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ABSTRACT: It is clear that monocrystalline Silicon (Si) ingots are the key raw material for semiconductors devices. In the present
industries markets, most of monocrystalline Silicon (Si) ingots are made by Czochralski Process due to their advantages with low
production cost and the big crystal diameters in comparison with other manufacturing process such as Float-Zone technique. However,
the disadvantage of Czochralski Process is the presence of impurities such as oxygen or carbon from the quartz and graphite crucible
which later will resulted in defects and then lowering the efficiency of Si wafer. The heat transfer plays an important role in the formation
of Si ingots. However, the heat transfer generates convection in Si molten state which induces the defects in Si crystal. In this study, a
crystal growth simulation software was used to optimize the Si crystal growth process. The furnace and system design were modified.
The results showed the melt-crystal interface shape can affect the Si crystal growth rate and defect points. In this study, the defect points
and desired interface shape were controlled by specific crystal growth rate condition.
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(a)

(b)

Fig. 4. (a) Comparision of Temperature flow (b) Cooling system
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4.2 Melt — Crystal interface shape by Growth rate
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Table 2. Growth Rate

T (K) Non—Cooling Cooling
Maximum 1097 941
Minimum 1045 994
Average 1073 973

Shape Growth rate (mm/min)
Convex 0.3
Concave 1.5




22 H.J. Jeon et al./ Current Photovoltaic Research 8(1) 17-26 (2020)

@) (@)

-58280
-1.0715E13
-2.1429E13
-3.21449E13
-4.2858E13
-5.3573E13
-6.4287E13
-7.5002E13
-8.5716E13
-9.6431E13
-1.0715E14

(b) (b)

4.00E+013
0.00E+000 -
2.00E+013 4 ﬁ
0.00E+000 | -2.00E+013 |
5 200840131 5
s S -4.00E+013
5 -4.00E+013 H
g ] |
£ 6.00E+013 £ S00E013
o o
§ -8.00E+013 - g -8.00E+013 |
-1.00E+014 |
-1.00E+014 -]
-1.20E+014 T T T T T T T T T T T T T
0 100 200 300 400 -0 0 50 100 150 200 250 300 350
Crystal height(mm) Crystal height(mm)
Fig. 7. (a,b) Concentration of Ci-Cv in Crystal (0.3 mm/min Growth Fig. 9. (a, b) Concentration of Ci-Cv in Crystal (1.5 mm/min Growth
rate) rate)

@) (@)

Torisia

Pt 1.0715E14

786313 5.6431E13

s.amrEs

e 8.5715813 Jf

358613 7.5002E13

21505813

s 5.4287E13

-6.04sE12 5.3573€13

s

35417513 4.2858E13
3.2144E13
2.1429E13
1.0715E13
58280

(b) (b)

1.20E+014 -
1.00E+014 ] 1.00E+014 -
8.00E+013 - 8.00E+013 o
§ 6004013 ,,g
= < 6.00E+013
& 4.00E+013 5
s £ 4.00E+013
£ 2.00E+013] £
Q Q
g g
& 0.00E+000 § 2.00E+0134
-2.00E+013 J
0.00E+000
-4.00E+013 T T T T T T T T T T T T T
0 100 200 300 400 -50 0 50 100 150 200 250 300 350
Crystal height(mm) Crystal height(mm)
Fig. 8. (a,b) Concentration of Cv-Ciin Crystal (0.3 mm/min Growth Fig. 10. (a,b) Concentration of Cv-Ci in Crystal (1.5 mm/min Growth

rate) rate)



H.J. Jeon et al./ Current Photovoltaic Research 8(1) 17-26 (2020) 23

Fig. 72 Growth rate 0.3 mm/min®.2 A& Z2A9] C
(Interstitial) - C (Vacancy) 50|t} =, 24 Y59 Interstitial
SVt == A4S UERH Ao, Fig. 791 A Interstitial 2]
517} 31-0) 78 SR e SIS Wl A4 HEow
42 =r 7 olz]e tehdch

Fig. 82 Growth rate 0.3 mm/min®.2 A& Z2A9] C
(Vacancy) -C (Interstitial) 5 =©|t}. Fig. 80| 4] 11-oH Z A F
w2 sEE 7AW, 24 Ft o2 25 dolplS UE
Wek A% Wiol B4 5= E Table 4258 & 4= 3lom,
o] 24 Convex shapeo]+= Interstitial &] =7} =22 &215H
4= Q19131 =, Dislocation loop Y-S A1}2 & 4= Qi

Growth rate S 1.5 mm/min & & Z23}91-2 ] o] 11-o8 77|
M-8 Concave FE| 2 =53} 17, C (Interstitial) - C (Vacancy)
9] =L ZFig 98 el Sich AAYAIA L= 0] §FALO 7 Q15|
Interstitialof] =7} 9] 212 714 = AL &elst 4= glom,
Convex FHj| =, F2 Growth rate 2 AJAE A 3}19] 2fo| S
Table 40 4] 218 4= ]t

