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Abstract—Effects of major casting variables such as the crucible cooling rate, rotation/translation of the
crucible, wall thickness of the crucible, the coating material, and the class of feed silicon on the electro-
physical properties of solar-grade polycrystalline silicon wafers were examined. The crystalline structures
showed better columnar structures as the cooling rate was gradually reduced around the level of 1C/min,
and as proper rotation(1.5 rpm) and translation(3.5 cm/hr) of the crucible were performed at the same time.
Impurity concentrations of cast wafers were on much lower levels than the limit values allowed for the
high efficiency(i.e. above 10%) solar cells, irrespective of the kinds of feed silicons and coating materials.
Within the proper ranges of above casting variables, it was feasible technically to manufacture the polycrystal-
line silicon wafers for the high efficiency solar cells using the impurity segregation effect and growth of
the columnar structure due to the directional solidification phenomena of the present casting method.
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Table 1. Specification of casting apparatus
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Fig. 1. Schematic diagram of casting apparatus.
1. Gas regulator 2. Rotameter

. Pressure gauge 4. Sight glass

. Graphite curcible 6. Graphite heater

Shaft

. Cooling water circulation pump

. Cooling water reservoir
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2-2. FH2E MEER

Q£ HYrrhE 2572 A, AxY F
=7k 2 ingote] X35 93l SiN, E2(Rare Metal-
licAl, 99.99%)-& *71e] W <F 300 um FHA =
s ®-aladc) SizN, o Al CaCl.(Rare MetallicA}, 99.99%)
E AHEPIE sisdch HEE 2o Sofl HAEke]
G2H Fa(0F Ethylabe] ke AF 22 efFdAF
T, G712 (F) 2 dEA A F off-grade ) ¢}
doping % Si-B €3¢ A F =7 AR S A
Azt 4AF zgskdch AU $71E AR
E ol2F 7}~ E 3//minE EF3, FTAld #Ax 7
R W A fo 2 Yrheg A 7hd e
AYE FFskgick =7k EY-9) 2571 1450Ce
Eekslo] o] FAavl 4AE L-5EY HAFE T2
g6l 98 AEY7E Atsdch LE SHE E
7R 8 Wl holesol #Hl Riype J4chE ol
dlgjon, WAL E S (0.5-8C/minE H3HA| 7|0 o] u
24 Wi aheb 57k AHat o5 9 & e] FAlo]
Sussich £7h el LX) 1000C o)stel] ol

Parts Size/Feature

Material

Crucible

Heater
Supporting shaft
Crucible translation/rotation part

ID 65¢cm, OD 85cm, H 10cm

ID 52cm, OD 58cm, H 7.5cm

ID 11cm, OD 13cm, H 20 cm, capacity 7.8 KW
OD 25cm, H 75 cm, cooling water 190 lit/hr
max. translation vel. 13 cm/hr,

graphite(Ibiden Co., ET-10)
quartz(GE Co.)
graphite(Ibiden Co., ET-10)
S.S. 316

S.S. 316

max. rotation vel. 18 rpm

Temperature control

16 bit PC, R-type sensor

Pt-Pt/Rh
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(A) 0.7C/min (B) 1.0C/min

(C) 14C/min (D) 1.0T/min—>0.5T/min
Fig. 2. Effect of change in the crucible cooling rates on
crystalline structures of the ingots.

a2y A

o

s X
H

o

4 Fobsta Age ks

2-3. 9HE NZE W BENH 53

HFAAE b2 2 dhie] EAS F9shes B
Heze AAT2, AR 27), AT 5= 2
E4E ¥5 So] gl Ingote] A2 OD(Outer Di-
ameter) sawg o]43tglon], AAFzx @ =79 B
AL FFAA L, £ E T2 4 NAA(Neut-
ron Activation Analysis) ¢} FTIR §-& o]-&3}ic} qt=
Az gD B ZAol A A AL FaEA1]4)
veht Qlet

