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AT+ 4 sl Aot =2l A7 A AlEEeld /\]LQO}@ Cz-3732] Pulling rate, Rotation speed %! Melt charge
level®] #Z|ghd AAZ Qs AP GA] @ ABEo® flEs Ak 5 Hasks Al

Abstract — Most mono-crystalline silicon ingots are manufactured by the Czochralski (Cz) process. But If there are
oxygen impurities, These Si-ingot tends to show low-efficiency when it is processed to be solar cell substrate. For
making single-crystal Si- ingot, We need Czochralski (Cz) process which melts molten Si and then crystallizing it with
seed of single-crystal Si. For melts poly Si-chunk and forming of single-crystalline Si-ingot, the heat transfer plays a
main role in the structure of Cz-process. In this study to obtain high-quality Si ingot, the Cz-process was modified with
the process design. The crystal growth simulation was employed with pulling rate and rotation speed optimization.
Studies for modified Cz-process and the corresponding results have been discussed. The results revealed that using
crystal growth simulation, we optimized the oxygen concentration of single crystal silicon by the optimal design of the
pulling rate, rotation speed and melt charge level of Cz-process.
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1. Introduction

AR A A FelA 7 AeE(Si) 349 > 2aEA
7](Czochralski) 3-8 28] A&t} o] ¥AL =7l 3
(Crucible rotation)?} Pulling A|A~81-S B3l A 2|2 8§ AJefollA
A2 A= A% (Seed(Crystal) rotation)?} %3kl 274 A

& AlZBR=d] AR A AL QT 1]

T3 A AlA A Aol ﬁxgeﬂ S FA18H71 S8l #1818
4 aFAelolH Bk 915 H 22 Cz 37 Al Aol 15
Utk e WA Al 28-S ol 771918 ATt
28] 18 ¥ 3 QLo A3H(Vacancy, Interstitial, atc), =&
(Oxygen Carbon, Nitrogen, atc)ZFE] 134 Zist w+2d7g A
Eh L FSH2-3]. A Ao E A= ol A
xMﬁxL x] 614 T= gxﬂ —v} &5] Ng]i /\]-0](Melt-Ctystal interface)oﬂ
Aof| EAJeH= F28 72 Y A (V/G(Ratio of growth rate to vertical
T gradient))fﬂ EAAAgHCoP), A4 @UL(dlslocatlon) "Pﬂ*rr
=254 9H(OISF-Ring)'s Aol 79 EAsHA] oz dd= T4
o7 FA o rgdo] 2-Hrh4-6]. Cz 58S 2L —3—%
WA Ae A7 vha 3 J8 BT AR ke
o] o}, A7/d78-2 5=1%] Hot zone®llA] Pullingd}aA]
H71ell A7l FEH A ZRE ASHS 2T 7-8]. 5
54 3 & A7 wiF-ell Vacancy} InterstitialA}o] o]l
= 7].7(1— EHEX‘]?_] /}l—/\7]. _~017]- O].ﬂ /\‘]X]— 5 _‘%] ]J-] 7]»_6 1)

Al o] 8] 84S "ojreddnh, A7 Aol J3FS ‘1]
28 2 BEES aYF O R AojslokRtt AbAe
Bt 211 QMJF/HQ ARI7HSIONE T E AP =7 ]'L]ETH 714
WakE| o] AT AE (S E S oR S AAUT-E FYsHA
Aok Ak dlo]H 2] sk aka Hd o= Qg Akshd 5k, PN
AFe] s faab, Bz g w7 Al do)ds 27
BES FAHA Xk FEst S 28k Yglo)7| =3t
aHRR, AT AR 5 Aol AAA 29 a8E FA
7] WEEA] Z e 2 3TH9-11].

37gollA AYEr 25 e 71 E] o] W% =Si-molten2] HFH
e A YWREZ FYEE Aol 2 &S vt Ak E
9] W3l = Melt level 2] 2Fo]ol| %= 2]-g-0] ¥, < Melt charge®]
WSO ZE Melt 28] tlF o] R 2 Aks 552 WSt

