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chamber; a temperature controller for con-
trolling the temperature of the reaction
chamber; a silica inlet port communicating
with the reaction chamber for admitting
the silica to the reaction chamber; and a
silicon outlet port communicating with the
reaction chamber for allowing the silicon
to leave the reaction chamber.
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REDUCTION OF SILICA

Technical Field

The present invention relates to a process and reactor for reduction of silica to

silicon.

Background
The semiconductor industry has an ongoing néed for high purity silicon metal.

Current processes for producing high purity silicon include reduction of silicon halides
e.g. silicon tetrachloride or trichlorosilane, oxidation of silane and reduction of silica with
elemental carbon or hydrogen. A disadvantage of several of these methods is the
production of toxic or polluting by-products, which present problems of disposal and/or
of separation from the product. Use of hydrogen as a reductant requires extreme care

to exclude oxygen in order to avoid explosions.

Summary of Invention
| In a first aspect, the present invention provides a process for producing silicon
comprising reacting silica with a reducing gas comprising carbon monoxide, wherein the
reducing gas does not contain elemental carbon.

Preferably, the reducing gas is generated by reaction of elemental carbon with
oxygen. .

Preferably, the silica is reacted with the reducing gas within a heated reaction
chamber. |

Preferably, the temperature of the heated reaction chamber is controlled and the
silica is reacted with the reducing gas at a temperature above the melting point of
silicon.

Preferably, the silicon is degassed before it is allowed to solidify.

The exhaust gas from the process may be oxidised so as to convert substantially
all carbon monoxide therein to carbon dioxide, thereby producing oxidised exhaust gas.

The oxidised exhaust gas can be used to preheat a raw material for the process.

Preferably, the silica is at least about 99.9% pure by weight.

In a second aspect, the present invention provides silicon produced by the
process according to the first aspect of the present invention.

In a third aspect, the present invention provides a reactor for producing silicon

comprising:



10

15

20

25

30

35

WO 2009/103120 PCT/AU2009/000192

a carbon combustion chamber for reacting carbon with oxygen to generate a
reducing gas comprising carbon monoxide, wherein the reducing gas contains no
elemental carbon;

a reaction chamber for reacting the reducing gas containing no elemental carbon
with silica, the reaction chamber communicating with the carbon combustion chamber;

a temperature controller for controlling the temperature of the reaction chamber;

a silica inlet port communicating with the reaction chamber for admitting the silica
to the reaction chamber; and »

a silicon outlet port communicating with the reaction chamber for allowing the
silicon to leave the reaction chamber.

Preferably, the reactor further comprises a degasser for degassing the silicon
after it has left the reaction chamber.

Preferably, the reactor further comprises a silica preheater for preheating the
silica prior to the silica entering the reaction chamber.

Preferably, the reactor further comprises at least one preheater for preheating
either the carbon or the oxygen or both the carbon and oxygen.

The reactor may contain pipework for passing exhaust gas from the reaction
chamber, or oxidised exhaust gas obtained by oxidation of the exhaust gas, or both, to
at least one of the preheaters for preheating at least one of the carbon, the oxygen and
the silica.

The reactor may contain an exhaust gas combustion chamber for oxidising
carbon monoxide in exhaust gas from the reaction chamber to carbon dioxide in order to
generate oxidised exhaust gas. '

Preferably, the reactor further comprises one or more flow controllers for
controlling the flow of one or more of the carbon, the oxygen and the silica.

Preferably, the reaction chamber communicates thermally with a heat storage
unit.

In a fourth aspect, the present invention provides a process for producing silicon,
the process comprising:

providing a reactor, the reactor compnsmg a carbon combustion chamber for
reacting carbon with oxygen to generate a reducing gas comprising carbon monoxide,
the reducing gas containing no elemental carbon; '

a reaction chamber for reacting the reducing gas containing no elemental carbon
with silica, the reaction chamber communicating with the carbon combustion chamber; a -

temperature controller for controlling the temperature of the reaction chamber;



10

15

20

25

30

WO 2009/103120 PCT/AU2009/000192

a silica inlet port communicating with the reaction chamber for admitting the silica
to the reaction chamber: and a silicon outlet port communicating with the reaction
chamber for allowing the silicon to leave the reaction chamber;

supplying oxygen and carbon to the carbon combustion chamber;
reacting the carbon with the oxygen to generate a reducing gas comprising carbon
monoxide, the reducing gas containing no elemental carbon;

supplying the reducing gas and the silica to the reaction chamber; and

reacting the reducing gas and the silica to produce the silicon and exhaust gas.

In a fifth aspect, the present invention provides use of a reactor according to the
fourth aspect of the present invention to produce silicon.

The process may also comprise the step of generating the carbon monoxide by
reaction of elemental carbon with oxygen. In this case, the ratio of carbon to oxygen
may be such that no elemental carbon is present in the carbon monoxide. The ratio of
carbon to oxygen should be such that all of the oxygen is consumed. The process may
comprise removing elemental carbon from the reducing gas before the step of reacting
the silica therewith. The reaction of the silica with the reducing gas generates silica, and
converts the reducing gas to an exhaust gas.

Exhaust gas from the process may be used to preheat a raw material for the
process prior to use thereof in the process. The exhaust gas from the process may be
oxidised so as to convert substantially all of the carbon monoxide therein to carbon
dioxide, thereby producing oxidised exhaust gas. The oxidised exhaust gas may be
used to preheat a raw material for the process prior to use thereof in the process. In this
way, heat energy generated in the process by oxidation processes, and/or heat inputted
into the process, may be recycled in order to reduce or minimise the energy
consumption of the process and/or to improve the energy efficiency of the process.
Additionally, oxidation of the exhaust gas reduces its toxicity, rendering it more suitable
for release to the atmosphere. ’

The step of reacting the silica with carbon monoxide may be conducted within a
heated reaction chamber. The temperature of the heated reaction chamber may be
controlled. 1t may be controlled to a temperature above the melting point of silicon. 1t
may be controlled to a temperature below the boiling point of silicon. It may be
controlled to a temperature between the melting point and the boiling point of silicon.
The temperature of the heated reaction chamber may be between about 1400°C and
about 2300°C. The step of reacting the silica with carbon monoxide may be conducted
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at a temperature above the melting point of silicon. The silicon may be degassed before
it is allowed to solidify. |

An exhaust gas oxidation chamber may be provided for oxidising carbon monoxide
in exhaust gas from the reaction chamber to carbon dioxide in order to generate
oxidised exhaust gas. The reaction chamber may communicate with the exhaust gas
oxidation chamber via the exhaust gas outlet port. Flow controliers may also be
provided for controlling the flow of one or more of the carbon, the oxygen and the silica.

A heat storage unit may be provided, which cbmmunicates thermally with the
reaction chamber. ,

Throughout this specification, unless the context requires otherwise, the word
"comprise”, or variations such as "comprises” or "comprising", will be understood to
imply the inclusion of a stated element, integer or step, or group of elements, integers or
steps, but not the exclusion of any other element, integer or step, or group of elements,
integers or steps. “

Any discussion of documents, acts, materials, devices, articles or the like which
has beeh included in the present specification is solely for the purpose of providing a
context for the present invention. It is not to be taken as an admission that any or all of
these matters form part of the prior art base or were common general knowledge in the
field relevant to the present invention as it existed before the priority date of each claim
of this specification.

