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verted into a superheated state in which it is present, at least partially, as
107 plasma. The superheated gas is contacted with a silicon-containing first start-
ing material, forming a mixture comprising the gas and silicon. A second
starting material, which can chemically react directly with the silicon in the
mixture or which thermally decomposes on contact with the superheated gas
and/or the mixture, is added to the gas or the mixture. The conversion of the
gas into the superheated state and the contacting of the superheated gas with
the silicon-containing first starting material are spatially separate from one
another. An apparatus (100) suitable for carrying out this process comprises
a device (100, 107) for heating the gas, a reaction chamber (101), a first feed
line (105) for the superheated gas which opens into the reaction chamber,
and a second feed line (108) which opens directly into the reaction chamber
(101) and through which the first starting material canbe fed into the reaction
102 chamber (101). A third feed line (112) serves for feeding the second starting
material into the apparatus (100).
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(57) Zusammenfassung: Zur Erzeugung siliziumhaltiger Materialien wird
ein Gas in einen hocherhitzten Zustand, in dem es zumindest teilweise als
Plasma vorliegt, tiberfithrt. Das hocherhitzte Gas wird mit einem silizium-
halti- gen ersten Ausgangsmaterial unter Bildung eines Gemisches umfas-
send das Gas sowie Silizium kon- taktiert. Dem Gas oder dem Gemisch wird
ein zweites Ausgangsmaterial zugesetzt, welches mit dem Silizium in dem
Fig. 1 Gemisch unmittelbar eine chemische Reaktion eingehen kann, oder welches

sich bei Kontakt mit dem hocherhitzten Gas und/oder dem Gemisch ther-
misch zersetzt. Das Uberfithren des Gases in den hocherhitzten Zustand und
das Kontaktieren des hocherhitzten Gases mit dem silizium- haltigen ersten
Ausgangsmaterial erfolgen rdumlich getrennt voneinander. Eine zur Durch-
fithrung dieses Prozesses geeignete Vorrichtung
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(100) umfasst eine Einrichtung (106, 107) zur Erhitzung des Gases, einen Reaktionsraum (101), eine darin miindende erste Zuleitung
(105) fiir das hocherhitzte Gas, und eine zweite Zuleitung (108), die unmittelbar in den Reaktionsraum (101) miindet und durch welche
das erste Ausgangsmaterial in den Reaktionsraum (101) eingespeist werden kann. Eine dritte Zuleitung (112) dient der Einspeisung
des zweiten Ausgangsmaterials in die Vorrichtung (100).
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Method and apparatus for producing silicon-containing materials

The invention described hereinafter relates to a process and to an apparatus for production of

silicon-containing materials.

Silicon-containing materials are of major importance in many technical fields. For example, silicon
nitride finds use as material for thermally shock-stressed components. On account of its hardness,
silicon carbide is suitable as an abrasive, for production of mechanical components, including of
composite materials, or else as a semiconductor material. Carbon-coated nano- or microscale silicon

particles find use as anode material in lithium ion batteries.

The production of the silicon-containing materials mentioned proceeds from quite different starting
materials. The carbon-coated silicon particles are produced by grinding silicon blocks, and the
resulting particles can be coated directly with carbon black or another modification of carbon.
Alternatively, the particles may also be coated with an organic polymer which is then carbonized
with exclusion of oxygen. Silicon nitride is usually obtained by reacting pure silicon with nitrogen at
temperatures greater than 1000°C. Silicon carbide is usually prepared by the Acheson process or by

deposition from the vapor phase with chlorosilanes as starting materials.

The preparation variants mentioned are suitable in principle for the industrial production of the
materials mentioned. However, it would be desirable to be able to proceed from the same starting

material in the production of each of the materials.
Moreover, the known processes do not always provide the silicon-containing materials mentioned
with the required level of purity, especially in the case of silicon carbide, and it would therefore also

be desirable to provide a preparation process improved in this regard.

In the case of the production of the carbon-coated nano- or microscale silicon particles, it would be

desirable not first to have to obtain the starting particles to be coated by a grinding operation.

Furthermore, it would be desirable to optimize the production of the materials mentioned from an

energetic point of view.
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It was an object of the invention described hereinafter to provide a solution for this purpose. The

solution should be suitable for producing silicon-containing materials like those mentioned above on

an industrial scale.
For achievement of this object, the invention proposes a process having the features specified in
claim 1 and an apparatus having the features specified in claim 12. Developments of the invention

are the subject of dependent claims.