25 7FA 2t} T3 Molten stateol| 4] seed (crystal)?} Crucible®]
Rotation speed®]] w2} tF/del G&S 575, CrucibleZF
B A= AkAS] 2 ekl o &S v XAl Foh[12-13]. ¥
ttolyel, 479-S A7 T2 374 7152 Pulling rated] ]l
whe} 2k F 2 W sle)] fofsitt, 2 A= Czochralski 57 02
FE AY%E e A A EeE T Uad d3s st
TAE TR 2w v HasE FRE ) Ak
71W& ARSI, Czochralski 5782 7IREC & A= %lom 2
/37 DataE 73310 3112] Package® ATFAIX] X ES]
o]Ql CG-sim® (Crystal Growth Simulation)& &3} v} CG-
sim® A 7 ko] vlaelA g @A 5~10%, &%

AP Q= 3%l 5 w9 AR 3T fAke AkE S5 S/
W (Software)= F7}= 12 QIt}. 1A Cz ¥ Simulation®l] &2}
Ao 7 AFRE 1 Q= §/Wolt), o] Ea| vaA A= A A
zhe glof A 3] 7S &-83to] 57 WS Ao (Seed(Crystal)/
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Crucible rotation speed, Pulling rate) 2 Si-melt charge level-S ¥
TRt 2k T HAshkE 54 sk AlEdold dTE
R SA=

2. Mathematical Model

Czochralski &7 2] 2784742 71ekeh4] 727} 5 tiolu, A
ke 4749 544 sidoltt # AT
Aslo] drst}. CG-Sim™ 221 953 F ¥ (two-dimensional
cylindrical coordinate)s 2}-8-3}7, ¥} 7]A¢] £F 12]3L Crucible
Uiol] W E = s @2l digh S A== vekdith

Reynolds 4=(Re), Grashof <~(Gr), Prantle <~(Pr) 5 2] 44 2l
E_t“i—‘?—ﬂ a4 g A7t 7l SHQJ— Qo 5 AL} FA 2
T2 sXshr] flal vjEg A A
of] tf 3t SZakHlA Al (}\1 (2))4_ oﬂ]jx] HHA /}1()\1 (3))__ 2 Hl)
WA 07 RSt H9E fA1E 7PEekaL o] 55 7R E
Z}3E A (Cartesian coordinate)®] WX 02 H#sIglow 1 A
Reference®l] YERSITH 14-17].
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6P O [Oui , Oui .
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[ANAR A A]
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[6‘[ Jaxj ox [Praxjs @

o714 p= W, Cpe HIY, ke GAEY, fis Weko 2 Jeix] =
g, S des vehdh

= 5L Fo o]l 7|A| &5 &9} Czochralski %)
24 49 =7 Y 75 OIS YERATH 18]

e, = (081)  -(28L) @

crystal
u, > Melt/crystal 7 AlH oA 2] H-7-4

1.8x10°%(/kg)®] A3t D, popars S
A AEPowEHN 66.5(Wkm)olch B
S¢} &7 Melt/Crystal AHS M2 Y4 A3 5 yoll 5
AR Q4 w5 FEsto] ArkE)
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Pulling rate, rotation speed X

RO & WAt = Erh Hellx] Al ke 2 fgo] whAgith
A A% Aol ot {52 W Y Zpolo) gt 52 Wk
o] = 7] EH—EFOH TNV AR S S A AAAR] e

o] HFOME 7oA AW W R 523 TN =

]tﬂoﬂ*i vher ko 2 ek fol Azt =R 9 A%
o] 3| AL A 0% 92 WEF SELS 0] 6 71T} o]k 549
Vs FElE T e TZ]"LT7}‘ Zefl tht Reynolds <(Re)°]
ot AR =) S AEEE 7 Qx, Qertal 3hE 3o o

3t Reynolds <= o}2i¢} 7ko] g o] Hr}.

Qn

Re, = "

©)

Q.
Re, = =% ™

oM Q, Qi 27 A3} AR S) HA%EE ek,

2-1-2. Grashof 5~

Zko] Ra/Prdl Grashof 7(Gr) G4 A T2 2715 Zafl=
= FARo Tk At Foll A 9] f-52] FEl= Reynoldsoll 2
5= AAH AAFrelx 9] 59 Fel= FAll 28k A
/d=e] digt F-2 2] v]& YRS Grashof ol 3}-¢-¥tt.

3
Gr = SBATR ®)

v
A7 g= TR, B XA, vie FrAlY SRV AT E
LR

2-1-3. Prantle 7

Prantle 4= 5 25 WellA 2532 ot g7k 4] st 3
2] 9 jQl7} 8= Z1E v ettt Prantle 7} 150 vl 22
W o ghto] TR dojup, 1Kt 39 Fe] Sate] Auj
Ao o Hrt.