In order that the present invention may be more clearly understood, preferred
embodiments will be described with reference to the following drawing and examples.

Brief Description of the Drawings

Figure 1 is a diagrammatic representation of the process of a reactor according
1o the present invention.

Mode(s) for Carrying Out the Invention

In the present specification, the term “silicon” will be taken to refer to elemental
silicon, or silicon metal. It will be understood that the term “silicon metal” is commonly
USed, although elemental silicon may be regarded as being semi-metallic, and is
sometimes reférred to as a metalloid. ‘

The present invention provides a process for producing silicon comprising reacting
silica with a reducing gas comprising carbon monoxide, wherein the reducing gas does
not contain elemental carbon. it is important that substantially no elemental carbon be
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present in the reducing gas, as, under the reaction conditions, carbon could react with
the silicon to produce silicon carbide, which would contaminate the silicon. Thus the
level of elemental carbdn in the reducing gas may be kept below about 10 ppm, or less
‘than about 5, 2, 1, 0.5, 0.2, 0.1, 0.05, 0.02 or 0.01 ppm on a mol basis relative to carbon
monoxide, depending on the desired level of purity of the silicon produced by the
process.

The reaction of the silica with the reducing gas may entail reduction of the silica
with carbon monoxide in the reducing gas. It may or may not also entail reduction of the
silica with some other component (e.g. reducing component) of the reducing gas. The
carbon monoxide content of the reducing gas may be any desired non-zero value, for
example between about 1 and about 100% on a weight, volume or mole basis, or
between about 10 and 100, 25 and 100, 50 and 100 or 80 and 100, e.g. about 1, 5, 10,
15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 99, 99.5, 99.9 or 100%.
The reducing gas may also comprise one or more other gases, preferably non-oxidising
gases, optionally reducing gases and/or inert gases. The other gas(es) may for
example be nitrogen, carbon dioxide, helium, neon, argon, etc or a mixture of any two or
more of these gases. In some embodiments, the reducing gas does not contain
hydrogen. The reducing gas may be substantially free (e.g. greater than about 95, 96,
97, 98, 99, 99.5 or 99.9% free) of environmental pollutants other than carbon dioxide
and carbon monoxide. In some embodiments the reducing gas consists only of carbon
dioxide and carbon monoxide. In other embodiments the reducing gas consists only of
carbon dioxide, carbon monoxide and a carrier gas. The carrier gas may be for example
nitrogen, helium, neon or argon.

The process may also comprise the step of generating the carbon monoxide by
reaction of elemental carbon with oxygen. In this case, the ratio of oxygen to carbon
may be such that no elemental carbon is produced. In these embodiments, the ratio of
oxygen to carbon should be such that all of the oxygen is consumed. The fatio may be
between about 2:1 and about 1:1 on a molar basis, or between about 2:1 and 1.5:1, 2:1
and 1.8:1, 1.5:1 and 1:1, 1.3:1 and 1:1, 1.9:1 and 1.1:1, 1.9:1 and 1.5:1, 1.5:1 and 1.1:1
or 1.8:1and 1.3:1, e.g. about 1.1:1, 1.2:1, 1.3:1, 1.4:1, 1.5:1, 1.6:1, 1.7:1, 1.8:1, 1.9:1 or
2:1. Further, in these embodiments, the carbon used to generate the carbon monoxide
should be of a suitable particle size as to enable rapid, preferably complete, reaction to
carbon monoxide and optionally also carbon dioxide. The mean, or maximum, particle
size of the carbon may be between about 10 microns and about 5 mm, or between
about 1 microns and 1 mm, 10 and 500 microns, 10 and 100 microns, 10 and 50
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microns 50 microns and 5 mm, 100 microns and 5 mm, 500 microns and 5 mm, 1 and 5
mm, 100 and 1000 microns, 100 and 500 microns or 500 and 1000 microns, e.g. about
10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550,
600, 650, 700, 750, 800, 850, 900 or 950 microns, or about 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5
or 5 mm, or may in some circumstances be greater than 5 mm.

The process may comprise the additional step of converting the carbon to a
suitable particle size prior to generating the carbon monoxide. This may comprise
grinding, pelletising or some other suitable process. The carbon may be high purity
carbon. It may be at least about 99% pure, or at Jeast about 99.5, 99.9, 99.95, 99.99,
99.995 or 99.999% pure, or 99.5 to 100, 99.9 to 100, 99.95 to 100, 99.99 to 100, 99.995
to 100, 99.999 to 100, 99.5 to 99.999, 99.9 to 99.999, 99.95 to 99.999, 99.99 to 99.999
or 99.995 to 99.999% pure, e.g. about 99, 99.1, 99.2, 99.3, 99.4, 99.5, 99.6, 99.7, 99.8,
99.9, 99.95, 99.99, 99.995, 99.999, 99.9995, 99.9999 or 100% pure.

The carbon feed to the oxidation chamber will commonly in preferred
embodiments contain some entrained gas. This may be air, or may be oxygen, carbon
dioxide or other gas which is used to blanket the carbon in the carbon storage bin. The
gas in the carbon storage bin is typically in preferred embodiments sufficiently pure that
it does not introduce impurities into the product silicon.

' The reaction product of the elemental carbon with the oxygen in preferred
embodiments, comprises carbon monoxide optionally together with carbon dioxide.
Under some conditions, it may also comprise some residual elemental carbon. In this
case, the process may comprise removing elemental carbon.from the reducing gas
before the step of reacting the silica therewith. This may comprise filtering,
microfiltering, centrifuging, settling or some other suitable process. The apparatus for
removing the elemental carbon should be capable of withstanding the temperature of
the reducing gas. It may for example comprise a sintered metal or ceramic (e.g. metal
oxide) frit or some other high temperature filter device. Following the reaction of the
carbon and oxygen to produce the carbon monoxide, the resulting gas may be blended
with a diluent gas to generate the reducing gas. The diluent gas in the preferred
embodimen’ts‘should not comprise an oxidising gas, and may comprise a reducing gas.
Suitable diluent gases for the preferred embodiments include nitrogen, carbon dioxide,
hélium, neon, argon etc. or mixtures of these. The diluent gas may be blended with the
reaction product of the carbon and the oxygén in a ratio of between about 1 and about
90% diluent gas to resulting reducing gas. The ratio may be between about 1 and 50, 1
and 20, 1 and 10, 10 and 90, 50 and 90, 10 and 50 or 20 and 50%, e.g. about 1, 5, 10,
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20, 30, 40, 50, 60, 70, 80 or 90% by volume. Alternatively, carbon monoxide may be
provided from a container thereof, e.g. a commercial gas cylinder, and optionally
blended with a diluent gas to produce the reducing gas. The nature and proportion of
the diluent gas may be as described above. The carbon monoxide from the container
may be used directly as the reducing gas, without addition of a diluent gas.

In preferred embodiments, the conditions of reaction of the carbon and oxygen to
produce carbon monoxide should be such that violent combustion or explosion does not
occur. They may be such that controlled oxidation of the carbon occurs. The oxidation
may be a combustion, preferably a controlled combustion. Conditions that should be
adjusted to achieve this aim may include temperature, pressure, ratio (quantity or flow
rate) of carbon to oxygen, particle size of the carbon, presence and quantity or flow rate
of a diluent gas, oxidation chamber design etc.

