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Topics

 Market Conditions for Photovoltaics

 New Routes for Producing Low Cost Solar Silicon

* The Solar Technology Research Corporation’s
Approach to Refining Silicon




PLUGGING IN

Renewables remain a small
source of electricity ...

Combined heat & power

5% — Petroleum
3%

Renewables

7% Coal

52%

Natural gas
12%

Niiclear -
21%

2001 electricity generation =
3,532 billion kWh

... and wind energy is a small
fraction of renewables

Geothermal

5% Biomass
4%

Municipal solid
waste
8%

Wind
2%

Hydropower
81%

2001 electricity generation from
renewables = 263 billion kWh

NOTE: Solar sources generated 0.2% of the
electricity from renewables.
SOURCE: Energy Information Administration

The Future for Renewable

Energy Generation

Million Barrel of Oil Equivalent/year

Energy needs

C & E News, Feb. 2003




Photovoltaics are not only

ARCO Magazine 1989 - cells produced by NAPS



Although the role of silicon in photovoltaics is expected
to decline, it is still expected to be a growth industry.
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Predicted Installed
PV Capacity

2008 10.4 GW
2009 13.1 GW

PV Capacity 2005
Germany 1.42 GW

Japan
USA

1.41 GW
0.48 GW
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metallurgical
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Impurity content (ppmw)




Photovoltaics: The Production Path

Metallurgical Si Electronic Si - $ 40-60 per kg

- $ 3 per kg
SiO, Red. Silgrain TCS Dist CVD Cryst Wafers Etch

Missing Link
I I
I I

Scrap Si - $ 25 per kg

Remelt/Cryst _AMalers Solar Cells
Solar Grade

Aim $ 10-14 per kg

>v1etal|urg|cal S>,>1ngot/\Nafers>>CelIs/PaneIs

$2 $40 $ 100




Stock Value (C$ per share)
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Is there a pot of gold at the end of
the race for solar silicon?

- | - | - | - | - |
- Stock Value of Timminco

Prior to March 2007 Timminco
produced metallurgical-grade
silicon, and magnesium.

March 2007, Timminco announces
L It has low cost process for producing
solar-grade silicon, and has signed a

— purchase and sales agreement.

1/1/04 1/1/05 1/1/06

Date (mm/dd/yy)

1/1/07 1/1/08



Stock Value (C$ per share)
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Only if you get it right!

Stock Value of Timminco

Prior to March 2007 Timminco
produced metallurgical-grade
silicon, and magnesium.

March 2007, Timminco announces

It has low cost process for producing
solar-grade silicon, and has signed a
purchase and sales agreement.

1/1/04 1/1/05 1/1/06 1/1/07 1/1/08
Date (mm/dd/yy)

1/1/09
10



Some of the Players in the Race

Tech. Company Tech. Company
Integrated | Solsilk/FESIL Siemens
Reduction | golarvalue 2?7 TCS Hemlock, Wacker,
of Silicato | £ixem Solar Tokuyama, MEMC, &
S-Sl numerous new
entrants
Silane REC Silicon

Up-grade Elkem Solar, Fluid Bed
m-Si Dow Corning, TCS Hemlock & Wacker

Solarvalue, JFE, Silane REC Silicon

Nippon Steel.
Timminco, STRC
& others




General Approach of
C Sio, Metallurgical Processes for
l l Producing Solar Silicon

Silicon Submerged
Arc Furnace

m-Si

hp-Si

Y Refining
: | Acid Treatment |« :
. (Silgrain) B&P
hp-Si reduced-Si i
_ l hp-Si
y v S ¥

Directional

Solidification . solar - Si

The primary issues is
removal of B and P before

4] directional solidification.
Solsilk/FESIL

SolarValue
Elkem Solar
Dow Corning
Nippon Steel
JFE
Timminco
STRC
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Process |;
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Process Il: Heat Flow 1
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Process I Silicen
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Boiling Point Temp. (K)

Percent
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Division Between

Outer Reaction

Inner Reaction

electrode

bed(silica
x| & coke/coal)

Outer Reaction Zone
SiO(g) + 2C = SiC + CO(qg)

SI0(9)
& CO(Q)

SiC

Inner Reaction Zone
SiO,+SiC = Si+SiO(g) + CO(g)

Zone Zone cavity
10.0 [ | T | T |
- T=2273K
i T =2188K ‘ _____
[ | T=2084K ‘
@ , Ratios for P_.= 1 bar “
2 1.0 H ' _
.(CI_D) Tk Psio' Peo 311 ]
o mE O2:1 -
(11:1
L N . -
/ SIO(Q) + S
n IC = 2Q; -
Q Si + CO
I ©@
. SIC + 28i02: 3SiO(g) + CO(qg)
oA
2000 2100 2200 2300 2400 25
T (K)