_ viscous diffusion rate _ Cpu

" thermal diffusion rate &

A7IM vz TR, ac BT, pe A, ke QAEE, Ope

3. Experiment

CGSIm®2 Ao} AEHH ZH-259] STR 2ZEH o] A}
SollA Cz 34E U E A T DataE 4 U o] Esled
et cz 34 8 S/W ot} CGSim® A4 2] MeltZH-E] T4
A 9 RS A7 3l tigk AlE o] A E o]
th CGSim® A S B3 25 4 2 Gass} Melt o+ 4,
A4 Ast a5 At 58 F3l HA 2 T vl Fgx
A8 24 F4 F4E 7 vsd A EHER o] F E-83)o]
Melt charge level®} # 2] 2] Seed (Crystal)/Crucible rotation speed 2}
Pulling speed 242 QI$t AbisE WSS Ak A& 54
o= it

ol 9] Fig. 1 Czochralski 574 ¢] 2DFz0|H, F-31H T4

melt charge level 4 3}ol| oJ8t T EA~

7] 374 AeE @49 0, EvE H4st 2 371

Materials E Z
O argon

O felt

M graphite(econd)
M graphite(none)
O Holder

O quartz

M Seed

@ Si(melt)

M Si_solid

M steel

Ll

Fig. 1. (a) The structure and materials of the Czochralski and (b)
Temperature of Chamber.

EASS Ve 9t} 231473} Carbon felts= SFIA|E AFR-H]
U% Graphitet= BAFEC| 511 3ol stol A= Fe] A4 shd ¢

& R55k7] 93t Shield2 %= AFE-5]i= ¥hd, %3122 Graphite
heaterL AREEITE 18] a B A7 S99 A4 Quartz (silica)
ZHE dAE o] AR A 2]E Molten state® - E o] thFF ol
et AP U2 FYET 1 o]+ QuartzZ} SiO,= 74 o]
3171 wizolch.

Fig. 1-> Czochralski 378 <] HAR1¥} 74 EAEZTFE] 370]
8= = B A 3 - 2E5E vER) 3 gl

Graphite heater -2 1202 4 35 F3°|H, Crucible
U2l Chunk H2]&& &8A17]= A8 dit} &8 =& 344
oA Crucibleg T/ 38h= Si07F 2120 2 HE] Aglo] 3y
o] AT} A E| o] RO E HERTHA (10)).

Si0,(s) = Si(l) + 0, (10)
Fig. 2%= Heater= €] o] 7]—6HX]E':‘__ AH=7} Crucible® W H-Z
SAbEls 218 R gtk 2, Ak SR S 2 9)
The 218 818 5= 9J9lt). TR fa
27 PR SR AR B el AL 98] AlEu]

Korean Chem. Eng. Res., Vol. 58, No. 3, August, 2020



372 dellE - v5E - SRR ofZEH e - 3] - 31 -yl - g AEE

Fig. 2. Diffusion of Oxygen from Crucible (Silica).

(@) prm—

Seed
Rotation

Seed and
Il crocivle
Rotation

Fig. 3. Among the convection directions produced from the quartz
crucible, (a) is Non-crucible rotation and (b) the seed rota-
tion and reverse rotation of the crucible.

ek = Qlrt.
A1 527 (Quartzy7} 314814 ko MYy z e Y
Loz f5lH
Ch(Fig. 3(a)). SHAIRE A Gk o] slxde] Aol 4= Fig.
3(b)s} 7ol thiF o] Wsleln = 41hao] gl whgko] Wt
ok A3 2 2 Crucible?] 359} #EE Seed?] 3|59}
Pulling rate, 78] 31 Crucible®] Si-melt charge level> 5.7 A
ErEl X B2 9FE F 9 A Hye AR g

F2 01 Crucible®] Si-melt charge level:> WA 5 H= 9= H]
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WA 71 74% J3Fo] D} I Melt charge level> 13] AJ4F Batch
o] k& Fpatrm Al AF A FTFE 7R AR 2 A}