The reaction of the silica with the reducing gas generates silicon, and in preferred
embodiments converts the reducing gas to an exhaust gas. Thus in this case the
reaction represents a reduction of silica to silicon, and represents an oxidation of the
reducing gas, in particular of carbon monoxide in the }educing gas fo carbon dioxide in
the exhaust gas. The exhaust gas preferably comprises carbon dioxide, and may also
comprise carbon monoxide that has not been reacted with the silica. The carbon
monoxide content of the exhaust gas will depend on the carbon monoxide content of the
reducing gas, the ratio of reducing gas flow rate to the input rate of silica into the reactor,
the conditions (temperature, pressure etc) within the reactor and other factors. It may
be between about 1 and about 90%, or between about 1 and 80, 1 and 70, 1 and 60, 1
and 50, 1 and 20, 1 and 10, 10 and 90, 50 and 90, 10 and 50 or 20 and 50%, e.g. about
1,2, 3, 4,5,10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85 or 90% by
volume. ‘

Exhaust gas from the process may be used to preheat a raw material for the
process prior to use thereof in the process. The preheating by the exhaust gas may be
sufficient to raise the raw material to the desired temperature for entry into the process,
or may be to a temperature below that. In the latter eventuality, additional heating, e.g.
electrical heating, may be used to bring the raw material-to the desired temperature.
The exhaust gas from the process may be oxidised, e.g. burned, so as to convert
substantially all of the carbon monoxide therein to carbon dioxide, thereby producing
oxidised exhaust gas. The oxidised exhaust gas may be suitable for release to the
atmosphere, i.e. it may meet environmental standards for carbon monoxide content.
The carbon monoxide content of the oxidised exhaust gas may be below a toxic level.
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The carbon monoxide content of the oxidised exhaust gas may be less than about

100 ppm or less than about 50, 20 or 10 ppm, e.g. about 10, 20, 30, 40, 50, 60, 70, 80,

90 or 100 ppm.

The oxidised exhaust gas may be used to at least partially preheat one or more of
the raw materials for the process prior to use thereof in the process.

The use of the exhaust gas and/or the oxidised exhaust gas to preheat raw
materials in preferred embodiments reduces the amount of energy that needs to be
inputted to the system in order to bring the raw materials to an appropriate reaction
temperature either for production of carbon monoxide or for reduction of silica.

The step of reacting the silica with carbon monoxide may be conducted within a
heated reaction chamber. The temperature of the heated reaction chamber may be
cbntrolled. it may be controlled to a temperature above the melting point of silicon
(1683K, 1419°C). The temperature should not be sufficiently high that the silicon
vaporises. The boiling point of silicon is 3173K (2900°C). The temperature should be
sufficient for reduction of silica by carbon monoxide to produce silicon. The temperature
for reduction of silica may be for example between about 1400 and about 2300°C, or
between about 1400 and 2000, 1400 and 1700, 1400 and 1500, 1500 and 2300, 2000
and 2300, 1500 and 2200, 1500 and 2000 or 1500 and 1800°C, e.g. about 1400, 1410,
1420, 1430, 1440, 1450, 1460, 1470, 1480, 1490, 1500, 1550, 1600, 1650, 1700, 1750,
1800, 1850, 1900, 1950, 2000, 2050, 2100, 2150, 2200, 2250 or 2300°C. Reduction of
silicon is commonly conducted at about 1 atmosphere pressure, or at ambient pressure,
but in some cases may be at some other pressure, for example between about 0.5 and
10 atmospheres, or between about 0.5 and 5, 0.5 and 2, 0.5 and 1, 1 and 10, 2 and 10,
5and 10, 1 and 5 or 1 and 2 atmospheres, e.g. about 0.5, 0.6, 0.7, 0.8, 0.9, 1.1, 1.2,
1.3,1.4,1.5,2, 2.5, 3, 3.5; 4,4.5,5,6,7, 8,9 or 10 atmospheres, or some other
pressure.

The flow rate of the reducing gas into the reaction chamber should be sufficient to
completely reduce the silica to silicon. The reducing gas may be used in an amount (or
at a flow rate) such that the molar reaction ratio of reducing components (carbon
monoxide and any other reducing components of the reducing gas) over the silica is at
least about 1.1, or at least about 1.2, 1.3, 1.4, 1.5, 2, 2.5, 3, 3.5, 4, 4.5,5,6, 7, 8, 9 or
10, or of between about 1.1 and about 10, or between about 1.1 and 5, 1.1 and 2, 1.5
and 10, 2 and 10, 3and 10, 4 and 10, 5 and 10, 1.5 and 5 or 2 and 5, e.g. about 1.1,
1.2,1.3,1.4,15,16,1.7,1.8,1.9,2,25, 3, 3.5,4,45,5,6, 7, 8, 9 or 10, or may in
some circumstances be more than 10 or may be between 1 and 1.1. In determining the
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molar reaction ratio referred to above, it is necessary to account for the oxygen content
of silica. Thus silica (SiO,) contains two moles of oxygen per mole of silica. Thus for
carbon monoxide as the reducing component of the reducing gas, the actual molar ratio
between silica and the reducing component will be double the molar reaction ratio (to
account for the two moles of oxygen per mole silica), so that a molar reaction ratio of 2
would represent a molar ratio of 4. This is because one atom of carbon monoxide
requires one atom of oxygen to produce one mole of carbon dioxide. This can be shown
in the case of silica as follows:

SiQ, + 2C0O — Si + 2C0O;

The silicon may be degasséd before it is allowed to solidify. The process of
degassing may comprise applying an at least partial vacuum to the molten silicon. The
at least partial vacuum may have an absolute pressure of less than about 500 mbar, or
less than about 400, 300, 200, 100, 50, 20, 10, 5, 2 or 1 mbar, or of about 1, 2, 3, 4, 5,
6,7, 9, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200, 250, 300, 350, 400, 450 or
500 mbar. The degassing may compﬁse pumping the molten silicon, for example to
remove it from the reactor, wherein the pump used for pumping is of a type that-applies
an at least partial vacuum to the liquid being pumped.

The present invention is particularly suited to the production of high purity silicon
metal, for example for use in the semiconductor industry. In order to achieve this, it is
necessary to use high purity reagents. In particular it is necessary that the silica be high
purity. Copending application entitied “Purification of silica” PCT/EP2007/064383
provides a process for achieving this by converting the silica to a hydrolysable silicon
species, e.g. silicon tetrafluoride gas, purifying the hydrolysable silicon species, and
hydrolysing the purified hydrolysable silicon species to produce purified silica. The silica
used in the process may be at least about 99.9% pure by weight, or may be at least
09.95, 99.99, 99.995 or 99.999% pure, and may be about 99.9, 99.91, 99.92, 99.93,
09.94, 99.95, 99.96, 99.97, 99.98, 99.99, 99.991, 99.992, 99.993, 99.994, 99.995,
99.006, 99.997, 99.998, 99.999, 99.9995 or 99.9999% pure. Additionally the conditions
of reduction of the silica to silicon (temperature, CO concentration of the reducing gas,
flow rate of the reducing gas, input rate of silica, particle size of the silica etc.) should bé
sufficient to ensure complete reduction of the silica to silicon.