3. gn o« @

3-1. HZHREo| HE

o Fig. 2(A)-(O)€ 4 ingot A =7k Y
A& e it g doliy] 8 Y442 E £
Er7h]e] 8 22 E s|FoZ 07, 10, 14C/minZ
7tz A7 EA ANa" AYRE FYPF Aok
Y& 27t Al et AAF29] o3 (breakdown)
of WA= ZE ¥ + UdeH, dHUE ingot 3}
FHoeyy 93 wise A% 2 £ Uk =
375271 AR A =y F4TEE(columnar structure)
Bl ¥y z(edge structure) 7} ingot AR Zo)) 4]
oS A 2AYA 27 YAE5EE AR
e} 2ol AL BHoy A7) WAEE 0.7-14

s3t2 29 H|5S 19914 103

C/min( AR £2, 042-1.00 mm/min) ¥ el A=
2 zelF Bolz| ¢ighey. UubHQl AYAAA WYzt
S5 ATz 71 & 9L vAE Hew o
24 sledl, B g T 7R ARl A sted A
AAHer Ausz gt} shie AP By shs
243 Fhe AMAESE EAo)h oJAL E 79
SE EXo| g FARA AR AT 5o
(2], ¥44=7) YT A wyste 39 agygos
AAY F2 Fad ml AdoAe] 25 Bxrsl &
b sle] AAw e o (breakdown), v HJgF AL x,
deHog g A A Fo] ks AMe)t)
o2 shies o]&ul “244 31y &AM (constitutional
supercooling)” © 2], T AR EHEe A
(segregation) A& Qls) H3 L3 257} o} -
4 A ErAAo] epriEle FAlo|g3]. MAAke
ingot & WEg uiel 1Y YoM Y Sx(S,
=) E A ST 383 34 Fgoex,
221 FAhs 19 Alde o} A4 Yo 2wk e
Z=TE HY $3n &5 TR A FAgeEs
HAHQ] 2 AR FAGE 7} ok 2 o] F
7H A TEAog W9 FA oflE AE
d#Ee glen, iy Axgly sld7] Fxu
Tz, =R 27, AAE A £F Sl )
S 2=} vle] AljtEe] Me] 7] il Fola
Al2Ele] A7 F == Hoe YiEszE A
A% P8t oA ok

o213t w7 3loll £ Ag o] WAL E st th o
2 At & o, 1C/min[Fig. 2(B) ¢} (C)] o)Ak
&R FA4TEe o] ingot A¥7HA] 218
HA Rt vl stx] 2 Aoz Jepdw gk
£3)], 14C/min& =l A& ingot FHFP-E] AW o] oA
3} g v Fxe) WPz Wigo] Fxe . Fig.
2(D)= (W-(C)sh= gz Yg45E 279 1T/
minell A #F 05C/min7}ba] A2 Fquizt HL9
Aztolc), ol o] APl wef YAE=E 7}
2AZ L2 M, ingot N2 A4E BEEY F5 A3
9} Almel A o) EFul Al mE Awe] EehAA
27H2]E 42171271 3 el A Az=glen,
Tl A HEo] (A)-(D)F 7V & 2AF2E et
Hdoh

g9 o} Fig 3(A) 8t (B)« 44 Arle] A% &
FATFEZ A udd A4 2 eAFR) ¥4
el A AY 2 E B AL, 7} AHe EqbA
Fo2 vdg AATE7E FAH7] AFstd G@3A
JAF W AA A FEX 9o Folshs
g B 7 itk FATRo A ddd 1o 24



Hofizg oA i wpae) Az 537

B)
Fig. 3. Optical photographs showing low(A) and high(B)
densities(Marker represents 20 um).
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(B) 25 cm/hr
Fig. 4. Effect of change in the crucible translation rates on crystalline structures of the ingots.
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Fig. 5. Variation of average temperature gradient with
time in the case of the crucible translation.

sdch. AYYA 271 ingot FHEZIE ol o]

271744 LA 5 mm ol4ke vebhgnt o) 54
EE 5cm/hrE g 34, A vl T2E Al dslae

FATEe] ¥ & FAHe) glelont ingotol] ok
dde] BAEHT) Aubyge g rh)ef olFe
Aol vla] & ETulE A A7) Zo] Soldly
ARATFxA vl 29E 2o Foe) 22y HF
<E=78)7b 15C/mm HEE 9L A$ 458 4 $
Holl o3} ingote] FIZ-L FAAHQ HAxE Jehy
At