Process according to the invention

The process according to the invention is universally usable and is suitable for production of different
silicon-containing materials, it being possible in principle to produce the materials proceeding from

the same starting materials in each case. The process always features the following steps:

a. A gasisconverted to a superheated state in which itis at least partly in plasma form, and

b. The superheated gas is contacted with a silicon-containing first starting material to form a

mixture comprising the gas and silicon, and

c. Silicon-containing materials are produced by adding a second starting material to the gas or

mixture.
While steps a. and b. serve for provision of silicon, a potential co-reactant is provided in step c., which
can react with the silicon or form a composite material. The second starting material is chosen here

such thatit

e can enter into a chemical reaction directly with the silicon in the mixture, or

¢ breaks down thermally on contact with the superheated gas and/or the mixture.

In the latter case, the breakdown releases a substance or chemical element that can react with the

silicon or form the composite material with the silicon.

Itis a particular feature of the process that

d. steps a. and b. are effected spatially separately from one another.

DE 10 2008 059 408 A1l discloses injecting monosilane (SiH4) into a reaction space into which a
superheated gas stream is also introduced. On contact with the gas stream, the monosilane is broken

down into its elemental constituents. Vaporous silicon formed can be condensed. The condensation

Date Recgue/Date Received 2022-01-19



CA 03148007 2022-01-19

P 60253 WO -3-

forms small droplets of liquid silicon. The droplets are collected, and liquid silicon thus obtained can
be processed further directly, i.e. without intermediate cooling, for example converted to a single

silicon crystal in a float zone process or a Czochralski process.

The present invention builds on this process, with the aim of the process no longer being the
production of pure silicon. Instead, the silicon provided in the process is processed further directly
to give a silicon-containing material. According to the invention, the process serves as a uniform

starting point for production of a multitude of silicon-containing materials.

The basic principle for production of silicon has been adopted from DE 10 2008 059 408 Al: the
superheated gas is contacted with the silicon-containing first starting material in a reaction space,
where the gas, when it comes into contact with the starting material, must have a sufficiently high
temperature in order either, depending on its properties, to break it down, to melt it or to evaporate
it. The silicon formed is processed further directly with utilization of the energy that has to be
expended in any case for provision of the silicon directly to give the silicon-containing material

desired in each case in an energetically advantageous manner.

According to the invention, the heating of the gas here, especially the plasma formation, is not
effected within the reaction space in which the contacting with the first silicon-containing starting
material is effected. Instead, according to the present invention, the plasma formation and contacting
of the superheated gas with the silicon-containing first starting material, as already described in

DE 10 2008 059 408 A1, are effected spatially separately from one another.

For conversion of the gas to the superheated state, a corresponding device is provided, which is
preferably a plasma generation device. This can be chosen depending on the desired purity of the
silicon to be formed. For instance, suitable devices are those for production of inductively coupled
plasmas, especially for production of high-purity silicon, while the obtaining of silicon of lower purity
can also be accomplished with DC plasma generators. In the case of the latter, an arc formed between

the electrodes ensures the input of energy into the gas in order to convertit to the superheated state.

DC plasma generators may be of extremely simple design. In the simplest case, they may comprise
the electrodes for generation of the light arc and a suitable voltage supply, with the electrodes

arranged in a space or aperture through which the gas to be heated flows.

What is specifically meant by the preferred spatial separation mentioned between the heating and

the contacting of the superheated gas with the silicon-containing first starting material in the case of
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a DC plasma generator being used is that the gas first flows through the arc, which heats it or converts
itto a plasma, and then comes into contact with the silicon-containing first starting material - beyond
the arc in flow direction. In construction terms, this is preferably achieved in that the electrodes of
the DC plasma generator are either disposed in a feed that opens into the reaction space or the DC
plasma generator is connected upstream of this feed. What this achieves is that the heating of the gas
or the plasma generation is decoupled from the feeding of the silicon-containing first starting
material and is not adversely affected by the feeding. To the applicant’s knowledge, this is essential

for a high throughput as required in an industrial scale process.

When inductively coupled plasmas are used, for the same reason, the contacting with the silicon-
containing first starting material takes place outside the range of activity of the induction coil (s) used.
More preferably, the gas first flows through the induction coil(s), which heats it, and then comes into
contact with the silicon-containing first starting material — beyond the induction coil(s) in flow

direction.