Growth rate 1.5 mm/min¥ o}, 22 UJ5-9] C (Vacancy) - C
(Interstitial) 2] ‘5 == Fig. 1022 YENJQIT} Vacancy o] 5=
Aoz 274745 0.3 mm/min duj of ThEA] o ks 7}
A A En, AAAYLEE O] gFAFO 2 o5 VacancyQJ =7t
Interstitial 2] == H ) =2 718 V(A= AL &olg 4= Qi)
Concave e+ =& Growth rate 2 Interstitial @] AJo] ZF4

& g 4= ek

4.2.2 Plate interface shape
-9 A S 270 Plate Fe|27E] Avht 24

L PhOSphomS% g wjo] Plated FEfS F-4] ?‘E}SEXH =
B S AL Uk

Fig. 11-2Table 3J| 4] EFJ 0] 0.95 mm/min Z 7 A3l
O] a1-H A L] otk ARSI R Q15 Ao

Fig. 11. Approximate Plate Shape

Table 3. Growth Rate

Shape Growth rate (mm/min)
Plate 0.95

(@)

e

(b)

0.00E+000
-2.00E+013
-4.00E+013
-6.00E+013 4

-8.00E+013 4

Concentration(1/cm®)

-1.00E+014 4

-1.20E+014 T T T T T T T T 1
-50 0 50 100 150 200 250 300 350 400
Crystal height(mm)

Fig. 12. (a,b) Concentration of Ci-Cv in Crystal (0.95 mm/min Growth
rate)

(a)

(b)

1.20E+014
1.00E+014
8.00E+013 -
6.00E+013 -

4.00E+013 4

Concentration(1/cm’®)

2.00E+013 -

0.00E+000

T T T T T T T T 1
-50 0 50 100 150 200 250 300 350 400

Crystal height(mm)

Fig. 13. (a,b) Concentration of Cv-Ci in Crystal (0.95 mm/min Growth
rate)



24 H.J. Jeon et al./ Current Photovoltaic Research 8(1) 17-26 (2020)

HE 245l A4 o] AL o &3l &3 Plate o] FE|
% 238k &F7He] Concave HE| &

— [e)

A7) wg -9} 73‘741 1ol H to] 7]*—°P‘:}t A
& = 75t
Fig. 122%-5] =£3}C (Interstitial) - C (Vacancy) 2] 50|t}
Concave &H]|ol| ZAFEC 2 Interstitial 2 22] -2 71X =]H,
Concave2}9] Interstitial = 11% 748 A2 221519 )

C (Vacancy) - C (Interstitial) S 24 3F A 1}1=Fig. 132 LE}
Wik A4 2]0.95 mm/min 230
E3H11% A3k o] 2 215) Plate &
59 =yt ZhAasitks A8 8018k 4= g)nk TSk A YR
o 271191 AR ) A7 BEE Teje 4 ASS AE

golde sl 2aE A3k

=
29
Efjol

4.2.3 Comparison of cooling system

Cooling system 2] =] A7 /372 of| o Gk m|A|
A Fig 1401 G134
25210 AR AL T 2|0} -0 AA ] Fer} ok
4= 1331 =, Cooling system @] T=Q] ©. 2 913} 31-o8
9] Fej= 7] 0.95 mm/min 2GR E 9 v W EA]

A7} Defect @] 214 30% 2}o|7} Q18-2 sholsk 2= glch

Fig. 15% Cooling system © & 213} & 0] 2}o] S L}ehfH,
11-9 AAH-LE PlateS 7|52 © 25F0] <LA}R| S Concave s
oS 7Hck sk 22ke] A AL ES 10.5% 2ol 7}

AH Cooling system= =4 gF 34 0] AAAAAEE=10.5%
FE ek 2P ER FAU7 A A He FA5HHA] Cooling
system 2. 2 Q13 AA YL e o] 4t A7HA ©ho] 7155t

= 7}—1—% 3} ]tﬂ- 2> olr;]_

A%-& 73l Czochralski 578-& B3 Si Y3 244424
AL 2 HE q1-00 AA|Ho| oncave@r ConvexJH| 2
z7o| 7hssitts 23S =Estelen, olo RS E
9 Cooling system O = FE| A5 A% o] Z-2]of tfjs)] 1225
oks}7|of| LA ATHE &(V/G(n)), Von-mises stress(Mpa) L
2lal 3ol axblE oY A(kW)oll Higt HagEAe skl
(Figs. 16, 17).

BAARATAA(V/G) 0.00213cm*min LKL ~ 0.00219)
em’min 'K T HSE @A Aol A= wESHE 2ol
Fig. 176]41=0.00219 em’min ‘A ' 9] ¥ 912 Hlo] "t GR1.05
(cooling)@} GR1.5(non-Cooling)-2 F-AA As}t] o of Q£
4 Q= ATE =519tk Von-mises stress+= 30 Mpa©]4-2]
2k Ao] S2lof o8] k3] $-2i7} 9l B 30 Mpao]ate]
2 =S} Fig. 179+ GR1.5 (non-Cooling) £]2] A4
H% $2(Von-mises stress)THEH Qo] Z&E]= JHo|ch
Total Power o] A}&=50kWo|3}2] A 22 AH|3t A= &0l

(M2 rlo

o), o
ol ot m\l
rﬂ

.