=
FE7F A 3 ko 25E SIS 7H s Al o] ol AA)
S oNA Q] A3t SHAIE aetolRt SHE Alloke] EAf ST, o]of
A= Crucible diameter 24inch 2! Pull charge (85 kg)S 4% &
AL o 7 13kt 94 Melt charge level 85 k2, Pulling
rate 1 mm/min (BHFAA] Cell-§ WA Si oJ3e] dgelr 2]
A4 )2 71783F T Crucible rotation?} Seed rotation®] %A H]
9 E5E dojuf11, o] gk 31793 5 Pulling rate®] XA 37
el ARSI 7S W A AEE| T HeE Aok 2o R
#H A3} 5ot} ol H 4 WEE sk & A 2O ® Melt
charge levelS # 23} al9ltt. 18|22 A3} 71 & &85t
Adel £ EZRE] AR WelE-S &7 9 v 248l 2
ATE ] flal AL i R B 54 Ao
715 3k= Pulling rate 1(mm/min), Seed(Crystal)/Crucible Rotation
speed 10/-8(rpm)=. 3} 3L, 7128k S ZH-E 22 9] Seed rotation/
crucible rotation speed, Pulling rate 2! Melt charge levelS =35}
o AT T H A ATE JYSATH19].

4. Result and Discussion

4-1. Rotation speed'd MASE FAM

2b A F 4 Fig. 4014 atoms/em® 2.2 YERY 32 QlT}, SRR g
atoms/em’$+$] 2= 4 3] & oF 107~1080.2 T E 7o 015
WAL k4w 0] TS ppma(part per million atoms) S =
AT (1D)-(13)).

_ 1(Oxygen)
1 PPMa = 1556000 Silicon) an
. 28 6 _
ppmw(weight) x 16 x 10" = ppma (12)

Oxygen Concentration atoms/cm’

T 3 = Oi(Oxygen) ppma (13)
5x 10" atoms/cm
Fig. 4°14] Seed rotation speed 10 rpmS- 7]5=©2 Crucible rotation
speedd 2] Molten state®] U W3-S LR Ajoltt. Crucible
rotation speedi= &7} Stobdel whet 91419 3 & Y (Centrifugal
pumping)’} ZHAElo] Q1 [FA12] f-go] B7]:=H Rotation
speed’} Seed rotation®] WO E SIS OlF WFdo] FAb
Hi AE FR1E 4 9t 2 SRY4E UREY TAke] do
vl A2 EE57o] otk Z1s Adegitt. o]df e
Crucible rotation speed'd 1ki2] Ak S50 WSS vl 2
A&t
Fig. 6(a)t= 14|19} A 8] AAE 0 25 E AAH 45l
Triple point7}#] 8] Ak4: 555 57k A o]t} Rotation'd A4
ELE B2A8 43S Fig 6(b),(c)°lA YEFHSTE. Rotation
speed’} TATTH A 0= FYHE Ak w20 F27} HAE
stk §20 2] f-5-°] Rotation speedell 43S
=5 om, S5t 2575 Ay A 4%
= vk ddsigltt. s Rk A s S0 &
<= 21t} Rotation speed”} 10/-8°114]
5

7} A BolAINE T o) F

d

3!



Pulling rate, rotation speed 3 melt charge level A slol] o3t I TA7] 37 A2 FAR ] 0, BxE A3t A7 373

(d)Rotation speed 10/-5 rpm

(filRotation speed 10/-7 rpm

(g)Rotation speed 10/-8 rpm

Fig. 4. Convection direction of Si-molten state by Crucible rotation speed based on Pulling speed 1 mm/min & Seed (crystal) speed 10 (a) 10/-2,

(b) 10/-3, (¢) 10/-4, (d) 10/-5, (e) 10/-6, (f) 10/-7, (g) 10/-8

102014 = BHA] 4ka w271 S718-& Bk =, Crucible
rotation speed’} AATTE AT Tt HASKE AT AlskE &2
7} =9 Seed (crystal) Rotation speed®} Pulling rate® €] &S
Heths 2AE 4 5 o, A 57 e 3ks AR E
ke 4= Q1 QITh HE3t, Rotation speedd] HE7F =014 wjwjch
37 Yol 23k oA 9] deivks 2s A2 N E
RISt 7t FAagTS oyx] Aol nju|siA] Eoj=
= AL #8138 ¢ gk AT kA s o] A3 diy] oy A] &
v dlZ23kolS Wl 10/-30] 10/-452.0h o 7] Aol o1t
I 2ol Ak RS HAAEE SHOE TS W 0.19%2]
u] gk 2}o]  10/-3 Rotation speedE # 28] A ® Ay Loz

