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Synopsis :

Photovoltaic energy conversion using a silicon solar cell is expected to be a new energy
source of the next generation because of its cleanliness and inexhaustible energy supply.
So it is very important to produce high-quality and low-cost solar-grade silicon (SOG-Si)
for practical use on a large scale. Many processes for producing SOG-Si have been
developed, that is (1) refining of hydrochlorination, (2) SRI process, (3) refining of
metallurgical silicon (MG-DSi), and (4) reduction of high purity silica. Now the process
combining the refining of MG-Si and the reduction of high purity silica is considered to
be one of the most attractive processes. The authors have developed a process of the
type together with Nippon Sheet Glass Co., Ltd. The process consists of high purity raw
material (silica and carbon) production, silica-reduction by carbon and silicon refining.
SOG-Si produced by this process has the purity of more than 6-N. The best cell from this
SOG-Si has a 14.2% conversion efficiency as almost same as that from electric-grade

silicon.
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Trend of Production Process Development of High
Purity Silicon for Solar Cells and Current Status

in Kawasaki Steel Corp.

ﬁ\ ‘n\

RO iz T Bk BE
Yasuhiko Sakaguchi Nor:yosm Yuge Hiroyuki Baba
AT YRR WE AT R BH AT o R OBE
HHR 2z 2 - KT MBARey 2 —KkI5E S ey 72— KNG
-7 EEFR ST g —

A(#HR)

#FIR &
Shun Suhara

BH H e Ek
Makoto Fukai Fukuo Aratani
A F 2 UFR HE TR FiE M7 WER FE
My 5 —KSE MRty 2—-kIWE #HFEer s —KihE
ey —F fhyv—7 EEWFE M- FEAR
B(#FE B{MEM - TI#

B, RSP0 CO: oLR, BiR, BETFERY RIS C i1
BRBEOHENLMEICZ-TEY, =dA¥-—FOoEReH 5K
ERHEE L -TVB, 20X PRT, KELEREE, &2
EnOBERFETHD, FRO=AAX-—FELTREIR TS,
LasLfetih, KEBXREEBR, mARHCHEELTTORE 22t
BEL BEL e, TP -alloRBELMECORTETD
SEROBEMMARAHSEIhE,

K&z, vy 2 v KBEBl 7eA47 23023 vk
BEtic s, WL onDBENHDY, RELRYE, EEMLS
DE LD, BORLLTISERERY Y 2 vABZTRAFIR S h

Y OPROLE 6 TI28A LY I

BEE
FEARBEEAETEY, Kt=f ¥ —FHELTERZL
Twd, £0%H, KEOXSERAEME > Y = v (SOG-Si) %
BAE, o, BeATHETIHEANED LR TV, BRS
nTwAHEL, (DERREREE, QSRIE, Q) &>V av#
{LE:, (4) BNk LT bh, tohT, SBYY o vtk
L EGENE Y RLS R FESRLEEEEL SR,
LT, YU AOKBE - RBCTIHFV 0BT - v
v ORRENYIRETE Y e wARBERCH S, BHE 0
7r 2 ATRENL EofED SOG-Si %8, chixB iARE
H714.2% OTMBREY B,

Synopsis:

Photovoltaic energy conversion using a silicon solar cell is expected
to be a new energy source of the next generation because of its

cleanliness and inexhaustible energy supply. So it is very important

-to produce high-quality and low-cost solar-grade silicon (SOG-Si) for

practical use on a large scale. Many processes for producing SOG-5i
have been developed, that is, (1) refining of hydrochlorination, (2)
SRI process, (3) refining of metallurgical silicon (MG-8i), and (4) re-
duction of high purity silica, Now the process combining the refin-
ing of MG-Si and the reduction of high purity silica is considered to
be cne of the most attractive processes,

The authors have developed a process of this type together with
Nippon Sheet Glass Co., Ltd. The process consists of high purity
raw material (silica and carbon) production, silica-reduction by carbon
and silicon refining. SOG-Si produced by this process has the purity
of more than 6-N, The best cell from this SOG-5i has a 14.29%, con-

version efficiency as almost same as that [rom electric-grade silicon.
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Fig. 1 Polycrystalline silicon solar cell development in NEDO#

Table 1

Forecast of energy consumptions’

1995 2000 2005

Total energy consumption -
(% 108 ki-fuelfyear) 490 540 580

New energy consumption
(% 108 ki-fuelfyear)
Photovoltaic generation
{x 10 kWh)

Building photovoltaic power station
(xlU“kWp[year) 1.13 1.15 2.12

12.5 24.5 46.0

5.7 11.4 22.0
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Fig. 2 Influence of impurities in poly silicon wafers on short

circuit current (by J. Fally et al.9?)