In some preferred embodiments, according to present invention, the superheated gas, after being
heated by suitable technical measures, such as the mixing of the superheated gas with a temperature
control gas having a comparatively low temperature, is actually cooled before itis contacted with the
silicon-containing first starting material. This is because, depending on the silicon-containing first
starting material used, the temperatures of a plasma are in no way absolutely required for the
evaporation or breakdown thereof. The temperature control gas may be mixed into the superheated

gas via an appropriate feed point in the feed provided for the superheated gas to the reaction space.

In addition, it may also be preferable to cool the mixture resulting from the above step b. or the
mixture resulting from step c. after addition of the second starting material with the aid of a

temperature control gas.

The gas which is converted to the superheated state is preferably hydrogen or a noble gas such as
argon or nitrogen or a mixture of the gases mentioned. A suitable example is a mixture of argon and

hydrogen containing argon, for example, in a proportion of 10% by volume to 90% by volume.
With the aid of the device for generating the superheated gas, the gas is preferably heated to a

temperature in the range from 1500°C to 24 000°C, preferably 2000°C to 20 000°C, more preferably
from 2000°C to 15 000°C.
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CA 03148007 2022-01-19

P 60253 WO -5-

Temperature control gases used may, for example, be hydrogen or a noble gas such as argon or

nitrogen or a mixture of the gases mentioned.

The spatial separation of the heating of the gas and the contacting of the gas with the silicon-
containing starting material ensures that greater amounts of the silicon-containing starting material

can also be converted without this impairing the stability of the plasma.

The silicon-containing first starting material may also be chosen depending on the desired purity.
For production of materials of high physical purity, suitable silicon-containing first starting materials
are especially gaseous silicon-containing starting materials such as the aforementioned monosilane
or trichlorosilane (SiHCls). The latter has the disadvantage compared to monosilane that it forms
chemically aggressive breakdown products on contact with the superheated gas. The breakdown of

monosilane, by contrast, forms solely silicon and hydrogen.

In many cases, it is also possible to proceed from particulate metallic silicon as the first starting
material. This may especially be particles of metallurgical silicon. If materials of high physical purity
are to be prepared, the metallic silicon used may alternatively be polysilicon or crystalline silicon.
The metallic silicon melts or evaporates on contact with the superheated gas, especially the plasma.
For example, the particulate silicon may be fed into the reaction space with the aid of a carrier gas

stream, for example hydrogen.

The particulate silicon-containing starting material used may additionally also be quartz in particle

form. Quartz can be reduced to metallic silicon on contact with a hydrogen plasma.

In principle, moreover, it is also possible to use particulate silicon alloys, for example particulate

ferrosilicon, as particulate silicon-containing starting material.

“Particulate” should, moreover, preferably be understood to mean that the silicon-containing first
starting material is in the form of particles having an average size between 10 nm and 100 pm. The
particulate silicon-containing first starting material is preferably free of particles having sizes > 100

pm.

As apparent from the above observations, the silicon is preferably in vaporous form in the mixture
resulting from the contacting of the superheated gas with the silicon-containing first starting
material, and depending on the contacting conditions possibly also at least partly in the form of very

small droplets.
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With regard to the above steps b. and c. in which the superheated gas and the first starting material
are contacted and the second starting material is added to the gas or mixture, there are multiple

preferred procedures:

e In a preferred procedure, the first and second starting materials are contacted simultaneously
with the superheated gas, for example simultaneously fed into a stream of the superheated gas.
The mixture formed then comprises not only the silicon and the superheated gas but also
immediately the second starting material and/or the breakdown products thereof, and possibly

also immediately products from a reaction of the second starting material with the silicon.

e In a further preferred procedure, the mixture of the silicon and the superheated gas is first

formed, and the second starting material is added thereto in a subsequent step.

e In principle, it is also possible first to form a mixture of the second starting material and the
superheated gas and only to add the first starting material in a subsequent step. This may be
preferable especially when the second starting material can directly enter into a chemical
reaction with the silicon, i.e. there is no need for an upstream thermal breakdown of the second

starting material.

e In some preferred procedures, it is also possible that the gas which is converted to the
superheated state is the second starting material, or that the second starting material is added
at least partly to the gas. In that case, the contacting with the silicon immediately follows the

contacting of the superheated gas with the silicon-containing first starting material.