(8]

Z

= 312, GR1.5 (non-Cooling) ¥4 2|2} o] Z 2l Au]of o
S i P,
mises stress ] 27101 S515]7) kot 22| ol Al Al2JEIck

Defect Point+=Fig. 162} o] oA 2 AAAAEE7 27}

(a)

(b)

Fig. 14. (a) crystal in Cooling system (b) Melt-Crystal Interface
shape in Cooling system (0.95 mm/min Growth rate)
*The Color represents Temperature

(@)

(b)

Fig. 15. Melt-Crystal Interface shape in (a) 1.05 mm/min Growth
rate of Cooling system (b) 0.95 mm/min Growth rate of
Non-Cooilg system *The Color represents Temperature



H.J. Jeon et al./ Current Photovoltaic Research 8(1) 17-26 (2020) 25

= Vacancy94 sEe T

rIr i}

AT} =25}t Table 4).

Defects point

Concentration (1/cn’) ©

00035 55 0.0035 r52
0.0030 4
~ k50
~ oonsd &
z H | .
s 2 = g
£ o000 £ T bas Z
g 2 gl
< 0.0015 E S -~
- 3 ka6
=
0,0010
0.0005 ET]

GRO3non-c GRI9Snon-c GR1 Snon-c GRS GRIOS

Growth rate (mm/min)

Fig. 17. Amorphous defact area (V/G(n) cmmin~ ‘& '),Von-mises
stress (MPA), Comsuption of Power (kW)

Table 4. Concentration of Defects By Growth Rate

5. Result and discussion

Czochralski —(T,'—Xé S ‘%_}727@ A Y3 2L E
w2 3o AAH 2t

AL 2 HE] 3-8 AA H]
7Hs 8k @A At ofl AE-E= A 2 o] T 7]
Z A7 o] 92=3} ConcaveFE| 2] L3l o

=& ool tHE AP B A1

JA(V/G(n) em®min 'K '), Von-mises stress (Mpa) H| i &
A5t S u, 23 *éXPAEQ}Coollng system T=¢] 34 A3 24
T}= Table 59 =&}, Growth rate 0.3 (non-Cooling) 2}
1,55 AR AT A(V/G(n)) 0.00213¢m min LA ~0.00219
em’min™ A 270 Rgle] WS Este) pRHR GRIS
270 glo] i) i,
non-Cooling system 2] GR 0.95 (non-cooling) 7} | % 2] A4
A4 918 391519 o, ZHS 2 A3}e] Cooling system 2]
2213+ GRO.959)| 4= 7]Z2] GR0.95 (non-cooling) ]|
R} Defects concentration 30% 74y, 11-0 A A A 2] 4=
HA Q1 AR ATH S Z2(V/Gn) 1.5x 107
oA AR H 9= 715311‘11 9% 7MAdstAe.
stressi= 271 W 9]0l WhEe ATHE =519t
Fig. 159f4] GR1.05 (cooling)Z} GR0.95 (non-cooling)H| ul
131 1] 758 31-9] ZA90] el B4 Defect
concentration 24% 7rAslglom, FAXATIYG A(V/G(n)),
Von-mises stress®e 27 HeJof wkEsicl E3h GR1.05=
GRO0.95 (non-cooling) 2.t} A AL 10.5% FAE A2
42 wzaior)

(non-Cooling) = Von-mises stress

lo 1B

em’min 'K!

™, Von-mises

Defects Growth Rate Concetraation
(mm/min) (1/cm’) 6. Conclusion
0.3 1.55E13
Ci-Cv 1.5 -2.83E13
095 2 54E13 H &]9L= Crystal Growth - Simultaion-2- 2-83} Czochralski
Ci-Cv (Cooling) 0.95 1.95E13 579 SAA Al E ARG whE Defect 2] 2] 2|5} 2
03 -1.55E13 T-H AAHS] JAL A8 2w, Cooling system 2 & Q1
Cv-Ci 1.5 2.83E13 310.95 (mm/min) ZAAAREE 7] £ 0] 10.5% A+ L A 7F
0.95 2.54E13 2] thZ, Defect 20~40% 724y, T2 AT (V/G(n)) 7141
Cv-Ci (Cooling) 0.95 1.95E13 Von-mises stress 27 H 9] nk=0] A1}E £ 25}9c} o] 7:14_
Table 5. Result of experimental
Growth rate | Von—mises stress V/G V/Gn Power . .
(mm/min) (Mpa) (cm?/min/K) | (cm?/min/K) | (Kw) Civ cvi
GRO0.3non-c 0.3 17 0.0008 0.000805 50.1 1.55011E+13 -1.55011E+13
GR0.95non-c 0.95 19 0.0022 0.00215 474 -2.54487E+13 2.54487E+13
GR1.5non-c 1.5 50 0.0033 0.003 453 -2.83814E+13 2.83814E+13
GRO0.95coo0ling 0.95 18 0.0019 0.00196 496 -1.94674E+13 1.94674E+13
GR1.05co0ling 1.05 19 0.0021 0.0023 492 -2.0464E+13 2.0464E+13
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