Thus a suitable process for producing high purity silica for use in the present
invention may comprise:

a)  converting the silica into silicon tetrafluoride;

b)  purifying the silicon tetrafluoride; and
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c)  hydrolysing the silicon tetrafluoride to produce purified silica, optionally at a

temperature at which fluorosilicic acid is unstable.

Step a) may comprise reacting the silica with a mixture of hydrofluoric acid and
fluorosilicic acid so as to convert it into silicon tetrafluoride. Step b) may comprise
contacting the silicon tetrafluoride with a purifying agent. The process may be
conducted in a plurality of steps in a counter-current manner. The purifying agent may
comprise fluorosilicic acid.

The method may additionally comprise:

d) hydrolysing a portion of the silicon tetrafluoride from step b) to produce
fluorosilicic acid and silica, and using the fluorosilicic acid in step b). The silica from
steps c) and d) may be combined to provide the purified silica product.

Impurities may be removed from the purifying agent following the step of
contacting the silicon tetrafluoride with the purifying agent. The purifying agent may
comprise fluorosilicic acid and, following the step of contacting the silicon tetrafluoride
with the fluorosilicic acid, the fluorosilicic acid may be converted into hydrogen fluoride
and silicon tetrafluoride, whereby the hydrogen fluoride is used in step a). The silicon
tetrafluoride may be used either to produce fluorosilicic acid for use in step a) or to
supplement the hydrolysable silicon species produced in step a) or both. Step ¢)
preferably uses high purity steam.

The method may additionally comprising one or both of the steps of:

e) washing the purified silica; and

f) drying the purified silica.

In step c), purified silica may be added to a high temperature hydrolyser in which
step c) is conducted. The silica may be dried before step a) of the method.

In an embodiment of the method for producing purified silica for use in the present
invention therefore:

i) step a) may comprise the use of a mixture of hydrofluoric acid and

fluorosilicic acid;

ii)  step b) may comprise contacting the silicon tetrafluoride with fluorosilicic

acid;

iiiy  step ¢c) may comprise hydrolysing a first portion of the silicon tetrafluoride

from step b) using steam to produce purified silica: and

iv)  the method additionally may comprise:
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hydrolysing a second portion of the silicon tetrafluoride from step b) to produce
fluorosilicic acid and purified silica, the fluorosilicic acid being used in step b);
and

converting fluorosilicic acid from step b) into hydrogen fluoride and silicon
tetrafluoride and drying the hydrogen fluoride and silicon tetrafluoride, whereby
the hydrogen fluoride is used to generate the hydrofluoric acid uséd in step a)
and the silicon tetrafluoride is used either to produce fluorosilicic acid for use in
step a) or to supplement the silicon tetrafluoride produced in step a) or both.

The particle size of the silica used in preferred embodiments of the present
invention is commonly in the range of about 10 to about 2000 microns in diameter.
Commonly silica particles are not spherical. Thus in this context, “diameter” may refer to
a maximum cross-particle dimension, or to a minimum cross-particle dimension, or to a
mean cross-particle dimension or to a hydrodynamic diameter. The diameter may be
between about 10 and about 2000 microns, or between about 10 and 1000, 10 and 500,
10 and 200, 10 and 100, 10 and 50, 10 and 20, 50 and 2000, 100 and 2000, 500 and
2000, 1000 and 2000, 1500 and 2000, 50 and 1000, 50 and 500, 50 and 200, 100 and
1000, 100 and 500 or 500 and 1000 microns, e.g. about 10, 20, 30, 40, 50, 60, 70, 80,
90, 100, 150, 200, 250, 300, 350, 400, 450, 500, 600, 700, 800, 900, 1000, 1100, 1200,
1300, 1400, 1500, 1600, 1700, 1800, 1900 or 2000 microns, or may be greater than
about 2000 microns. The diameter described here may represent a mean (number
average or weight average) diameter or a maximum diameter. ‘

The silica feed to the reaction chamber will in preferred embodiments commonly
contain some entrained gas, which will be the gas used to blanket the silica in the silica
storage bin. ltis preferable that this gas is a non-oxidising gas, as the presence of an
oxidising gas would consume extra reducing gas during the reduction of the silica. Thus
the silica storage bin may be blanketed with a non-oxidising, optionally reducing, gas,
e.g. nitrogen, carbon dioxide, carbon monoxide, argon, Helium or some combination of
these. If the silica is produced on site and used as produced rather than stored, any of
the above non-oxidising, optionally reducing, gases, may be used to convey the silica to
the reactioﬁ chamber, |

The present invention also provides silicon produced by the process of the
invention. "The silicon may have a purity of at least about 99.9% by weight. The purity

- may be at least about 99.9% pure by weight, or may be at least 99.95, 99.99, 99.995 or

99.999% pure, and may be about 99.9, 99.91, 99.92, 99.93, 99.94, 99.95, 99.96, 99.97,
99.98, 99.99, 99.991, 99.992, 99.993, 99.994, 99.995, 99.996, 99.997, 99.998, 99.999,
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99.9995 or 99.9999%. It may be of sufficiently high purity for use in the semiconductor
industry. In order to achieve this purity, it is not only necessary to ensure that the silica
is of suitably high purity, but also that the reactor for producing the silicon is made from
materials that do not contaminate the silicon once produced. These materials may |
include metals, e.g. steel, stainless steel, titanium etc. that can not contaminate the
silicon produced by the reactor. The materials may be pre-treated, e.g. washed, heated
etc. to remove or reduce potential contaminants.

The present invention also in some aspects, provides a reactor suitable for
conducting the process of the invention. The reactor preferably comprises a carbon
oxidation chamber, and a reaction chamber in communication with the carbon oxidation
chamber. The reaction chamber is fitted with a temperature controller for controlling the
temperature inside the reaction chamber, and has a silica inlet port, and a silicon outlet
port.

The carbon oxidation chamber comprises an inlet port for admitting carbon and/or
oxygen, and may have separate inlet ports for carbon and oxygen. It may also comprise
an inlet port, or other facility, for admitting a diluent gas to the carbon oxidation chamber.
Alternatively the inlet port for the diluent gas, if present, may be disposed so that the
diluent gas can be combined with the oxidation product obtained from the carbon and
the oxygen in the carbon oxidation chamber. The carbon oxidation chamber may be
heated to facilitate conversion of carbon and silica therein to carbon monoxide. Thus
the reactor may comprise a heater for heating the carbon oxidation chamber. It may
comprise a controller for controlling the temperature of the carbon oxidation chamber. In
some embodiments, the carbon oxidation chamber at least partially surrounds the
reaction chamber.. In that configuration, heat generated in the oxidation chamber by
partial oxidation of carbon to carbon monoxide may be used to heat the reaction
chamber, optionally by means of an intervening heat storage material such as graphite.
An advantage of graphite as a heat storage material is that it has a high melting point,
and has a high heat capacity and increasing heat capacity with increasing temperature.
Tt will be undersfood that other high heat capacity materials may also be used. ltis
preferred that the outside of the oxidation chamber be well insulated to minimise loss of
heat by radiation. This also improves the safety of the reactor. A suitable preferred
configuration involves an oxidation chamber having an annular cross section
surrounding a reaction chamber in the core of the annular shape. Thus the oxidation
chamber may be a cylinder having a hollow core containing the reaction chamber. It will
be understood that the cross section of the oxidation chamber may‘ have a square,
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rectangular, pentagonal, hexagonal etc. shape, having a core region for the reaction
chamber.