In a first, particularly preferred variant of the process, which is especially suitable for production of

silicon carbide and silicon nitride, the process features at least one of the following steps a. to c.:

a. The contacting of the superheated gas with the silicon-containing first starting material to form
the mixture comprising the gas and the silicon is effected at a contacting temperature above

the breakdown temperature of the silicon-containing material to be produced.

b. The silicon in the mixture is contacted with the second starting material at a contacting
temperature above the breakdown temperature of the silicon-containing material to be

produced.

c. The mixture resulting from the contacting of the silicon and the second starting material, for
production of particles of the silicon-containing material, is cooled down to a temperature less

than the breakdown temperature of the silicon-containing material to be produced.
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More preferably, features a. to c. immediately above are implemented in combination with one

another.

Steps a. and b. may, as set out above, (A) be effected simultaneously or sequentially. In the latter case,
either (B) first the first starting material is added to the superheated gas, followed by feeding of the
second starting material into the mixture resulting from step a., or (C) the second starting material

is atleast part of the superheated gas when it is contacted with the first starting material.

In case (A), the contacting temperatures in steps a. and b. mean the temperature of the mixture that

results from the contacting of the superheated gas with the first and second starting materials.

In case (B), the contacting temperature in step a. means the temperature of the mixture resulting
from step a., while the contacting temperature in step b. means the temperature of the mixture
resulting from step b. Preferably, the contacting temperatures in steps a. and b. are essentially the

same.

In case (C), the contacting temperatures in steps a. and b. mean the temperature of the mixture that
results from the contacting of the superheated gas consisting at least partly of the second starting

material with the first starting material.

More preferably, the contacting temperature chosen in step a. is a temperature less than the boiling
temperature of silicon and greater than the breakdown temperature of the silicon-containing

material to be produced.

In step c., the mixture resulting from the contacting of the silicon and the second starting material is
more preferably cooled down to a temperature less than the breakdown temperature of the silicon-

containing material to be produced and greater than the melting temperature of silicon.

The result of the choice of contacting temperatures above the breakdown temperature of the silicon-
containing material to be produced is that the particles of the silicon-containing material can be
formed only in step c. The period of time within which the mixture resulting from the contacting of
the silicon and the second starting material is kept above the breakdown temperature can influence
the size of the particles resulting from step c. The principle applicable is that the size of the particles
increases with greater duration, presumably because silicon atoms in the mixture accumulate to form

larger droplets.
In order that the temperature does not go below the breakdown temperature in steps a. and b, in the

cases mentioned, the mixing ratios and starting temperatures of the components involved in each

case must be noted.
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Step c. preferably comprises two component steps:

e firstly the cooling mentioned of the mixture to a temperature greater than the melting
temperature of silicon and less than the breakdown temperature of the silicon-containing

material to be produced and

e secondly subsequent cooling to a temperature less than the melting point of silicon, for example

by quenching.

In the second component step, preference is given to cooling to a temperature < 50°C.

The cooling is preferably effected with the aid of a temperature control gas. This may, for example,

be a neutral gas such as argon or hydrogen.

In a first preferred development of the first, particularly preferred variant of the process, this is

characterized by at least one of the following features a. and b.:

a. The first starting material is monosilane or metallic silicon in particle form, especially

monosilane.

b. The second starting material is a carbon source that releases carbon on contact with the

superheated gas.

More preferably, the above features a. and b. are implemented in combination with one another.

When the first starting material is metallic silicon in particle form, in this first preferred development,
the contacting temperature set in step a. is more preferably a temperature greater than the boiling

temperature of silicon.

More preferably in accordance with the invention, in this development, silicon is thus formed from
monosilane and carbon from the carbon source, and these react with one another under the
conditions in this process variant to give silicon carbide, preferably with the stoichiometric

composition SiC.

The breakdown temperature of silicon carbide is about 2830°C. The contacting temperatures, in this
development, are thus preferably above this value. If the temperature of the mixture containing the
silicon and the carbon is lowered to a value below this temperature, the formation of solid silicon

carbide sets in.

The carbon source is preferably a hydrocarbon, for example methane, propene, acetylene and/or

ethene.