1783k 2.H, Crucible rotation¥ 5+ o} Seed rotation speed®ll ¥
TE o Ak TR0 el vl EA eIt
Seed rotation speed®l] W3}E Fo] AlEHO|HS 4
Crucible speed®] AT} PRI 2 27t AAESFE AbAL 5
7F 22 e eIl oA |2 A4 72 kwdl o] 1
gt 4

s

S

g A3t

Rl

£ HlolubA] ob7ef] oA An)gke] Afol= wlw|siet. A7 st
47-& 918 Rotation?t 4] ¥ &S rpm 2~32] (HA SR A
837191 Seed rotation speed®] 7+ 6 rpm”7FA] #3515 0| 6/-32]
Rotationzhs #24]9] AbA 5% HAaske Y$t 7] 3o 2 st
St} A8 A3} 5 Rotation speed 10/-35.T}F oF 3%0]4; 2Jo]7} LU=
Zg Ay gRlgt 7 I3l
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(a)Rotation speed 10/-2rpm

-
42054
38.961
36,528
34,6585
32.562
30,425
28, 256
26. 163

(d)Rotation speed 10/-5 rpm

(b)Rotation speed 10/-3 rpm

(e)Rotation speed 10/-6 rpm

(c)Rotation speed 10/-4 rpm

(fiIRotation speed 10/-7 rpm

(g)Rotation speed 10/-8 rpm

Fig. 5. Oxygen diffusion from oxygen concentration ppma by rotation speed(a)-(g).

=, Rotation speed’} A5 AA| A AkA 57 A
= ANENE 14"5]"@ T AL, Al gholl =Es v ohAlw
A ST S7FES MY A7 % & 4 9] Rotation speedE 4
2310 # A< Pulling rate’Xl Y7 AAEE H 4SS 5 AHS
ZEgspgict,

et}

d

l

4-2. Pulling rate AMASE FM
Fig. 10(a)i= Pulling rate®]] W& §-8-% 2222 S v+
ERJI Sl th. -4 W Pulling rate® 913+ Molten state] T -2
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T 2pol7t Gla5 &R1E < Stk 12141 Fig. 10(b)ollA] e
o] o wigrEs 9] A4 889 Al AAWS 1-
N A 7AH (Melt-Crystal interface) 4] 2] &AJo] & =}o]E RIS
GRIE = SISITE. Pulling rate”} T7F3HrE AW L] B 2%
FEo 2 b oo W Akaa o] Mslefo] AR oS
7 ik a3 T A A7/37l Qlo] A8 ity

o]& A 3t2 YEhl= V/G, (Ratio of growth rate to Vertical
(horizontal) T gradient)®] %k 11-9% 7 A (Melt-Crystal interface) S
THOE FesH H=t G A4 2ETHE UER, G
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Melt-Crystal Interface

correction(Boundary)

(b) Rotation speed =—10/-2
_ o— 10/-3
25.2 10/-4
<<<<<<<<<<<<<<< —w— 105
25.04 g R BV < 10/-6
1 IR X x- .. < < 10/-7
248] ®®%eceso o NEITv, R 10/-8
J R DA ; —
24.6
g. 244
2
o 24.2 -
24.0 1
23.84
236 S S e L S SN S S —
0 20 40 60 80 100 120
Diameter(mm)
[ —=— OippmalAverage] |
(c) 25.1 ]

250 /

249 /
248 /

1 [ ]
usl /
10]/—2 ' 10I/—3 ' 10I/-4 ' 10|/—5 I 10|/—6 I 10|/-7 I 10|/-8 I
Rotation speed[rpm]
Fig. 6. Base on the pulling speed 1 mm/min (a) The determination
of oxygen concentration is analyzed from the melt-crystal inter-

face. (b) Analysis results of oxygen concentration (ppma) by
rotation, (c) Average oxygen concentration by rotation.

IN
~
L

Oxygen concentration[ppma]

-
73.6 1
]

734 /

73.2

73.0- p

Power[kW]

7284 w

™~

726 g /'

724

T T T T T T T T T T T T T 1
10/-2 10-3 104 10-5 106 107  10/-8
Rotation speed[rpm]
Fig. 7. Consumption of power by Crucible rotation speed.

= Non Fixed
value

Fixed value
_ —=—10-3
(b) 250 | Rotation speed[rpm] | —o— g'g
28] rerereasa, 73
] -0-0-0-0-9-¢. h
246- e o
4 oo .\.\.
24.4] T
] ®
242.] vafv~v7v7v’vav«vq,v;v;v;v‘v\v\ \.\\:\
2 240] A SN
2 238 RS
236- -
234 \
1 vV
232
230
0 20 40 6 8 100 120
Diameter]mm]
(€) 248- [ = OippmalAverage] |
,g, 24.6 "
& | \.
S 244 \
S
§ ] n
€
§ 242- \
c
8 | n
$ 240
2
(@)
23.8- ]
T ) T j ] ' I ‘ I
10/-3 9-3 8/-3 71-3 6/-3

Rotation speed[rpm]

Fig. 8. (a) Description of Non-fixed seed rotation, (b) Analysis results
of oxygen concentration (ppma), (c) average oxygen concen-
tration by seed rotation.