BREEEX BRB,

2 hin, THMBEIERGRCE LD BRI, ERSITerD
BEEBWC - TEEIhLEEL LD, BT, EiH vl
ERtBERGEYBIFL T, £ 0MRAR ED LR T35,
Licti->T, LREEL, “hoofBORREHE LTEETS
WEEESS D, ChLOHBREXYERL TG CDE S S,

3 SOG-Si BLEEOBSERIM

R, ABEMAOREE ) o vin EREROSHES Y =
vHEFIH ST &, FEAROEME > Y = vit, —BMICH
Siemens-C BETHBINEN, BEz2 P BEL, BMcLBRo
KEBHREERY LW ELBRL, T D1, 197054
X h KBBEh~0F AL i E L 4 0 SOG-S1 BEH fis
BB SIhTE . chb0FEILANTA L Fig. 305 4 EH
it bhB. Tibb,

(1) B>y avEEREL, chdBSc kb r AL,
T w s LS BUOBTLEME >y 2 v B85 (R
e R

Refining of
hydrochlorination

Refining of
MG-silicon

Reduction of SRI
high purity silica process

Quartz or
silica sand

Silicofluoric
potassium

J

Reduction |

Quartz + coke

Metallurgical grade silicon
Hydro- Acid
leaching

chlorination
Solar grade silicon

o3
(2]
a'<:|

leaching

(d

Reduction

.

Fig. 3 Various production processes of solar grade silicon
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Table 2 Impurity contents of raw material and silicon during
Upgrading process!?1

(ppmw)
B C Al P metal
MG-silicon 8 200 | 1400 — s
After slag treatment 0.4 1 <9 | 100 40 >3 000
After acid leaching <0.4| — <1 40 <10
Upgrading silicon <0.4 | <I0| <1 | <0.06| <0.1

BTl THF T2 CaeSiChBEL, SOG-Si gy,
Bt&ko v ) = vehORHEERL, B, P, C<1ppmw, Ca<l10
ppmw, Al<10 ppmw T& b, BIRMHEDE Ca LisbiL 1 ppmw LT
TR TR LBEIRATV-EY,

Upgrading %14 117§ V' 1 » @ Heliotronic #ic s\ TR S h
RHET, EY, BRLLEEY Y 2w % CaOSi0, Bz 7 &g
gz, B,C Al %KL, 261, ov ) 2 v BEHL,
HEXT o - PR LBRELEYfT-T, ) =0 0,P,Ca
REeBEETD, HOOREL/HUERYEE 5 - Table2
Lhiic s,

ShBOHETIE, SOG-Si Mif o & iz 2 M/g LIT A3 A &
EfaTuwA,

3.4 BEEENE

ROHIIE >~ 0 7 % LEEE SOG-SI 4 ML X 5 &+ 5 R4,
Hunt 51912 1 > TKE DOE DX BOL L Tfibhi, co7/ =
eAL, RROBRMEAORLC L« THEL-EHE VY 2 v
%, CZBREO—FMEEC L EPRNTS, Linl, FEH
POTMBORRIPBTED ~ ) =2 VBT T5 - & & LOE
Lok 3 icEEMBE Cit BB cahno bnh, BTficH#ER
THER(> VY, BT 20300 LSBENCBYBRELCY
{HEFHERRTW3, chooFErit, ACR #Ha18 HPS
B ALREHD 215 ), UHOFESL 201 oThs, WAT
HETHE LT, CSiCALMg 2% 0, BusBESize v
YRR E LTAS RS, ThoBRENEECTHS,

ACR £ (2 Siemens £ CHB SR FECTHD, FREFYHR
RawZ 2 Licth, 7 21-3-1C3%, BTRSL, Trhs
To ki, BEFL Y -Fv 75, 70BTHREL, Titithi
ELbORAVD, EBLAEYY 5D B P y20.2ppmw LT
T ChET-/FTCRELEME S Y = v 2185, Bohhiv
=2 vehgo B EE & 10 atms/em® (#1 0. 1 ppmw) TR0,
¥V 2RO RRCRECIL, v 2 vBBOBREC L2 SC o
BB —H BRI X HEEAAGGRA, BRI ppmw #F
TEREIh DL,

HPS ™k 1 # ¥ 7 @ Heliosil D% Lz HETH S, EBO
HWEA—Fv 75, 2mbT75 7 viFTSIC2REL, - DO,
FoREr B o aMEOHCEBIYRENE LTHAVA. =0
SIC #HVT, T sFCEBOERABTLTAMEY ) 2 v
Br. tovy = vE—FEAREY 2AT-T SOG-Si w+s, =
DHEDOEHRIL, vV ADORTH SICCH 5 b BTAFTO 5 A%
Eddind, tofen, BEFCOYY 3 v HE 0495% 550,
CETHE,

ALRTH R 99.9% OHB% 99.9% o Al TRET2F
#:T, Heliotronic thCBIRFTHD, coFEL Al L % vy
HOBLALA0°C L Clmra B4 (1800°C LiE) w B LT
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EHZR TGS, ST, 0L 5 lkE» LEICR~NS L 55
HERHEBL,