The temperature controller for controlling the temperature of the carbon oxidation
chamber may be the same as that for controlling the temperature inside the reaction
chamber. The reaction chamber may be located within, or partially within, a heater
block. The carbon oxidation chamber may be located within, or partially within, a heater
block, which may be the same as or different to the heater block within which the
reaction chamber is located. Thus in an embodiment, both the reaction chamber and
the carbon oxidation chamber are located within a heater block. The heater block may
have a temperature controller for controlling the temperature of the heater block, and
thereby for controlling the temperature within the reaction chamber and within the
carbon oxidation chamber. The temperature of the heater block may be controlled by a
heater block controller, which may for example comprise a thermostat, an electrical
heating element, a non-electrical heating device and/or other components. The heater
block may conveniently comprise carbon, e.9. graphite, as a heat storage medium.

The reactor may comprise a silica feed system for providing silica to the reaction
chamber. The silica feed system may communicate with the silica inlet port of the -
reaction chamber. The silica feed system may comprise a silica storage bin, or a silica
generator, for example a high purity silica generator or a silica purifier. A suitable high
purity silica generator is described in a copehding application “Purification of silica”
PCT/EP2007/064383. The silica feed system may optionally comprise a particle size
reducer (e.g. a comminutor, a crusher, a grinder etc) for reducing the particle size of the
silica to a suitable size to act as a feed for-the process. The silica feed system may also
comprise a silica preheater. Energy for the preheater may be provided by hot exhaust
gas from the reaction chamber or hot oxidised exhaust gas from the exhaust gas
oxidation chamber, or both. The silica feed system may also comprise one or more
suitable conveyors if required, for transporting the silica from the silica source to the
silica preheater and from the silica preheater to the reaction chamber. The conveyors
may comprise suitable pipes, tubes and conveying means. Conveying means may
comprise conveyor belts, screw conveyors and/or other suitable means.

The silicon outlet port of the reaction chamber may communicate with a silicon
collection chamber for collecting the silicon that is prdduced in the reaction chamber.
Conveniently the silicon outlet port is located at or near the bottom of the reaction
chamber, and the silicon collection chamber is located below the silicon outlet port, so

that molten silicon producéd in the reaction chamber can pass under gravity through the



10

15

20

25

30

35

WO 2009/103120 PCT/AU2009/000192

14

silicon outlet port to the silicon collection chamber. The silicon collection chamber may
be maintained at a temperature at or above the melting point of silicon, so as to maintain
the silicon in the molten or liquid state. It may be fitted with a heater and/or suitable
insulation for maintaining it at that temperature.

The reactor may also comprise a degasser for degassing the silicon after it has left
the reaction chamber. The degasser may be fitted to the silicon collection chamber, so -
that the silicon is degassed while in the liquid state. Conveniently, the degasser may
comprise a pump which reduces the pressure on the liquid silicon in the process of
transferring it from the silicon collection chamber, for example to a solidification
apparatus for converting the degassed molten silicon to solid silicon.

The reactor may also comprise a silica preheater for preheating the silica prior to
the silica entering the reaction chamber, and/or at least one preheater for preheating
either the carbon or the oxygen or both. The, or either or both, preheater(s) may
comprise a heat exchanger for transferring heat from the exhaust gas and/or the
oxidised exhaust gas to the silica and/or to the carbon and/or to the oxygen. The
reactor may comprise suitable pipework for passing exhaust gas from the reaction
chamber, or oxidised exhaust gas obtained by oxidation of the exhaust gas, to at least
one of these preheaters. The preheater for preheating the oxygen may be capable of
heating the oxygen to a suitable temperature for oxidation of carbon to carbon |
monoxide, or to a temperature below the oxidation temperature for carbon. It may heat
the oxygen to a temperature about 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 or more than
about 100°C below the oxidation temperature for carbon. Similarly the preheater for
preheating the carbon may be capable of heating the carbon to a suitable temperature
for oxidation of carbon to carbon monoxide, or to a temperature below the oxidation
temperature for carbon. It may heat the carbon to a temperature about 10, 20, 30, 40,
50, 60, 70, 80, 90, 100 or more than about 100°C below the oxidation temperature for
carbon. The preheater for preheating the silica may be capable of p;eheating the silica
to a temperature of about that required for reaction of the silica with carbon monoxide to
produce the silicon, or to a temperature about 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 or
more than about 100°C below that temperature.

An exhaust gas oxidation chamber may be provided for oxidising carbon monoxide
in exhaust gas from the reaction chamber to carbon dioxide in order to generate
oxidised exhaust gas. Flow controllers may also be provided for controlling the flow of
one or more of the carbon, the oxygen and the silica. A heat storage unit may be

provided, which communicates thermally with the reaction chamber.
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By using silicon dioxide and carbon both of a very high degree of purity according
to preferred embodiments of this invention, it is possible by direct reduction at about the
melting temperature of silicon to produce silicon metal with a comparably high degree of
purity.
Accordingly, a reactor for producing silica according to the present invention may
additionally comprise a system for purifying silica according to copending application
entitled “Purification of silica” PCT/EP2007/064383. Thus it may comprise a system for
purifying silica comprising: |
a)  a reactor for converting the silica into silicon tetrafluoride;
b)  afirst purifier for purifying the silicon tetrafiuoride using a purifying agent;
and ,

¢)  ahydrolyser (e.g. a high temperature hydrolyser) for hydrolysing the silicon
tetrafluoride to produce purified silica, optionally at a temperature at which
fluorosilicic acid is unstable.

The system may additionally comprise:

d) a low temperature hydrolyser for hydrolysing a portion of the purified

hydrolysable silicon species from the first purifier to produce the purifying agent

and silica; and

e) a diverter for diverting the portion of the purified hydrolysable silicon

species to the low temperature hydrolyser.

The first purifier may be a muitistage countercurrent purifier. The system may also
comprise a second purifier, e.g. a distillation apparatus, for removing impurities from the
purifying agent. The second purifier may also comprise a water remover. A purifier
recycle system may also be provided for passing purified output from the second purifier
to the reactor. The system may additionally comprise a high purity steam generator for
generating high purity steam, the high purity steam generator communicating with the
high temperature hydrolyser for providing high purity steam to the high temperature
hydrolyser. It may further comprise a purifying agent feed system for passing the |
purifying agent from the second hydrolyser to the first purifier.

The system may additionally comprise one or both of:

d) a washer for washing the purified silica; and

e) a dryer for drying the purified silica.

The high tem’perature hydrolyser may comprise a silica inlet port. A prédryer may
be provided for predrying the silica before the silica enters the reactor. The system may
additionally comprise:
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a low temperature hydrolyser for hydrolysing a second portion of the purified
silicon tetrafluoride from the first purifier to produce fluorosilicic acid and silica;

a diverter for diverting the portion of the purified silicon tetrafluoride to the low
tempefature hydrolyser;

a distillation apparatus for removing impurities from the fluorosilicic acid from the
first purifier and for converting the fluorosilicic acid to hydrogen fluoride and silicon
tetrafluoride;

a drier for removing water from the hydrogen fluoride and silicon tetrafluoride from
the distillation apparatus; and V

a purifier recycle system for passing hydrogen fluoride and silicon tetrafluoride
from the drier to the reactor.

