11. A nmethod of producing a nonocrystalline

Ier@WbF%QHQBP lanbFeIvt¥taBe of Wl ok, kéndi’WHéFbﬁﬁ thégfd@vth stage

conpri si NQ: grovvl ng a m)nocrysta I ne i ngdt on
mcﬁfo‘:‘q@ &{né’gélg ﬁ\loggﬁl‘ 'lero I5\9m a rfét%mn‘i;? %,?%nq‘ﬁeé-rqu}/ to end cone
C}\AVI)('}bl e grow ng the i ngot ; and varyi ng the nmagnetic
gn ld to control a shape of the nelt-solid interface

9. The system of claim 1 wherein the controller is responsive to a desired
level of oxygen concentration for varying the power supply to selectively adjust the
magnetic field to control the shape of the melt-solid interface to produce the

desired level of oxygen concentration in the ingot.

10. The system of claim 19 wherein the controller is responsive to a
desired level of oxygen radial gradient for varying the power supply to selectively
adjust the magnetic field to control the shape of the melt-solid interface to produce

the desired level of oxygen radial gradient in the ingot.

11. A method of producing a monocrystalline semiconductor ingot by a

Czochralski process, said method comprising:



while the ingot is being pulled fromthe nelt, said

shape of the nelt-solid interface being a function of
wa@2doengisid of the ingot. 12. The nethod of cl ai PETLS2005/042928

wherei n applying the asymm®ric magnetic field

conprises applying a horizontally dom nated asynmetric

magnetic field relatjve.to,the mel({]-sog d i négrrface to

pr o@ieWiINgrR manacersialife iNdot £8)3 3wFhgrystal pulled omya

interface shape having a | ess concave and nore
sequiconduatey WRHpe rel ative to the ingot; an increased

axial tenperature gradient at the nelt-solid

i nt apphdrg an adgomeetsie dnagratial fieldita tie meltafhilehgroaingthe ingot;

tenperature gradient in the ingot near the nelt-solid
anight erface; and an increased | evel of oxygen

concentration in the ingot, or applying an axially

dom : k& j il arfhad i i

v@@fnﬁ@ tﬁﬁ?@%’hb GiefPRSIntol hisklape ot tRd 'nYéHf &?ﬁ{e iRferface

melts ace to produce one or nore o

iR @GR in Bl Oty 0 oIR8 Y e e BB Frertace

stable nelt flow and a .decreased | evel of oxygen

beingha dupction of 2 ﬁeﬁgﬁh%fdtihﬁd'&?‘?t' 13. The nethod of claim 11
wherei n applying the asymretric magnetic field
conprises energizing a first magnet situated higher
than the nelt-solid interface and energi zing a second
magri@ TEhe oetlead bbelaim tihavharkmn applyingdhe disyminestfiaceagrtetic
di fferent power |evels.14. The nmethod of claim1l1l

fieWhesrRpAs&Rapp gt A RoABSHIENY Somirkitéd aspmMetas nidihetit field
nore of the follow ng: selectively adjusting the

refdfpe ?‘(# te el <biib gnt%ﬁ%é S{; EHH% é:%{lfé}'\%? rolfgfo?é1 8f R follSRingda melt-

Interface to produce a Ire oxygen
ncentratjion in the ingot: and_sel ectively. adjusting,.
sofid Itetare shdPe harihdialekd sppers Aad oidp U piipdshape refative to

nelt-soljd interface to produce desired | eve|, of
the, ingpdAn K easesy arldrPeRa R 9f t at e melieelidhigtastace; a
controlling an oxygen characteristic of crystal growth
degfeased radial variation of the axial temperature gradient in the ingot near the
melt-solid interface; and an increased level of oxygen concentration in the ingot,
or applying an axially dominated asymmetric magnetic field relative to the melt-
solid interface to produce one or more of the following: a melt-solid interface

shape having a more convex shape relative to the ingot; a substantially stable

melt flow; and a decreased level of oxygen concentration in the ingot.

13. The method of claim 11 wherein applying the asymmetric magnetic
field comprises energizing a first magnet situated higher than the melt-solid
interface and energizing a second magnet situated lower than the melt-solid

interface at different power levels.



nonocrystalline ingot, said ingot being grown in a

crystal grow ng apparatus according to a Czochral ski
WEemeAsHI4 sai d crystal grow ng apparatus havi NBCEUS2005/042928

heat ed cruci bl e including &sem conductor nelt from

whi ch the ingot is grown, said ingot being grown on a

seed crystal pulled fr he .nelt,. said nethod.. .
Comifi Segnetos oficlma T L uhgrein ¥agHiag e magngtic field gomprises
melt; and varying the magnetic field while the ingot
one or rarePf fue fFAPWIRGm t he melt to control cusp position
of the magnetic field relative to a nelt-solid
i nt seleatieelp atjusting the magnetiafigld teecantpd the shape ofithel mglt-solid
a desired shape of the nelt-solid interface, said
intéestd Rprodane atdediled I8@eitof oxygen conedritationihabe Mg, and
desi red oxygen characteristic in the ingot.
selectively adjusting the magnetic field to control the shape of the melt-solid

interface to produce a desired level of oxygen radial gradient in the ingot.

156. A method of controlling an oxygen characteristic of crystal growth of a
monocrystalline ingot, said ingot being grown in a crystal growing apparatus
according to a Czochralski process, said crystal growing apparatus having a
heated crucible including a semiconductor melt from which the ingot is grown, said
ingot being grown on a seed crystal pulled from the melt, said method comprising:

applying a cusped magnetic field to the melt; and

varying the magnetic field while the ingot is being pulled from the melt to
control cusp position of the magnetic field relative to a melt-solid interface
between the melt and the ingot for producing a desired shape of the melt-solid
interface, said desired shape of the melt-solid interface producing a desired

oxygen characteristic in the ingot.