5 Fig. 6& =7RE 71d7] Wi¥ol aAA7|a
AvkS A1 wie] dgks ehd Aolth (A)e 3
28 "{} 7359 A}ZA ingot F4
AR 2 o) Foll = m)A|
At} FHEEE 4rpmeE
] yrolx A
vje}

o A}

rl

X, 1o

B

)

ingot a}ellgk =
Wadch dubdge g =rh 3Ae e A
Wl He] ddd anE 2A1A41AH A4 Yo L5
THE F2ATIH, Al EHAD s F2A)H
S B kel o8 AAL 7HE EEEES do-
pant?] FEEElE ZFAaA7lE RoZ oduA i[5,
6]. web] o] A} YRl o] 2xpul hhe 2AH
Fg A oAl WEeE, FxTH Pik
F7R 7 e g M AES A4 oz 4
Zrsledl, A" A7 we} o] @Aato] oy
B gt ZA Hyo} BeEY A & 5
AR At Fesd § Qe A 270

CH
=
L

3523 293 M55 19914 10

) 1.5 rpm

(B) 40 rpm
Fig. 6. Effect of change in the crucible rotation rates on
crystalline structures of the ingots.
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(A) vertical section

(B) horizontal section
Fig. 7. Effect of crucible translation and rotation on crys-
talline structure of the ingot.
translation rate: 3.5 cm/hr

rotation rate: 1.5 rpm

22 ) IAEE, 5oh o)F 53} g2 g Wy
olgloll = ke W ulet FA, wole) £F, 2y
- WA =7 F3 32 7)8EbH WaEol

A& A9 A9y mdE A7 AN - nw}

TrA R Az 539

e 2],

A Wl wld ZlstehA WSEL A AAA
vlz] AAE7] dFel AR FEF vler) YRtz
7 FoiAl 2o ApAe] qAsle] 278 =2A upE
7 A7) dFell AgHE F o Adnt o) 53t
Qqem, 2 JF =g ZA el stk o2 Fig. 8
(A= 549 =719 ¥4 F771 10 mm, vl FA47}
10 mm3l 71& 271318 Azle]w, (B)& uldt FA=
95 ¥ FAE 17mmz 7)1 3o, (O)x
HHEA 10 mm, vle $£AE 4mmE 7] 359
Azfo|c}, BT A e Sl A, 1T/ min AEE F7te)
WA 7| & Axjelr). 24 mdsw A7As,
de} FAle FALSTE LETHE AHAAL F2ES
ol frejgh wih, wiebe] Sl 2 RET
7 AA Fe3 Aoz Jepggich 2 AP A,
E7h T 2ol 22] 9 i ErR 93 o) ofd
ingot ZpA|2] =7|7} Wiste] AATR Aol Fjol=
FEe A=A dgtet, (A w8l (B)& ingot $AHY
AN w27} HAE ArA) AHYRY =Z7] "
MM 2F 48 Ao Jehgdrt (A Bld (O«
ATz 7] ol Fd el £x) e 2
#}E "ok

FH FAdmsh] Al HAdErhE AR Aot
Fig. 9ol vjehut gledl, dd=riie A$e 39
A7 T AAY o AdX|sledo} 7] wfFo
ingot®] A7V} HAxrpge] ALuc} Aggog 2
olzlch ey AATxE H9dxrhie] A$rt 4%
dAb Z7] HellA FA $-53le] =l dHel A e
FaAH o 2v] olatel @& Jehldth o|e A
e F 7k el A 1 & ) sled, shbe
Holl Mg} o] 27l AA FAY Zdo #E 7|8}
& aFo|x, & shh=(F7bell SN, 9] &) el
= B73) Aodegs) Faele] AEats Al
gt 53 WG WA Axolh =l ¥w F

(A) wall 10 mm, bottom 10 mm

(B) wall 17 , bott 10 mm

(C) wall 10 mm, bottom 14 mm
Fig. 8. Effect of change in the crucible wall and bottom thicknesses on crystalline structures of the ingots.
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(A) vertical section

(B) horizontal section

Fig. 9. Effect of crucible material on crystalline structure
of the ingot.
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(A) SisNg

(B) SizNy+CaCl,
Fig. 10. Effect of coating material on crystalline structure
of the ingot.
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Table 2. Variation of concentration of carbon and oxygen impurities