4 HHEICHT D SOG-Si WiERO MR HKRY

LA AABET () £ A CHR L4 SOG-Si kD7 o —
Yot Fig. 6 KR, F7meAiz, (1) Y9 20OHEB, ()5
MIEBELHOME, Q) BHEY Y 2 ORT, I @ o0 aw
DEiRE—FHREOETE» b5, BEIBCRALE> Y,
BTAL, v 2 v hO S MBSHRY Table3 ioRit, #TREILK
DERYTHD,

YU ADHEBLY S ARORBEEDEER L LT, ¥4, Hp
FORESY RERY, THELCL VBELLE RS AT
Do DBOTRHFF ALY Y AR IR, © b L ORK
THIBLTEME > Y #4825,

RHERLAOMA T, e vEBSRL, EXTHHL,
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High purity High purity
silica production reductant production
L ]

L Reduction of silica to silicon 7

l

Refining of silicen by decarburization
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L Solar grade silicon l

Fig. 6 Process flow for solur grade silicon production
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Table 3 Impurity contents of raw materials and silicon during this process

{ppmw)
| B P . Al Ti | Fe | c
High purity silica <0.06 <0.2 0.8 0.5 0.5 —_—
High purity reductant (Carben pellets) 0.2 <0.1 0.2 <0.1 0.5 —
Silicon from the furnace <0.5 <0.5 i 5 5 100 >1000
Final product (SOG-Si) 0,18 < 0,05 1 0,02 <0.03 <0.02 <2

I |
Sh - Auxiliary
aft heater
=~
N L A Main
Silica | heater
injection T 1
nozzle
l} l/r |
Crucible/r'|||l|lllllllr \T ;
LT T T T T 11 apping
C T T T T TT1T hole
T 1 1T 1. T T 1
AY

Fig. 7 New type reduction furnace
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Enb, ¥, Uy b2y 7 b EBALEATS, Y 7 M
ol A OBERGE TACEF IR S, 2000°C L EOFER
CInE# LTV 5, PRRGIRERRO L 51inb.

25i02+3i(j‘¢35i0+c0 .......................................... ( 1)
Si0 A Sim ZBI0 vereveamermrr i (2)
Si0z o SIOHCO veerr e vmrrisri e (1)
SIOEBIC 284 COxrrrrrrereareiiiti s (4)
SIO42C S0 T -rrerirsimressres st (5)

FTECK AR ) 24k (1)~ (3) ROFEBTSO #A%RE
Bt s, ERLESO ¥ AR EML VB TLASC &FGL Y
2y EERT R, v avRETRCRED, HBIhB, -7
REEO SOy —Hv_tv, b EREL, SCEERT R, FR
5L CO FANER SR 5,

c OB 100kVA 07 — 21T, 2 1~3ke/h TH Do
Table 3mmLiL 5, Bhht ) avfFOoTMYEREETH
EOeBEYY 2 vEENTRIBCETLTED, Bic, RTETY
VavihbohErBEL BoSHERL0.5ppmw LT THD,

BEAE LCEEYEAGS R, BEFTHELLY Y = YA
REMN0LY% LEEThE, REOKREKE, T, FRv) 2
VHRICREB LT A SICh €T § v 77 4 45 — & LTRRE
+5W, ToAHIL 5T, ¥V 2o CERR S0~70 ppmw
¥CeE TS,

ko, BBIhio U= v EEHBATEML, AcTHERL
BT, Z0BORRRLIIRDOL ST,

Si02(S) = Si+ 20 (in Si) rreeerrerrmsrir (8)
ClinSi} +0(in S »CO(g) oo (7)
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Table 4 Photovoltaic properties of solar grade silicon produced

Wafer size (cm) 10x 10
Type P
Resistivity (Q-cm) 0.49~1,14
Life time (ps) 3.20~5.40
Conversion efficiency (%) 12,3~14.2
18
S0G-8i
- ® This process

&

$ 16F  a NEDO-fluidized bed process

g

& ™ I

2

T uf )

o

[=]

BN LS

g 12

&)

10 L - "

Cell process

Fig. 8 Conversion efficiency of cefls
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K7 Rr2ADSOGS LY B it TlL, B 14.2% OXHRM
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FRSOEAE LR, chibh, £7 e £ADS0GS KREE
WAEEE L THoaBrE T EAERETER,

5 & &

KEELAOER Y 2 v (SOGS) il 7 = « A OHAEBH
fe S BT AR RR R RE LI, CORBRIUTO
ERDTHD.

(1) SOG-Simoh ¥ TOMEEYHETS &, HCRNKEEM

Vi RiER R Vol. 2t No. 4 1989



334

KIBBIDAEAIES ) 1 WSROI & % oHk

(2)

1
2)

3

4)

3)

6)

7

8)

9)

10)

113

12)

13)

14)

JIRS RIS EER Vol. 21 No. 4 1989

BETazs, a2 25, 2By a viiibsiEaA b v
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