Date Recgue/Date Received 2022-01-19



CA 03148007 2022-01-19

P 60253 WO -9-

In a second preferred development of the first particularly preferred variant of the process, this is

characterized by at least one of the following features a. and b.:

a. The first starting material is monosilane or metallic silicon in particle form, especially

monosilane.

b. The second starting material is nitrogen or a nitrogen source that releases nitrogen on contact

with the superheated gas.

More preferably, the above features a. and b. are implemented in combination with one another.

When the first starting material is metallic silicon in particle form, in this second preferred
development too, the contacting temperature set in step a. is more preferably a temperature greater

than the boiling temperature of silicon.

More preferably in accordance with the invention, in this development, silicon is thus formed from
monosilane, and this then reacts with the nitrogen under the conditions in this process variant to

give silicon nitride, preferably with the stoichiometry SizNa.

The breakdown temperature of silicon nitride is about 1900°C. The contacting temperatures in this
development are thus preferably above that value. If the temperature of the mixture containing the
silicon and the nitrogen is lowered to a value below that temperature, the formation of solid silicon

nitride sets in.

The nitrogen source is, for example, ammonia.

Quite generally, it is possible by the process of the invention, especially also the first, particularly
preferred variant of the process described above, to form particles notable in that they have no sharp
corners or edges, and are especially essentially spherical. If monosilane is used as the first starting
material, this is broken down to form silicon atoms that then condense to form small, approximately
spherical droplets. Proceeding from particulate metallic silicon as the first starting material, the
particles used are at least superficially melted, preferably fully melted, such that corners and edges
disappear and the result is likewise approximately spherical droplets. The droplets formed can then
react with the second starting material or a constituent of the second starting material. After cooling,

the result is then, for example, approximately spherical silicon carbide or silicon nitride particles.

For production of particles having very small diameters (up to a maximum of 150 nm), in all variants
of the process of the invention, in preferred embodiments, monosilane is used as the first starting
material. For production of larger particles (up to 10 pm), metallic silicon is preferably used as the

first starting material.
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The silicon carbide and silicon nitride formed in the above-described first, particularly preferred
variant of the process are preferably formed in the form of at least approximately spherical particles

preferably having a median size (d50) in the range from 1 pm to 10 pm.

In a_second, particularly preferred variant of the process which is especially suitable for production

of carbon-coated silicon particles, the process features at least one of the following steps a. to c.:

a. Contacting the superheated gas with the silicon-containing first starting material to form a
mixture comprising the gas and the silicon at a contacting temperature above the boiling

temperature of silicon.

b. Cooling the mixture comprising the gas and the silicon to a temperature less than the melting

temperature of silicon to produce Si particles for contacting with the second starting material.

c. Contacting the silicon particles with the second starting material at a contacting temperature
greater than the breakdown temperature of the second starting material and less than the

melting temperature of silicon.

In this variant, steps a. and c. may be effected exclusively sequentially. Here, the first starting material
is thus added to the superheated gas, followed by cooling of the mixture resulting from step a. Only

then is the second starting material contacted with the first starting material.

The contacting temperature in step a. means the temperature of the mixture resulting from step a.,
while the contacting temperature in step c. means the temperature of the mixture resulting from step
c. The contacting temperature in step a. is in any case higher than the contacting temperature in step

C.

The result of the choice of contacting temperature in step a. above the boiling temperature of silicon
is that silicon can be formed in vaporous form and/or in the form of small droplets. The subsequent
cooling forms silicon particles, but these still have a sufficiently high temperature that the second
starting material can break down on the surface thereof. The carbon formed accumulates on the

surface of the silicon particles; silicon-carbon composite particles are formed.

The cooling in step b. is preferably effected with the aid of a temperature control gas. This may, for

example, be a neutral gas such as argon or hydrogen.

Step c. is preferably followed by cooling to a temperature of < 50°C, for example by quenching,.

In a preferred development of the second, particularly preferred variant of the process, this is

characterized by at least one of the following features a. and b.:
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a. The first starting material is monosilane or metallic silicon in particle form, especially metallic

silicon in particle form.

b. The second starting material is a carbon source that releases carbon on contact with the silicon

particles.

More preferably, the above features a. and b. are implemented in combination with one another.

More preferably in accordance with the invention, in this development, metallic silicon is thus melted
and/or evaporated in particle form and carbon is formed from the carbon source. The silicon and the
carbon do not react with one another here since they are contacted at comparatively low

temperatures. Instead, a composite material is formed.