Interstitial oxygen Substitutional carbon

Feed silicon Crucible
ppm atoms/cm® ppm  atoms/cm®
Semiconductor-grade Quartz 3.7 19X 107 - -
Graphite - - - -
Graphite* 46 2.3X107 11 5.3X10%
Graphite with SizN,+CaCl, coating 129 6.4X 10" - -
Solar-grade Quartz 223 1.1X10% - -
Graphite 2.1 L1X10Y - -
Off-grade Quartz 16.4 82X 10V - -
Graphite 6.4 3.2Xx10v - -
-: not detected
*: the result of Ref[1]
e} HEEAZ SipNE vl232 2 $o] CaClE Bl 36.3f
A9 AMad A¥EE #Ysidoh oFE Fig 10(A) =
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kA F4TEE REE ¢ 4 o 289 4y E
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242 A3} A7 A "ok 22l CaClyg AHE5HA 7 '
ingot WO ZXE] FHAHRo| 0|27\ 712 3 T4
28 23 A4UA 27 A4 o2 H ol oxygen
o]27)17}A] & o)z} glol dAT =R AlS ARl carbon
7bsslgnh & Aol AR wl Halox e 114 1 A R A
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Aol o) Mz wdo] A §A|=HA| st
oo, 274 XY AAo] E7A AAs%ch ol
Aie @4, 7R 5 xeldl g% AAUA 27
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ALAl Bt A7 B Ao Pyt

3-5. dEniae| FR

Wavenumbers(cm 1)
Fig. 11. Representative FTIR spectrum for analysis of ox-
ygen and carbon impurities.
carbon 607 cm~!, oxygen 1105cm™'(crucible:
graphite, feed silicon: solar grade)

B oaE A A o) &3] Bk A ub
+ Azg 9, A& 7T dEFLY &2 YAE
A7) 98 w5 Ethyl AHe) Qte A5 2, hFAAF
T4, 2Ea (F)HF| AN DEA A F FA
B2 YA HE off-grade T4 5 A 7HAE YEFE
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HWAHAK KONGHAK Vol. 29, No. 5, October, 1991



542 2% #AF - AAG 242

d], &bk, Ak FTIRS) oA, 183 FH5EEE
NAAel 984 Fx& &Astsdc) v x4 =z
7re] 7 %o g 5= =L ingot Fote FUF
Aol 4] oyl utE-g o] &-313t)

3-5-1. &4, A4 BEeE FE

2 AReAE 3o Bohsh HAEoE A7t 4
£t AYPS Pahgich b Fig 11& EH < FTIR
2dEZo 2N HYHAF YETFLE FAET 0
2783 Haw AP Bet] ARG 359 Ao
o} F& 1105cm~! ¥22 g3+ AP ARR(SLO
qe) o} A Ao sjQlsks H2elc 607 cm
Hool slae 5y g YAt FEAF 7iqlshe
A28 605cm~! P22 g AelE Hast HAAx
slh Zeu vha FEst Agake] Ha AT 5=
#H 2] shoulder24] &3 o] 7}53hel] 2Pl A HEo)
A4 9 3ZE 1105 cm ™ 2ol A 47 HEe] shssht
607 cm ™! B-o] kA mAE Ahdo] o#fick d&8
Ta B 2rhle 27 Wl g o|re Aahbes ohe
Table 2ol Al =e] gleul, 2 $3+&= ASTM A4k4]&
o] g3to] & gholr}[8].

Table 26| 4] B5o] T4 ]2 4e Axd o2
A FA ubgke] Ak T 1.1-6.4X10Vatoms/cm®%
o, Me TrhaRE Axd oAy F4 g
Ak EE = 19X10Y-1.1X10"%atoms/cm’e] il g
= Ago] Brbd #AR 1 FEE ALY & A
=] +
71]