1

Si
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Solarvalue AG @ Oxi-Nitride Slag
STRC
Malten
MG Silicon i
Process |: Hafned
2 efin
Electric Arc Furnac MG STl
Oxide Slag
rocess |i: Heat Flove
E|kem SOlar Refining Furnace v w w I SoG
Process |llI: Silicon
Solarvalue Directional Solidification
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orthosilicate composition

Refining with +0
an Oxide Slag, - X ]
B Removal 0.8 (- —
06 Xoz _
5_ l (K. YY*assumed = 6 _
< o4l —
0.2 — _|
0.0 | | |

1.2 1.6 2.0 2.4
CaO/SiO2 molar ratio

3S0,(sag) +60% (slag) + 4B(l) = 4BOZ (slag ) + 35 ()

2.8



Xi or Lg

Refining with an Oxide Slag, B Removal

Process Slag: Si
Mass Ratio
Batch 17
Counter
Current 1.4
orthosilicate composition
1.0 |

0.8

0.6

0.4

0.2

0.0

1/4

(Kg')""assumed = 6

1.2

16 2.0
Ca0/SiO, molar ratio

2.4

2.8

Distribution Coefficient for B

1.6

1.2

0.8

0.4

orthosilicate

A

Suzuki & Sano

10th E.C. PV Solar
Energy Conference,
April 1991

|
3Si0, + 602 +4B = 4B0O* + 3Si

. |
acid «e—t+—> base
|

1

2 3 4
CaO/SiO, molar ratio
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Refining with an
Oxi - Fluoride
Slag, B Removal

Phosphide

3 3
P+=-(0*)=(P")+=-0
P 2( )=(P™) i

Log (%PO,*)/(P ;)" or Log (%P*)/(P)"

Phosphate

3, ... 5 .
E+§(O )+ZOZ(9)—(PO4)

|
|
|
|
|
l |

Si(l) - SiOy(l) _ -7

equilibrium
CaO(sat.) - CaF, Melts

T=1773 K

After Tabuchi and Sano 198419



STRC Approach

Technical Approach Business Approach
« Remove B and P by  Modular Units at 600 metric
replacing those elements tons per year

with other impurities that
can be easily removed down

PV producer financed for

stream. guarantied price
 Oxidative refining « Estimated production cost:
$12-$14 per kg (pre
e Silgrain directional solidification)

 Directional Solidification

With projected process

. L. Improvement, cost estimated
Patent Application, US at $8 to $10 per kg.

2007/0245854 Al
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STRC / UA Research
Laboratory




STRC Technical Approach to Refining for B

/—— minimum anticipated value for Yg,
0.8

' | | | | l | !
i (Si;N,) + 4B = 4(BN) + 3Si(l)

T=1700 K

mass oxi-nitride melt to mass of Si refined

&l 3/2(Mg5Si0y)
9,510, 7200°C
3(5i0;) MgAl;0y
-_— 2(#1;05)
Liquid 3/2(MaAl;04)
regions

/6'{)

1700 ==

=

SizNg Equiv % 473(A1303N)



mass oxi-nitride melt to mass of Si refined

Sio

— ; — T — 0
SiN ® f @ 33 4 5 0 70 0 90 10
34 —

0.8
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STRC Technical Approach to Refining for B
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/— minimum anticipated value for Yg

I ' I
(Si;N,) + 4B = 4(BN) + 3Si(l)
T=1700 K
30 ppmato 0.1 ppmaB
ag =1

__'___.|___L___|.___'____|___l___

0.04

ppmw B in Si

25

20

15

as received m-Si

Starter Slag

27.7% AlO,

B 8.5% MgO
17%  SiO,
16% CaO
15.8% CaF,
15%  Si;N,
bench mark 1 ppmw

0 0.05 0.1 0.15 0.2

mass slag / mass Si refined




W =" STRC Technical Approach
Jliguid 7>, /1 to Refining for P

/— minimum anticipated value for Y,

I ' I ' I '
(ALL,O,) + 2P +1.5Si(l) = 2(AlP) + 1.5(Si0O,)
T=1700 K -
30 ppmato 0.1 ppmaP

0.6

— . — : — 0
20 3w 40 50 B3 YO A0 80 100

Si3N4 ° AIN

2(CasNy) 6(Ca0)
100

Equiv %

mass oxi-nitride melt to mass of Si refined

0.012 0.016
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Conclusions

 For Si photovoltaics to compete in the
market there must be gost cqmpression all -
‘along thf@§t chain b

« Opportunity exists to significgntly reduc
e cost of silicop for photovolt'cs through >
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