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Production of High Purity Silicon by Carbothermic Reduction of
Silica Using AC-arc Furnace with Heated Shaft
Yasuhiko SAKAGUCHI, Makoto F'UKAI, Fukuo ARATANI,
Masato ISHIZAKI, Tetsuro KAWAHARA and Mitsugi YOSHIYAGAWA
Synopsis :

To produce inexpensive solar-grade silicon of high purity, a AC-arc furnace has been developed based
on a thermodynamic consideration of carbothermic reduction of silica to metallic silicon. The furnace is
featured by a closed type shaft and a hearth with arc electrodes and feeding nozzles. The carbon pellets
as a reducing agent are fed from the top of the shaft, whereas silica powder is transferred to the
hottest arc spot in the hearth. The resulting species of SiO and SiC, generated through the reactions
of Si0;+ C— SiO+ CO and SiO+ 2C— SiC+ CO, react in the lower part of the shaft to yield silicon,
Si0O+SiC—2Si+CO. Melting silicon is accumulated in the hearth and pulled out from the tapping hole.

The productivity has been about 2kg/h and the silicon yield has been found to be typically 83%.
Analyses have shown that the impurities in the silicon were below 0.1 ppmw for B, 12 ppmw for Fe and
below 5 ppmw for the other elements. Single-crystalline solar cells fabricated starting from this silicon
after purifications of decarburization and unidirectional solidification have recorded a conversion
efficiency of 16.5% . This value was equivalent to that of solar cells made from semiconductor-grade silicon.
Key words : silicon; reduction furnace; carbothermic reduction; silica; carbon; high purity; solar cell;
photovoltaic power.
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Si0, (s)+2C (s)=Si (1)+ 2CO (g) --++eeee (1)
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Si0, (s)+ C (s)= SiO (g)+ CO (g)--=er-eeeeer (2)
2 Si0, (s)+ SiC (s)=3SiO (g)+ CO (g) - (3)
Si0; (s)+ Si (1)=2Si0 (g) -weeeeeerereeseeees (4)
SiO (g)+ 2 C (s)= SiC (s)+ CO (g) -wero (5)
SiO (g)+ SiC (s)=2Si (1)+ CO (g) ==+ (6)
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(4 )Si02+Si=2Si0
(5)8i0+2C=S8SiC+CO
( 6)Si0+SiC=2Si+CO
Fig. 1. Equilibrium in Si-O-C system.
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Fig. 2. Reaction scheme for the reduction furnace
developed in this work.
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Photo. 1. Macrostructure of carbon pellet after
the reaction ( 5) : Si0+2C=SiC+ CO.
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Fig. 3. psio/pco after reaction ( 6 ).
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Fig. 4. Schematic diagram of the reduction
furnace.
Table 1. Specifications of the furnace.

Shaft size $150~200 mm X H 1 400 mm

Hearth size $250—~300 mm X H 300 mm

Stock line 950 mm above hearth

Silica supply Maximum 100 g/minX2

AC arc power Maximum 150 kVA

Carbon heater power Maximum 60 kVAX3
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Table 2. Impurities in raw materials and in products (ppmw).
B P Al Ti Fe C
Silica <0.05 <0.2 0.8 0.5 0.5 —
Raw Carbon pellets <0.1 0.6 <0.1 <0.1 1.8 —
materials Arc electrode <0.1 0.2 <0.1 <0.1 <0.4 —
Silica injection nozzle <0.1 <0.1 <0.1 <0.1 <0.6 —
Prod Silicon (analyzed) <0.1 1 1.4 3.5 11.7 >1000
roducts calculated) <0.2 <1.0 <2.4 <1.6 <2.8 —
X, BXUY, (6):UicX % SiC, Si AW MIE DR & Table 3. Operating conditions.
b= - IH =K — ¥ — Tk >3
(mJE %%1%T 7B rre 4 fﬂl] L7zrx gi{iconfprccl)duction rate (k /h) 1.5~2.0
ilica feed rate (k, 5.0~5.9
TREBITNL, HFOITA=y Y, T—rERBLY Dust’ fgyﬁm 90~ 96
. arbon pellets consumptio g-silica) 214~242
S HAKAR S XNV IZiE, Si HADOAKIRA %= BT Electlrode consumption o %g;kg snllca; 129~157
e e e ozzle consumption g silica 19~30
Z)f:y)%%fi 5774 bk %}ﬂ‘/‘fl. ércbpower EkW? 62~68
. “arbon heater power kW 82~94
3-2 BRFHE

FFORFHER L 72BEE B X Uit 000t Table
20K, YU AR BE O ESMIE ) AR Gk
&%) 100 pm, EATKI 8%)'D %, T oEITCHE EALE
=Ky 759 7 kHE1I5~18mm, KILHK 42~55%
@Nva%ﬁﬁL 800°C THEMLL7-b D F AL

C BFOBRERFPUIRENRL v P EEALZIREET,
%z— F— L DREDRIEE TTFBRLIE, A
WOAR EBRIGS 5. F72, RESL » PRYFINTONE
BETHFHI0LMNT 5. FiROHEI Fig. 4 © A 5
¢ BHOBEREGRETHRL, BOBOORED
1750~1800°C, 2020°C 2% A L HWT7— BB X
Ce—9—ENE2RELL., 0L X20HERONRIR
Ay 27542 LRV T1800°C, ¥+ 7 FFE
(B HiofiNy) € 2150°C, % - BEERILIWMIL T
2700°C LLETH o /2. N, ) A WGA A
J X cié’aiﬁﬁf—*;ﬁ@{yﬁk CAELIITHEHELIBLT

PPN A A 7.
4. BESIUVHBEREOER
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Table 3 2 40~60h DB EEEBR TCHOBRERELRT.
Fig. 5 12 &F¥ S 1) 7 WGA R HEEE 97 g/min THE L 7
LEovyarsWiEE, YAME, KEXLV Y MHEE,
BEMEEREOHBR /R, Table 2 125 h/z2 ) o

YOGHHRERERT. SHHORELS, KRR
ATH B, ¥ IFEE 83% & MR H R

e LTh, BINETIY I BENTLL I L DR
T&7:. %7, Si FOETMWIBEEIL ppmw 4 — 5 —,
12, Bi2 0.1 ppmw LT C, SHEL ) a8
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Fig. 5. Change of the furnace operation (run No.