rlo rr

v} oA 9] Aol 4] 10% order AE7} LW AL
Fersld A2 o] HE o]ale] o R EAc
AztElodoH 1], ', Atk BEe] £4d F de
2E QaFa A A% Sk, SiN, &, 2el3
A=) W3] £9)7) Sol dfictn s, 7H
Syt AZ4EHE MEAF F45 AT A &
Ax 74 AtArs} 1X10%order of&tE A=
e zestd YEFast =rhielel SiN, Folu
Ax e B97] SolA EqlHE & ZA 42
Aoz Ak 27l el 9% 4 ARE 7]
Z3 o AdmshrE A el wls) 2.5-10u) 718k
£ z+e Jehl =rhel 2771 ', s EEE
o] 2HHog 3 e v|AE B 5 Udch =¥
Ao E5d otE ofdkg B, W= djAld €
of A ) F-olr} off-graded 2rizlE £ 2=y #A
T2 otag A2 A3 dFdRe) Azele & 7
27} 9le Aoz Aztsgdch WA e Hgo
ke <k v E A 4 sha, 4k FErE 77 69X
10" atoms/cm?®, 8.4 10" atoms/cm® X4l H-& 7t
& d[9] A & Ayl &l Az" 74
g, A e 343 )8 ghg vehdddch

ol,

aisr2st H29H HISE 19914 10H

352 F4 B5E 5%

B, Atae) w2 F4 v Fo] F4E
FEE X AdHZ dAF ol E EAEHA
oFxe) Fgol Gdg v|AA Hcoh o|F
TEE A Ay A $AAE a9
me} A zjo]E Heolu[l], EF o]0 o
ZEAshe A% A5Ae At A4HQ £3E Je}
Wthe 315 ¢lo] Az gl 7]Folebi Brle o3}
[10,11]. 23y} ZE&& Vel gz T T
E4E FEEREYE Ao FAE sl o
o]E oje] AFES-& AE vwmste A wlo
718S g e Atk ', Atreke ¥ F5ET
5 Aay A A WA A "AMAS
Zroll whe} Abgr AA AE B £ 9o, R,
SizN,, 28 E7|E2HE1 £ 7Feol o &
o] HE FEETE FEE YBEFLE A E
Ashe BeE 3 & 2olE Holx 4f reARE
WA g 4 itk ©he Table 3(A), (B), (O)+ z+7

R
2 e (B o

=
=]
=
E)
3

Table 3(A). Concentration of metallic impurities in semi-
conductor grade sillicon and wafers pro-

duced
(unit: ppm)
. Graphite
., Feed Graphit rt
Impurity ra;.) e Qua~ z crucible+
silicon crucible crucible
CaC]z

Cu 12X107* 20x10°* 13X1072 14X107°
Mo 28X107* 56X107° 42X107* 17x107*
Au  40X107% 16X1077 39X1077 11X1077
Na 60X10"* 51X107* 43X107% 52x107°
Cr 65X107* 54X10°* 88X107° 25X107°
Zr  12X107* 35%X107* 10X1073 25X107°
Fe 85X107% 31x10°* 18X1072 29X107°
Co 17x10°5 80x10"7 38X107° 15x107°

Table 3(B). Concentration of metallic impurities in solar
grade silicon and wafers produced

(unit: ppm)
Impurity F.e.ed Gra;?hite Quar.‘tz
silicon crucible crucible
Cu 25x107* 4.1x1073 2.7X1073
Mo 1.3Xx107* 23X107¢ 33x10°¢
Au 1.4X10°6 3.5%10°7 2.7X1074
Na 7.3X10°* 46X107* 1.1x10°¢
Cr 1.7X1073 1.5X10°* 1.2x1073
Zr 52x10°3 48%1073 55x1073
Fe 2.0x10°2 58X%X1073 6.2X1073
Co 8.7X10°¢ 1.3X10°° 1.7X107°
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Table 3(C). Concentration of metallic impurities in off-
grade silicon and wafers produced

(unit: ppm)
Impurity F.e'ed Gra;?hite Qualjtz
silicon crucible crucible
Cu 44X107° 14X1072 58X1073
Mo 2.0x107¢ 24X107* 9.6X10~*
Au 83X10°8 1.8X10°6 1.8X10°¢
Na 6.0x107* 45%1074 40%X107%
Cr 9.0X107° 1.2X1074 14X107¢
Zr 44X1078 1.1x1072 52X10°¢
Fe 83%107¢ 99X1073 29X107?
Co 42X1075 1.1X10°° 46X10°¢
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Fig. 12. Distribution of specific resistivities in non-doped
cast ingots produced with (A) semi-conductor
grade silicon and (B) solar-grade silicon (unit:
Q—cm).
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