EXAMPLE ‘

A suitable reactor for producing silicon according to a preferred embodiment of the
present invention is shown in Figure 1. In Figure 1, reactor 10 comprises carbon
oxidation chamber 20, which communicates with reaction chamber 30. Oxidation
chamber 20 is fitted with oxygen inlet port 35 and carbon inlet port 40. Reaction
chamber 30 is fitted with temperature controller 50, having inlet line 55 and outlet line 60
for passing a heat transfer material to and from controller 50 in order to control the
temperature of reaction chamber 30. Reaction chamber 30 also has silica inlet port 70,
silicon outlet port 75 and exhaust gas outlet port 80. Silicon outlet port 75
communicates with silicon collection chamber 90. Collection chamber 90 is fitted with
pump 100, which can serve both to degas molten silicon after it has left reaction
chamber 30 and also to pump it out of reactor 10 (i.e. out of collection chamber 90 of
reactor 10). Oxidation chamber 20, reaction chamber 30 and collection chamber 90 are
all located within heating block 110, conveniently a block of carbon, for maintaining the
temperature in those chambers. Block 110 is temperature controlled by means of
controller 50. Carbon is particularly suitable as a preferred material for use in heating
block 110 due to its high thermal conductivity and increasing heat capacity with
temperature.

Reactor 10 also comprises silica feed system 120. Feed system 120 comprises
silica storage bin 125 and silica preheater 130, together with conveyors 135 and 140 for
conveying silica from bin 125 to preheater 130 and from preheater 130 fo inlet port 70
respectively. Conveyors 135 and 140 are conveniently screw type conveyors, which
enable silica to be conveyed from bin 125 into reaction chamber 30 with minimal
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exposure to contaminants, e.g. from the atmosphere. Similarly, storage bin 125 is

. designed so as to avoid contamination of the high purity feed silica therein. In some

embodiments of the invention, storage bin 125 may be replaced by an apparatus for
generation of high purity silica, whereby the silica is supplied to feed system 120
continuously as it is produced.

Reactor 10 also comprises a carbon feed system 150, comprising a carbon
storage bin 160, disposed to supply carbon to carbon preheater 170. Oxygen feed
system 180 comprises oxygen source 190 disposed to supply oxygen to oxygen
preheater 200. Oxygen source 190 may be an oxygen container, or may be an oxygen
generator, e.g. a membrane based or chemical based oxygen generator.

Reactor 10 further compriées exhaust gas oxidation chamber 210 for oxidising
carbon monoxide in exhaust gas from reaction chamber 30 to carbon dioxide in order to
generate oxidised exhaust gas.

Aspects of an embodiment of the invention are as follows:

1 Anthracite coal may be refined to extremely high levels of purity.
Provided it is handled and stored in clean systems, it may be used in the reduction
process of the present invention. This may be stored in carbon storage bin 160.

| It is possible to have available extremely high purity dry silicon crystals.
As these crystals are abrasive, storage and handling must be carried out with care. The
pure silicon dioxide is stored in silica storage bin 125. a The silica may be generated
using the method of copending application entitled “Purification of silica”.

1] Silica preheater 130 may be lined with silicon carbide or some other
suitable temperature resistant material. Preheater 130 may be heated by means of
combustion of exhaust gases from reaction chamber 30, to pre-heat the pure silica for
injection into reaction chamber 30.

v Oxygen preheater 130 is a heat exchange unit designed to pre-heat the
combustion oxygen needed. It may conveniently be heated by exhaust gases which exit
reaction chamber 30.

\% Carbon preheater 170 is a heat storage system lined with smooth silicon
carbide or other heat resistant material and heated by the waste combustion heat from
oxidation of the exhaust gas from reaction chamber 30. Preheater 170 is designed to
pre-heat pure carbon material prior to its injection into oxidation chamber 20.

VI Oxidation chamber 20 is an important part of the system in which the
balance betwéen the pre-heated carbon and the pre-heated oxygen gas is controlled to

ensure that there is insufficient oxygen to produce CO, and no free carbon in the
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combustion cycle. Oxidation chamber 20 surréunds reaction chamber 30, passing its
heat to the heat storage material between the combustion chamber and the reactor
chamber. Thus oxidation chamber 30 may be annular, or may have a similar shape but
with a rectangular, square, pentagonal, hexagonal or similar cross-section.

Vil Reaction chamber 30 is temperature controlled by the heat storage
system to a temperature of about 1410°C. In reactor chamber 30 the reducing gas at
temperature comprises CO. The CO reacts to remove O, from the SiO,, creating CO,
which leaves the silicon free in high purity to fall as a liquid into collection chamber 90
via outlet port 75.

VIl In order to control the temperature in reaction chamber 30 at the correct
temperature for the reaction a graphite heat storage unit 220 is used. This unit is heated
by the oxidation of the carbon by oxygen to CO in the oxidation chamber 20, and its heat
is controlled accurately by temperature controller 50.

IX In order to retain the heat, outside surface 230 surrounding oxidation
chamber 20 is heavily insulated.

X The silicon produced in the process is collected in collection chamber 90
below reaction chamber 30.

Xl As there may be some CO or CO, present in the structure of the silicon,
an intermediate pumping, and vacuum gas extraction 100 is employed to removejall
gases.

Xl As the process of the invention operates on the basis of pure high
temperature carbon monoxide reacting with the silicon dioxide, an excess of carbon
monoxide will be present in the CO, exhausting from reaction chamber 30. In the heat
exchanger 210 additional air or oxygen is added that will react with the CO to form CO,
and at the same time add heat to the oxidised exhaust gas, which may then be used for
preheating the silica/carbon/oxygen used in the process.

Xllf  Temperature controller 50 is a heat controlled system thermally coupled
to reaction chamber 30 and having available water cooling passing through lines 55 and
60 as required.

XV In order to produce pure product from the process the inner lining of
oxidation chamber 20, reaction chamber 30 and collection chamber 90 are lined with

. high quality surface silicon carbide, which has high heat transfer characteristics and

must be constructed to bond to heat storage unit 220 to allow efficient heat transfer to
OCcCur.
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The reactor of Figure 1 may be operated as follows. Oxygen is supplied from
source 190 to preheater 200, and is passed from there through inlet port 35 to oxidation
chamber 20. High purity carbon in powdered or granular form is stored in bin 160, and
passes from bin 160 via preheater 170 through inlet port 40 to oxidation chamber 20.
Conveyors, e.g. screw conveyors, may be used to convey the carbon as described.
Preheaters 170 and 200 heat the carbon and oxygen respectively to suitable
temperatures to allow rapid reaction in chamber 20. In chamber 20, the carbon is
partially oxidised to form a reducing gas, which consists mainly of carbon monoxide,
although some carbon dioxide may also be present. The feed rates of oxygen and
carbon into chamber 20 are preferably adjusted to ensure that the carbon is completely
converted, so that no elemental carbon can pass to reaction chamber 30, and to also
ensure that the reducing gas generated in chamber 20 by partial oxidation of the carbon
contains no free oxygen. The oxidation reaction in chamber 20 provides heat energy,
which is conveyed through heat storage unit 220 to heat reaction chamber 30. Also, the
reducing gas produced in chamber 20 passes into the lower portion of reaction chamber
30.