FHAQ =X Z YERITE V/Gngk 0.0015 cm?min/k, V/GE]
0.00213-0.00219 cm*min/ke] Foll TR = FAgdggo ¥
el TEetHA A2 HAHe] 3 $H(Plate)F HIE o] ETHL
ghet 117124 57d(<Vacancy) B! Dopant®] w7 5 A4 0=
2% WA A 3] A4S o)Fold = vt
T AZE G ATk 14).
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Table 1. Analysis result of Oxygen concentration and Power by Crucible rotation speed

Rotation speed [rpm] 10/-2 10/-3 10/-4 10/-5 10/-6 10/-7 10/-8
Oippma (Average) 24.64 24.59 24.66 24.74 24.84 24.96 25.09
Power [kW] 72.79 72.67 72.53 72.65 7297 73.29 73.55
V — Pulling Speed
14 _+ Power
G(n)— Temperature Gradient (14 72.90 _
| |
= ('—/) =0.00213-0.00219 mm’min 'K’
G critical 72.85+
2(%) =0.0015 mm’min 'K’
G critical . g 72.80
- )., )~
G(n) G critica G vacanc, 8 72.75 1
=(et)<G),,,..)= &)
G(n G critica G interstitial 72.70 ]
./ \
39t Fig. 10(d)oIA ERI= VIG, 8k A3 9] 27 0 2 E 7965 -
. T

_T;é
ks HER I glom, Bk st A W whds 98
2149l ke Ve V/IGROZ N H A2 Avls At §
AATF = A SlolA ZARRISE 3k detete] H A o] AR
A8kt Fig. 10(c)= Ak F 55 Uehn], A2 353 Pulling
rate’} Z7FEE 557t Foj== AE Ainh N 0.6-1.3

63 7.3 83 93  10-3
Rotation speed[rpm]

Fig. 9. Consumption of power by Seed rotation speed.

Table 2. Analysis result of Oxygen concentration and Power by Seed rotation speed

Rotation speed 10/-3 9/-3 8/-3 7/-3 6/-3
Oippma (Average) 24.59 24.46 24.28 24.07 23.8
Power [kW] 72.89 72.81 72.68 72.69 72.67
@
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Fig. 10. (a) Description of pulling rate (b) The appearance of Melt-crystal interface is changed according to pulling speed. (c) Average oxygen
concentration (ppma), (d) Average V/G value (cm*min/k), (¢) Power (kW) by Pulling speed.
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Table 3. Analysis result of Oxygen concentration, V/G(Free-defect area) and Power by Pulling speed
Pulling speed [mm/min] 0.6 0.7 0.8 0.9 1 1.1 12 13
Oippma [Average] 23.95 23.88 23.84 23.81 23.8 23.77 23.74 23.69
V/G [em*min/K] 0.00176 0.00194 0.0021 0.00225 0.00242 0.00257 0.00272 0.00288
Power [kW] 75.25 74.56 74.01 73.45 72.89 72.29 71.68 71.05
[mm/min]7F4] 2F 1%2}0] 2 & o] glrhz 7S #dslelal Fig. o] A7k AR FAMAEA 1 A1) s R gkl
10(d)= Pulling rate’} 5718 5= 5 V/G = T7FS Holal 3l ti= gulE zHA ") o] 2 18| Crucible W ol A Si-
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A o] TS V= VIG, gk At el o, xgjan] Ajel 7t
VIGtiH] U2 01E-S YER =R 0.8 [mm/min}S # 4 <] Pulling
rate® At AAH HA 9] WFSZHE] Melt charge level®)]

w2 HA o AAE £F 2 FEZQ Abk % W3k Ay
a3t AlEEoIE sl

% o by

4-3. Melt charge level AT BA

tha Fig. 11 Si-CrystalZ Melt®] FAlE eIt 91714
Crucible?] Z717} (a)-(e) Lo 2 Az} Zo &t} Crystal?] FA1=
1E Ago] ™, MeltF-E2] F-AT 74 F T, Melt charge®] ¥
35 e A2 Crucible?} 31-9 73 AH (Melt-Crystal interface)

crystal=59.663138

crystal Woll 147141 8] Ae] 9 fA|e] 353 o Wkow 313
%]+ Rotation?+2] % w28 11213101 Melt charge levelol] &
5] W3kE RIS, AL 5% HAsE st AlEoldS
R A

