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Abstract The effect of the buyancy and thermocapillarity for differnent aspect ratio of flow field on melt motion and
mass transfer has been numerically investigated in magnetic Czochralski crystal growth of silicon. During the process
of crystal growth, the melt depth of crucible reduces so the aspect ratio of flow field also reduces. Therefore the shape
of magnetic field of the flow field changes and the flow pattern also changes significantly. Together with the melt flow
which forms the Marangoni convection (or thermocapillary flow) that comes from the inside the flow field, a flow circulation
is observed near the corner close both to the crucible wall and the free surface. Due to this circulation, buoyancy effect
has been turned out to be local rather than global. As the aspect ratio decreases, the radial component of the magnetic
field prevails compared with the axial component in the flow field. Under the influence of this magnetic field, the melt
flow and the temperature distribution in a meridional plane tend to depend on the radial position. As the aspect ratio
decreases, the temperature gradient near the edge of the crystal decreases yielding smaller thermocapillarity, and the
oxygen concentration near the crystal and the oxygen incorporation rate also decrease.

Cusp AFo] Aejgls 2m22ay] AT DRI $582) S3nlel uje} 59
o ARAP Fido] 45 S5} S wA)E 3}

Z{&Hd
Z3 it 7| A G A 258, 891, 449-701
(19999 10¥ 52 <)

2 % o cusp Ao] 7181471 Crochralski H2lE G224 dolx 5ol SRl et 2Ez duAd Yol
$8EFY e EZakkydged viale g3l wAE WHes ArEint. duiE wEd /el Jadd wet =
e} B-EEA9) Zort FolEo] F5ge] TP ik, o wet BFaie fedl A&aks A el FEt
HalslE R 5ol Fe/t Ald Hskt #8578 el ARFEHeR Heslkd Marangoni iRE d3ke 88549 &5
EEAZ 3 A =M ¥ 2A9] ARER Hi2 ol =2Rvt 2k, o] =fiRe] A= sl 9] &5t
7b ‘A en” ek @3 mejo] ‘SadoR” vehde §AE Zheth SR HokdeE 5] thiiReld Al
PR AdRe] SR Rt fAskd 8884 §5 U JEGEHER P! FARAER Aericie) 2eREe 3
2} W) oSk B4 2 "ot SREP) MolderE A szl eTult Aolin] wEr FuAld B3
T gttt & ol ARFHE i FRTF AR miA FFHE A4 dx Aol

LM

r

AgHos e78e 4S8 7THRIES Axs i 2
of AEE @Ad =49 thFE2 Czochralski ol

Hagelt 2% dATEE e AR &5 AR sl AlzEs el dARe s vheeid o] =t
719, ARt 52 ARATIA] ool adE F7IER. Yl QYA o] Bde 487 Hoh o o B& 2=
o8 7R JAIAlSE ARG EREC] ol ARHZ Sle. § FAIRES HEHIWh Pull rodo] 2 e seed
W dAl2E @) A3l BCES HEs] A7Kele] crystalo]l melte] FH @A =W ARl AAsk] Al



178 Chang Nyung Kim

GARE 45 He 85523 B5E mpurity)e]
o}l Qe =y FElo] o i grigo| LA
o] fifFe 4§52 ¥ EFE AEES A drkh
79 ool mrhqel Age] Al o3 o] 2
3l melte] 252 wi$- E35p Bk & sk 2
A9 A wWEke vhpsko 2 TyE IRAA Bt
U7t E4UsiA 7HEEe Aol 2AEke A oA
qA4e 4 § Uk

£-8EZ (melt)e] AHFEHAME] Wtk 2T
AR F8% = fE a9lo= 28Rt o A
§e 257t Auidoezs v =R Be 25v) &) )
o] B ek 2yt wAlshy o]= sl BH
o] 7ulzE A71A "ot o3 e e By i
melte BHAH0] 2 ol & ez o|FshA Hoi
Marangoni convection(®: thermocapillary convection)
£ o3 €t

Silica® WA =7 oA sl -S4 (ablat-
iomZ 2l3le 4ta7} meltd o2 &gulo} ol e
A A2ERM] F44 ETES AASY] Wil &%
9 A= FA3Z (integrated circuit)®] F (chip)2] &
Ag =o EH. 25t 2ES AAANE doll A4S
A Ak Blo] HFEIF ol #d3Al 10~15ppma &
29 A FEE fAskE Aol viEstH1]. HEHS
Fol7] Halrle Athe) Aot U] 2% Fasich

R duAd I (thermocapillarity)ell 2J8) 2448t
= AFdF 4o B 71U PANFE centri-
fugal pumping)7t #3E& o]Fojo} npga g AR Ae]
7BsitH2]. & H83 GRA# @4k(thermocapillarity)
7t Vepde RelAe st A3s doiFn, 43EH 2
HolMe ZAIF (centrifugal pumping)s A &R
%7] 93l Ik AFE dojE & U

o] AHNUA ke 739l thdt Czochralski §-&<ll
3t FHxo] o]23<9) 1&o] Kobayashi ¢} Arizumi[3]
o ojsld o]FolH e I o]% Czochralski 85 =
2 At FYEAY. 53] P48 melt
7t JA71E & B3hs £ A5l El melt 558
Alo1&t7] 9% magnetic Czochralski ¥'He] &8 A+
A=[4-9100 2lste gy=Eo)A gt

Melte] AMFEHANA wglge s 277t 47132
olo wa EHAEe Fuirl A7=d olALZ Ut
thermocapillary convection®] ZAAAd# el v|x]= Q77
Schwabe[10]0] 28} 3=l Art. = FEe o3 2
Asls UFEE-S JAsle ol 2 RS 43}
3= Aol AN F=] ATH11].