High purity silica is stored in bin 125, protected from contaminants. It passes
from there to silica preheater 130, which raises its temperature to facilitate its reduction.
It then passes by means of conveyor 140 through inlet port 70 into the upper portion of
reaction chamber 30. Thus in chamber 30, reducing gas passes upwards while silica
moves downwards in a countercurrent manner relative to the reducing gas. As the silica
passes down reaction chamber 30, it is reduced by the reducing gas to silicon. Reaction
chamber 30 is preferably maintained at a temperature between the melting point of silica
and the melting point of silicon. This may be achieved by the heat provided by the
oxidation reaction in chamber 20 together with cooling, if necessary, provided by
controller 50. Thus the silicon is formed as a liquid, which precipitates to the bottom of
chamber 30 and flows through outlet >pbrt 75 into collection chamber 90. Pump 100 then
pumps the liquid silicon to a storage location (note shown in Figure 1), and in doing so
degasses the liquid silicon, removing residual carbon monoxide and/or carbon dioxide.
The silicon produced in this process is of high purity, and care should be taken to avoid
downstream contamination of the product.

As the reducing gas reduces the silica to silicon, it is itself oxidised, generating
carbon dioxide. Thus the exhaust gas which exits chamber 30 contains a mixture of
carbon dioxide with unreacted carbon monoxide. This gas is at high temperature, and is
passed to preheater 200, where a portion of its heat energy is transferred to the oxygen
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which is fed to oxidation chamber 20. The exhaust gas then passes to exhaust gas
oxidation chamber 210, which is also fitted with an air or oxygen inlet. Thus, in chamber
210 the exhaust gas is oxidised, converting unreacted carbon monoxide into carbon
dioxide. This generates exira heat energy, which heats the oxidised exhaust gas. The
oxidised exhaust gas then passes to silica preheater 130, for heating the high purity
silica fed to reaction chamber 30. -The oxidised exhaust gas then passes to carbon
preheater 170 where it is used to heat the carbon which is fed to oxidation chamber 20.
The resulting oxidised exhaust gas has a very low level of carbon monoxide and is at a
relatively moderate temperature, and is therefore suitable for venting to the atmosphere.

It will be appreciated by persons skilled in the art that numerous variations and/or
modifications may be made to the invention as shown in the specific embodiments
without departing from the spirit or scope of the invention as broadly described. The
present embodiments are, therefore, to be considered in all respects as illustrative and
not restrictive.
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Claims:
1. A process for producing silicon comprising reacting silica with a reducing gas

10.
11.

comprising carbon monoxide, wherein the reducing gas does not contain
elemental carbon.

The process of claim 1 comprising generating the reducing gas by reaction of
elemental carbon with oxygen.

The process of claim 1 or 2 wherein the silica is reacted with the reducing gas
within a heated reaction chamber.

The process of claim 3 wherein the temperature of the heated reaction chamber
is contrdlled.

The process of any one of claims 1 to 4 wherein the silica is reacted with the
reducing gas at a temperature above the melting point of silicon.

The process of claim 5 wherein the silicon is degassed before it is allowed to
solidify.

The process of any oné of claims 1 to 6 wherein exhaust gas from the process is
oxidised so as to convert substantially all carbon monoxide therein to carbon
dioxide, thereby producing oxidised exhaust gas.

The process of claim 7 wherein the oxidised exhaust gas is used to preheat a
raw material for the process.

The process of any one of claims 1 to 8 wherein the silica is at least about 99.9%
pure by weight.

Silicon produced by the process of any one of claims 1 to 9.

A reactor for producing silicon comprising:

a carbon combustion chamber for reacting carbon with oxygen to generate a

reducing gas comprising carbon monoxide, wherein the reducing gas contains no

" elemental carbon;

a reaction chamber for reacting the reducing gas containing no elemental carbon

with silica, the reaction chamber communicating with the carbon combustion chamber;

a temperature controller for controlling the temperature of the reaction chamber;
a silica inlet port communicating with the reaction chamber for admitting the silica

to the reaction chamber; and

a silicon outlet port communicating with the reaction chamber for allowing the

silicon to Jeave the reaction chamber.

12.

The reactor of claim 11 further comprising a degasser for degassing the silicon
after it has left the reaction chamber.
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13.

14.

15.

16.

17.

18.

19.

The reactor of claim 11 or 12 further comprising a silica preheater for preheating
the silica prior to the silica entering the reaction chamber. '

The reactor of any one of claims 11 to 13 further comprising at least one
preheater for preheating. either the carbon or the oxygen or both the carbon and
oxygen.

The reactor of claim 13 or 14 comprising pipework for passing exhaust gas from
the reaction chamber, or oxidised exhaust gas obtained by oxidation of the
exhaust gas, or both, to at least one of the preheaters for preheating at least one
of the carbon, the oxygen and the silica.

The reactor of any one of claims 11 to 15 comprising an exhaust gas combustion
chamber for oxidising carbon monoxide in exhaust gas from the reaction
chamber to carbon dioxide in oréer to generate oxidised exhaust gas.

The reactor of any one of claims 11 to 16 further comprising one or more flow
controllers for controlling the flow of one or more of the carbon, the oxygen and
the silica.

The reactor of any one of claims 11 tg.-1.7 wherein the reaction chamber
communicates thermally with a heat storage unit.

A process for produf:ing silicon, "ﬁwe process comprising:

providing a reactor, the reactor comprising a carbon combustion chamber for

reacting carbon with oxygen to generate a reducing gas comprising carbon monoxide,

the reducing gas containing no elemental carbon;

a reaction chamber for reacting the reducing gas containing no elemental carbon

with silica, the reaction chamber communicating with the carbon combustion chamber;

a temperature controller for controlling the temperature of the reaction chamber;

a silica inlet port communicating with the reaction chamber for admitting the silica

to the reaction chamber; and a silicon outlet port communicating with the reaction

chamber for allowing the silicon to leave the reaction chamber;

supplying oxygen and carbon to the carbon combustion chamber;

reacting the carbon with the oxygen to generate a reducing gas comprising carbon

monoxide, the reducing gas containing no elemental carbon;

supplying the reducing gas and the silica to the reaction chamber; and

reacting the reducing gas and the silica to produce the silicon and exhaust gas.

20. Use of a reactor according to any one of claims 11 to 18 to produce silicon.



WO 2009/103120 PCT/AU2009/000192

1/1

: 2

Fig. 1



INTERNATIONAL SEARCH REPORT International application No.

PCT/AU2009/000192
A, CLASSIFICATION OF SUBJECT MATTER
Int, Cl. ‘ .
C01B 33/023 (2006.01) C22B 4/08 (2006.01) C22B 61/00 (2006.01)
C01B 33/025 (2006.01) C22B 5/12 (2006.01)

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
WPI, EPODOC, JAPIO, CAPLUS & Keywords, silicon, carbon monoxide, silica, reduction and the like

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to
claim No.