Fig. 123= Melt charge level'd -39 53} A4 EHite) gt
A= JeRRSItE. Fig. 9(a)2] Melt charge level 100% (162.8 kg)
oA FAle] thi RS RIS W A F le] FREe R o

5 ofrto]l X H S I = glom, - 737:]1“4(Melt-Crystal
interface)83F Zoll T thiF Fdo] o] FoAA L Q55 1T
Utk A% WO R T o] A o]FoXIvhs A Aka &
2ke] WaRdo] ARk o ® o fEg-g et qlom, (aell
M= A= A7 29 7o tiFddol shtel fEA=
A o7k Bas GR1E o Stk AbA Ate] WakdE Hk
=, ae] A ko] HAl Aol obd frAle] 3 Rk
O Z (Melt free interface)Z el 7} A& Al EH01A-S S8l ERlsh

crystal=59.663138
melt=145,240021
charge=204.903159

melt=162.800076
charge=222.463214

(a) Silicon Charge weight(222.5kg) (b) Silicon Charge weight(204.9kg)

(d) Silicon Charge weight(169.8kg)

crystal=59.663138
melt=127.679956
charge=187.343094

(c) Silicon Charge weight(187.3kg)

crystal=59.663138
melt=74.999751

charge=134.662889

(e) Silicon Charge weight(134.7kg)

Fig. 11. (a)-(e) are shown for each silicon charge. This figure shows that the amount of charge gradually decreases from (a) to (e) based on 100%

charge.
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Fig. 12. Convection of melt and oxygen diffusion were shown for each melt charge level. While reducing the size of the crucible from the vertical,
charge levels 100%, 89.2%, 78.4%, 67.6% and 46% are expressed as (a)-(e).
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Table 4. Analysis result of Oxygen concentration and Power by Melt Charge level

Rotation speed ML46% ML67.6% ML78.4% ML89.2% ML100%
Oippma (Average) 2258 23.86 2439 24.74 25.06
Power [kW] 76.48 72.4 70.19 68.9 67.85
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Fig. 13. Indicated (a) Analysis results of oxygen concentration (ppma)

by melt charge level, (b) Average oxygen concentration by melt
charge level. (c) Consumption of power by melt charge level.
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5. Conclusion

EL_ [e) [e] = -—‘i—
T-Zof|A 2] M= (Sileca)= B A HE BeEe] il A
& FEE Hagsto] Ay dEE I3 284S AT
A} AG-E 2 &Y3F) © | Crystal Growth Simulations 7]HFS 2
] & 2] Seed/Crucible Rotation speed 2 Pulling rateS 17 5}o7
7|E A ERNE 9F 2-3% A, FAAATY 9] FAE U
BRI VIGHEES] I 'l 015 ZMEe R Abh B H4EE
£]3F Melt charge level®] H 32 oF 10% E& 74 A3E

EE3IITE A Vacancy$} £ A9} s A7) F4 4
HE AE] &84 181 Life times 2}3FA7]= gglo]7]ef Ak
2 FEE OF 10% ArE vilg- E712Q1 Anet o 4= Qlvk Al W
T ATt GEE = Aol 2oL FA2 Simulation Software
9] FH H& T Aloko = M Wt 4% s aEs WA H
A 3}(Global optimization)i= 35}7] o2 g ow, 2} $-& A
oAl o] Ft-g TEfste] S IR Sta, w ATl e A F
7ol RPBHA 282 7 A= Aok Zxdstel ] FE #HF (Local
optimization)®] A& do] YQIch K&t o] & 7|HIO R BE=
Has 9 F s SRk g A SR ATE J8e
AEolct,

Acknowledgment

This work was supported by the Korea Institute of Energy
Technology Evaluation and Planning (KETEP), Ministry of
Trade, Industry and Energy (MOTIE) of Republic of Korea (No.
20173030018990). This research was supported by X-mind Corps
program of National Research Foundation of Korea (NRF) funded
by the Ministry of Science, ICT (No. 2019H1D8A110563011). This
work used the software CGSim v.20 software of STR company
(www.str-soft.com) to obtain a result. Moreover, Vladimir Artemyev
from STR Group Inc. (http://str-soft.com) has supported software

training.
References

1. Wang, C., “A Continuous Czochralski Silicon Crystal Growth
System, Journal of Crystal Growth, 250(4), 209-214(2003).

2. Kulkarni, M. S., Holzer, J. C. and Ferry, L. W., “The Agglom-
eration Dynamics of Self-interstitials in Growing Czochralski
Silicon Crystals; Journal of Crystal Growth, 284(3), 35-368(2005).