140) versus amount of injected silica.
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Table 4. Mass balances (run No. 140).

Input Precharged raw materials 34.55 kg :

%“ca ; 333'35 _-Stock line

ectrode consumption .05 H

Nozzle consumption 9.75 ,/C ?ellets with

Carbon pellets 77.00 SiC surface layer

Total 489.90 kg
Output | Silicon 112.00 ke -SiC pellets,

Materials in the furnace at shut-down 22.65 pore filled with Si

Gain in lining weight 8.95 .

ust 31.20 Cavity crust

CO gas (Calculated from oxygen balance) 304.08

Total 478.88 kg
Input — Qutput 11.02 kg

ellets
Table 5. Heat balances. P
Fig. 6. Arrangements in the dissected furnace.

Input Arc and carbon heater power 157.1 kW
Output Heat of reduction reaction 25.5 kW ] _ . . -

Heating of Si to | 800°C 2.1 T, ZOMBIZIE, BEBOXHITHENTORRICLD,

Heting of exhaust gas to 13800°C 5.1

Heat loss to cooling water 115.6 b‘—é%f_)i[ﬁ]%ﬁ F T SiC 2 Zgi;”: L, /S?H:LW 2SiBEAL

Total MESKW  feLy RASBERICHEAEL TV SOBNE, EEHRE
Input = Output 8.8 kW Tit, "Ly FAHEICREZELAELDED, o) HBGA

FNEHBTHEEETH 7. COFEKE LTER
DL, PO 2AKMEHLTVWALDEEZ LS.

Table 4 12 Fig. 5 T/R L - EBROWYWHILT 2R 7.

22 TIEHAIC Si0, & LT A 2EFEA Si0 & CO
DT TIHEAMCHERE SRS L L, F¥RAMETANRT
Si0 & L7z, £7z, YU AHoKksiE Hy & CO TH4SL
WHE s h s & L7, RIS, EREiETIEIE—
LTWwa.

Table 5 (2B ", L) H, RESL v b, 7
A7 &3 25°C THICA D, Fr o e b Si, A
A MDIREE 1800°C & L7z, £/, FARTORIE
#L1x Table 4 OWEINE 2 SR EFTE L TRD 7=,
A L NG EOZ I, EROWPEH O X, BT —
TVNDREO AL EWLELBbDEEZLNS. AL
BEDIILAENGEHKIZLVELRTEY, KibkE
ik 15% BE L MERH SR Twa v, S idREITE
HARIT, ki KE LTV AORBETKRE K-
t%@f FoORRLE &K, BapEsr LiFsZ &
DHEETHAHEEZDONAS.

4-2 mﬁﬁﬁﬁﬁ

FABRIEDEITIR & HRR S 5720, RESLV Y b %
AL, YYD % 20kg REAAZESCHRES L
O, WHL %, FRORERLEEIT- 7. Fig 6 (2f#
HWREOIFNIRR RS, BEFICT - I HWEATVL
F 2 oNLHEMBEROLMIE A T, 2 OEFEICIE,
S A WGA B F I HIE VW IERE 200~ 300 mm O 22 A

HBEToTWVRWE &2E, Ly M#IZ Si & SiC
DREY AT L 7258E 2 b DIl % o T 7z, RS
ZEEE L7 Si LV oy FOREWAHHEL, AT 7
Lol T/, Xy FOREHEIEET Y 2 ONIR
EAL, _L oy MR Si OBESSBIFEL T
7 PIET ORI ERIC L v FEIRRL 5 b E
WiC Si OWHEPFAEL, v 7 PORTWTIEARL »
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2Ly P OWIRIIE LYy FREE T Si ANREL 28R
IKELERLTEBD, XL v MFROBEMBEETE, ~
Ly FRALEEIC Si 25RE L Tz, —7, #EO#R
%fuy¥7bT%®«vVF@Hku&®m%®A
BHEL, RV T RS NABIREICH 7255, VY
WA EEE AN S o LB FEORBRER T, <Ly
FREIZEHIRD SIC AL EICHTH L THBE 23 & R L
Twie, TORETIHHEKLTH T2 HRE S EXO
HRIHREETH > 7.

v 7 b EEBTIE, Si0 DEHRBIEIEL ALY,
ALy b OREIZFEDLO SIC TEDbONLTWIzpHE R
EBHiEEbohdh o, TAEREMTCEEALLTE
DRFESV Y PHFFEELE. Yy 7 P EHoRLV Y b
Wilhi % BHEE T % & FRER L R~ L » RPN -
T SICOEBRMIPRFIHNVISEITLTED, ERL
72SICRBROBELIEY vy 7 bOTFTHIATIZEHMLT
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Fig. 7. Compositions of pellets versus vertical
position in the furnace.
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Fig. 8. Relation between dust from furnace top
and stock line level.
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Mechanism of the formation of Si-
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Fig. 10. The yield of silica as a function of a
temperature at B-zone of the shaft.
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