Patent Abstracts of Japan

JP 11-060229 (NIPPON STEEL CORP) 02 March 1999

(machine translation, retrieved 07 May 2009 from the internet) URL:
hittp://www4.ipdLinpit.go.jp/Tokujitw/P Aldetail ipd1?N0000=60&8N0120=01 &N2001=2
&N3001=H11-060229 '

X See abstract, see also paragraph [0011]-[0013] 1-5, 10

Y _ 7-8
WO 2003/042100 A1 (AUNE) 22 May 2003

X See whole document 10
Patent Abstracts of Japan
JP 11-343111 (KOBE STEEL LTD) 14 December 1999
(machine translation, retrieved 06 May 2009 from the internet) URL:
http://wwwé.ipdl.inpit.zo.jp/Tokujitu/PAJdetail. ipdl?NO000=60&N0120=01 &N2001=2

X &N3001=H11-343111 10
See whole document

Further documents are listed in the continuation of Box C See patent family annex

* Special categories of cited documents:

"A"  document defining the general state of the art which isnot ~ "T"  later document published after the international filing date or priority date and not in
considered to be of particular relevance conflict with the application but cited to understand the principle or theory

underlying the invention

"E"  earlier application or patent but published on or after the "X"  document of particular relevance; the claimed invention cannot be considered novel
international filing date or cannot be considered to involve an inventive step when the document is taken

' alone :

"L"  document which may throw doubts on pricrity claim(s) or ~ "Y"  document of particular relevance; the claimed invention cannot be considered to
which is cited to establizh the publication date of another involve an inventive step when the document is combined with one or more other
citation or other special reason (as specified) such documents, such combination being obvious to a person skilled in the art

"O"  document referring to an oral disclosure, use, exhibition ng .
or other means & document membey of the same patent family

"P"  document published prior to the international filing date
but later than the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report

04 May 2009 _ 19 MAY 2009
Name and mailing address of the ISA/AU Authorized officer

AUSTRALIAN PATENT OFFICE ANASTASIOS POLAS

PO BOX 200, WODEN ACT 2606, AUSTRALIA AUSTRALIAN PATENT OFFICE

E-ma_il .acldress: pet@ipaustralia.gov.au . (ISO 9001 Quality Certified Service)

Facsimile No. +61 2 6283 7999 Telephone No : +61 2 6225 6148

Form PCT/ISA/210 (second sheet) (July 2008)




INTERNATIONAL SEARCH REPORT Intemational application No.

PCT/AU2009/000192
C (Continuation), DOCUMENTS CONSIDERED TO BE RELEVANT
Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to
‘ claim No.
US 5174982 A (DOSAJ ET AL) 29 December 1992
X See whole document 10
US 5009703 A (ARVIDSON ET AL) 23 April 1991
X See whole document 10
US 4997474 A (DOSAJ ET AL) 05 March 1991
X See whole document ‘ 10
US 4865643 A (GOINS JR ET AL) 12 September 1989
X See whole document 10
Y See column 2, lines 59-64 7,8
Patent Abstracts of Japan
JP 63-147813 (KAWASAKI STEEL CORP) 20 June 19838
X See whole abstract 10
US 3215522 A (KRUHLMANN ET AL) 02 November 1965
X See whole document 10

Form PCT/ISA/210 (continuation of second sheet) (July 2008)




International application No.

PCT/AU2009/000192

INTERNATIONAL SEARCH REPORT

Box No. Il Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in'tespect of certain claims under Article 17(2)(a) for the following
reasons; '

1, l:l Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. l___l Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. [:I Claims Nos.:

" because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a)

‘Box No. III Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

See Supplemental Box |

As all required additional search fees were timely paid by the applicant, this international search report covers all
searchable claims.

Asall searchable claims could be searched without effort justifying additional fees, this Authority did not invite
payment of additional fees:

micEn|

As only some of the required additional search fees were timely paid by the applicant, this international search report
covers only those claims for which fees were paid, specifically claims Nos.: '

4. D No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest El The additional search fees were accompanied by the applicant's protest and, where applicable,
' the payment of g protest fee.

I:' The additional search fees were accompanied by the applicant's protest but the applicable
protest fee was not paid within the time limit specified in the invitation.

I:, No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (July 2008)




INTERNATIONAL SEARCH REPORT International application No.
PCT/AU2009/000192

Supplemental Box I

(To be used when the space in any of Boxes L to [V is no_t sufficient)
Continuation of Box No: III '

This International Application does not comply with the requirements of unity of invention because it does not relate to
one invention or to a group of inventions so linked as to form a single general inventive concept.

In assessing whether there is more than one invention claimed, I have given consideration to those features which can
be considered to potentially distinguish the claimed combination of features from the prior art. Where different claims
have different distinguishing features they define different inventions,

This International Searching Authority has found that there are different inventions as follows:

o Claims 1-10 are directed to a process for producing silicon comprising reacting silica with a reducing gas
comprising carbon monoxide, wherein the reducing gas does not contain elemental carbon.

It is considered that the means to produce silicon comprising reacting silica with a reducing gas comprising
carbon monoxide, wherein the reducing gas does not contain elemental carbon comprises a first
distinguishing feature.

. Claims 11-20 are directed to a reactor for producing silicon comprising a carbon combustion chamber, for
producing a reducing gas comprising carbon monoxide, the combustion chamber being in communication
with the reaction chamber, wherein silica is reacted with a reducing gas, wherein the reducing gas comprises
carbon monoxide and does not contain elemental carbon.

It is considered that a reactor for producing silicon comprising a carbon combustion chamber, for producing
a reducing gas comprising carbon monoxide, the combustion chamber being in communication with the
reaction chamber, wherein silica is reacted with a reducing gas, wherein the reducing gas comprises carbon
monoxide and does not contain elemental carbon comprises a second distinguishing feature.

PCT Rule 13.2, first sentence, states that unity of invention is only fulfilled when there is a technical relationship
among the claimed inventions involving one or more of the same or corresponding special technical features. PCT Rule
13.2, second sentence, defines a special technical feature as a feature which makes a contribution over the prior art.

The only feature common to all of the claims is a means to produce silicon comprising reacting silica with a reducing
gas comprising carbon monoxide, wherein the reducing gas does not contain elemental carbon. However this concept is
not novel in the light of;

D1: Patent Abstracts of Japan
JP 11-060229 (NIPPON STEEL CORP) 02 March 1999

This means that the common feature can not constitute a special technical feature within the meaning of PCT Rule 13.2,
second sentence, since it makes no contribution over the prior art.

Because the common feature does not satisfy the requirement for being a special technical feature it follows that it
cannot provide the necessary technical relationship between the identified inventions. Therefore the claims do not
satisfy the requirement of unity of invention a posteriori.
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“This Annex lists the known "A" publication level patent family members relating to the patent documents cited in the
above-mentioned international search report. The Australian Patent Office is in no way liable for these particulars
which are merely given for the purpose of mformatlon

Patent Document Cited in Patent Family Member
Search Report '

JP 11060229 NONE

WO 03042100 NO 20015596

JP 2006272400 NONE

P 11343111 NONE

US 5174982 AU 88983/91 CA 2055307 EP 0490487

, JP 5132308 NO 914394

US 5009703 . CA 2047278 EP 0475576 JP 4231315

o NO 912808 .

US* 4997474 AU 40903/89 BR 8904361 EP 0357395
' P 2083210 NO 893099 US 4897852

US 4865643 US 5104096 '

TP 63147813 NONE

US 3215522 FR 1310789

Due to data integration issues this family listing may not include 10 digit Australian applications filed since May 2001.
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