3. Vorob’ev, A., Sid’ko, A. and Kalaev, V., “Advanced Chemical
Model for Analysis of cz and ds si-crystal Growth, Journal of
Crystal Growth, 386(2), 226-234(2014).

4. Voronkov, V. V. and Flaster, R., “Intrinsic Point Defects and Impu-
rities in Silicon Crystal Growth] J. Electrochem. Soc., 149(3),
167(2002).

5. Ammon, W., Dornberger, E., Oelkrug, H. and Weidner, H., “The
Dependence of Bulk Defects on the Axial Temperature Gradient
of Silicon Crystals During Czochralski Growth, Journal of Crys-
tal Growth, 151, 273(1995).

Korean Chem. Eng. Res., Vol. 58, No. 3, August, 2020



380

10.

11.

12.

e L A R

. Kim, J. H., “A Study on Dynamic Heat Flux for 450 mm Single

Crystal Silicon Growth under Magnetic Fields, Hanyang Uni-
versity Master’s Thesis(2007).

. von Ammon, W., Friedrich, J., Miiller, G., “Czochralski Growth

of Silicon Crystals}’ T. Nishinaga, P. Rudolph, T. Kuech (Eds.),
Handbook of Crystal Growth (second ed.), Elsevier, 45-104(2014).

. Ammon, W. V., Gelfgat, Y., Gorbunov, L., Muehlbauer, A.,

Muiznieks, A., Makarov, Y., Virbulis, J. and Miiller, G., “Pro-
ceedings of 6th PAMIR International Conference on Fundamen-
tal and Applied MHD} 41(2005).

. Hwang, D. H., “Oxygen Precipitation Behavior Related on Point

Defects in CZ Si Single Crystal; Doctor’s Thesis, Dept. Mate-
rial Eng., Chungnam National Univ., Daejeon, Korea(2002).
Kim, J. H., “Study of Oxygen Behavior on Single Silicon Crystal
Growth in Czochralski Method;’ Master’s Thesis, Dept. Material
Eng., Sungkunkwan Univ., Seoul, Korea(2007).

Lee, J. S. and Kim, K. H., Solar Cell Engineering, Seoul, Korea:
Book Publication in GREEN Energy(2007).

Sim, B. C., Kim, W. S. and Zebib, A., “Thermocapillary Convec-
tion in Liquid Bridges with Undeformable Curved Surfaces]
Journal of Thermophys Heat Transfer, 16, 553-561(2002).

Korean Chem. Eng. Res., Vol. 58, No. 3, August, 2020

L

13.

14.

15.

16.

17.

18.

19.

7Lk gAY
Sim, B. C., Kim, W. S. and Zebib, A., “Axisymmetric Thermocap-
illary Convection in Cylindrical Liquid Bridges and Annuli CR
Mecanique; Journal of Heat Mass Transfer, 332, 473-486(2004).
Rozgonyi, G. A., Deysher, R. P. and Pearce, C. W., “Silicon Mate-
rials Science and Technology) J. Electrochem. Soc., 123, 1910
(1976).

Shockley, W., Read, W. T. Jr., “Statistics of the Recombination
of Holes and Electrons” Phys. Rev., 87, 835-843(1952).

Lee, Y. R. and Jung, J. H., “Research for High Quality Ingot
Production in Large Diameter Continuous Czochralski Method’
Photovoltaic Research, 4(3), 124-129(2016).

Shockley, W. and Read, Jr. W. T., “Statistics of the Recombina-
tion of Holes and Electrons}’ Physical Review Journals, 87, 835-
843(1952).

Kalaev, V. V. et al. “Calculation of Bulk Defects in CZ Si Growth:
Impact of Melt Turbulent Fluctuations, Journal of Crystal Growth,
250(2), 203-208(2003).

Kakimoto, K., Eguchi, M., Watanabe, H. and Hibiya, T., “Ordered
structure in Non-axisymmetric Flow of Silicon Melt Convec-
tion) Journal of Crystal Growth., 126, 435-440(1993).