Fulgko g f#Ads xpge] 4wl Udg W, B, = 15Tl

739 pull velocity, centrifugal pumping velocity, buoy-
ancy velocity, thermocapillary velocity SolX pull vel-
ocity’} 71 AujAolgl= Zio] Hjellmings} Walker[12]
of ofsle] vleHrh 53 o}E2[13] thermocapillary
convection A= o)Al AFEHAMY] wFR
ol whE 2l vEditke 2 weler B, >
0.8 To]3L P, = 0.5% 739 diFEALe] FAHo] 2=F
e €= & "Are AL dyu & o)Ee
[14] 4bA7} BAd -394 1.0 < B, < 5.09] 7599 cen-
trifugal pumping>} thermocapillarity7} FA1€ 4 ot
= AL 2k

Magnetic Czochralski -#-5-241 boron, gallium, oxygen
59 solute®] AFo] #g A7t Y=o A g} Si-
licon melto|A boron solution®] +%°] Kim3} Langlois
[15P1 oJ8ld A7=EJex]  segregation coefficient’}
0.8 ©|EEZ boron®] UX7} growth interfacedld] re-
jections ZiA Hedl olyg ALE FRHoR AT
o}, Kim Langlois[16]< gallium solute®] FE7Hi7}
Feo G vlAA Hol & FERIV} AR B
TS A s ol £, A7, e Akl
o]Eo°] coupled Hol Y= Axol w2}t HAs) wHEAAL
< FYA] 2 Afelle B2 Aol 483 Ao
2= A WIith

Khines} Walker[17-181= 7338t ZWHA9] cusp Aol
A dEAF F4S ol o AT 7N &5
W lellx] #Ageke FAIBP 4482 Hartman 2004
ok 2k 2 FelEs s kel abgst
i cusp AFFS 25 EFSIGLE. 22y o189 o
T Age] A7I7r sl ERgEdA tiRe E4E
FAlEhe Y Ak 2AAMT ZAE 2k Ak

Czochralski &8 oA 7|sl8hs 273 @4 4
A z7de] Fuiolz} strigts &7 =9 FEHE
Sl ofn o2 I8l 2% A% (fluctuation)] &
ABIEE melte] -5 AT ofujox] 3xdF ot} o
gut 2 dAFeMs B 9 SRAN @4 d3dE,
melt Zojol] W& F55A7 2the] AFL Helslr] ¥
ted 2}9H (meridional plane)oll], 3]2Hake] S xde
£ s, 22 s E AlEght

2 a7dxe 71g o3t o] el deAd ¥
49l @37} Jeht= magnetic Czochralski 5732
Z3H9] Wglell WE /5 548 Toksial 2k (oxygen)
o] A% B3IA i) QoA AHE ulel 7o) A
o] Al FEE PR RSl B A o]9] o}
2 @RS FAE 5 glonz Auigae ujage]
HHE 24 =7) d2d FRE14] HE o]gsle AT
3712 3}



Effect of buoyancy and thermocapillarity on the melt motion an mass transfer--+--* 179

2. EMdY o X[
2.1. /M8

Ze] g olFjollA BEEE ATATIe AR ©HE
=7} Fig. 19 AA=S] e}, s3] Czochalski
52 FlAEl] 98l =7} L2 ™ (meridional plane)
oA vl 4ol ol = gt} ojnf ALtEH ]
NZL AAFAI} AFHTeR, SHE TR #3913
072, olFfE&e whi viteg Fauo] vk, AR
HgoM meltd] F5-8 F=HY AH O TEA HAE
melte] 52 Aofsl7|7t 7] wie] oleidt Fxy]
2 FeE e AH49% AL A= s Fasiti3].

Z o] 4Ue At S5EFY] TS AeHL
2 JAsIRE 2N impurity7t W ke g By
gspA dct. g, FLe 3 ke Age] Aeelre A
gt A4 AolA impurity7t RO R HAs] s}
A BxEt), 2 39 cusp AL 2 W 2 8 g
2] 7oA vehts @S AlASH 289 AHE
A 4 9ok cusp AP F& 3 thermocapillarityel] <]
sl dABkE AR AR Bl 7IRlshe AR
7t 48E o|FEE u¢HoF s}, cusp RFE-E Fig. 2
ol HQl uje} Zho] AFEHOBHE 7k Aglg HolA
AT, AR =] A TS FHo) d' F Y
current loop ringell A2 vhf| o 2= HF{E 4
o] F9E of s, & A FelE Z=th

=2 FE749)7} buoyant convectiond] & FEE F=
A5 ALITHA borono} A} 2L It e
solute?] ©]%5& 454 (hydrodynamically passive)s zH=
o & &2, A7E, 2] B3k Al AAZ
AL soluted] F#A3Ich 28]8kd meltd] 25 solute

QQc ! Crystal

Free surface

N
Heéer % Crucible

Fig. 1. Czochralski flow field and cylindrical coordinate
system.

\¥

SNTVTT7 &

Fig. 2. Schematic diagram of symmetric cusp magnetic
field.
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Fig. 3. Vector plots of the cusp magnetic field in a meridional plane for different aspect ratios.
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(a) AR=10

(b) AR=0.75

(c) AR=05

Fig. 5. Temperature distributions in a meridional plane for different aspect ratios.
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Fig. 6. Concentration distributions in a meridional plane for different aspect ratios.
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Fig. 7. Oxygen incorporation rates in a meridional plane for different aspect ratios.
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