The carbon source is preferably a hydrocarbon, for example methane, propene, acetylene and/or

ethene.

The carbon-coated silicon particles formed in the above-described second, particularly preferred
variant of the process are preferably formed in the form of at least approximately spherical particles

preferably having a maximum diameter of 150 nm.

In a_third, particularly preferred variant of the process, which, like the second variant, is especially
suitable for production of carbon-coated silicon particles, the process features at least one of the

following steps a. to c.:

a. Contacting the superheated gas with the silicon-containing first starting material to form the
mixture comprising the gas and the silicon at a contacting temperature above the melting

temperature of silicon.

b. Cooling the mixture comprising the gas and the silicon to a temperature less than the melting
temperature of silicon to produce silicon particles for contacting with the second starting

material.

c. Contacting the silicon particles with the second starting material at a contacting temperature
greater than the breakdown temperature of the second starting material and less than the

melting temperature of silicon.
Steps a. and c. in this variant may also be effected exclusively sequentially. Here, the first starting

material is thus firstly added to the superheated gas, followed by cooling of the mixture resulting

from step a. Only then is the second starting material contacted with the first starting material.
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The contacting temperature in step a. means the temperature of the mixture resulting from step a.,
while the contacting temperature in step c. means the temperature of the mixture resulting from step
c. The contacting temperature in step a. is in any case higher than the contacting temperature in step

C.

The result of the choice of contacting temperature in step a. above the melting temperature of silicon
is that silicon may be formed in vaporous form and/or in the form of small droplets. The subsequent
cooling forms silicon particles, but these still have a sufficiently high temperature for the second
starting material to be able to break down on the surface thereof. The carbon formed is deposited on

the surface of the silicon particles; here too, silicon-carbon composite particles are formed.

The cooling in step b. is preferably effected with the aid of a temperature control gas. This may, for

example, be a neutral gas such as argon or hydrogen.

Step c. is preferably followed by cooling to a temperature < 50°C, for example by quenching.

In a preferred development of the third, particularly preferred variant of the process, this is

characterized by at least one of the following features a. and b.:

a. The first starting material is monosilane.

b. The second starting material is a carbon source that releases carbon on contact with the silicon
particles produced in the preceding step b. by the cooling to a temperature less than the

melting temperature of silicon.
More preferably, the above features a. and b. are implemented in combination with one another.
More preferably in accordance with the invention, in this development, silicon is thus formed from
monosilane and carbon from the carbon source. The silicon and the carbon do not react with one

another here either. Instead, a composite material is formed here too.

The carbon source is preferably a hydrocarbon, for example methane, propene, acetylene and/or

ethene.
The carbon-coated silicon particles formed in the above-described third, particularly preferred

variant of the process are likewise preferably formed in the form of at least approximately spherical

particles preferably having a maximum diameter of 150 nm.
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In a_fourth, particularly preferred variant of the process, which, like the first variant, is especially
suitable for production of silicon carbide and silicon nitride, the process features at least one of the

following steps a. and b.:

a. Contacting the superheated gas with the silicon-containing first starting material to form the
mixture comprising the gas and the silicon at a contacting temperature above the melting

temperature of silicon.

b. Contacting the silicon in the mixture with the second starting material at a contacting
temperature below breakdown temperature of the silicon-containing material to be produced,
especially at a temperature less than the breakdown temperature of the silicon-containing

material to be produced and greater than the melting temperature of silicon.

More preferably, the above features a. and b. are implemented in combination with one another.

Steps a. and b,, as in variant 1 (A), can be effected simultaneously or sequentially. In the latter case,
either (B) the first starting material is firstly added to the superheated gas, followed by feeding of the
second starting material into the mixture resulting from step a., or (C) the second starting material

is atleast part of the superheated gas when it is contacted with the first starting material.

In case (A), the contacting temperatures in steps a. and b. mean the temperature of the mixture

resulting from the contacting of the superheated gas with the first and second starting materials.

In case (B), the contacting temperature in step a. means the temperature of the mixture resulting
from step a., while the contacting temperature in step b. means the temperature of the mixture
resulting from step b. The contacting temperatures in steps a. and b. are preferably essentially the

same.

In case (C), the contacting temperatures in steps a. and b. mean the temperature of the mixture
resulting from the contacting of the superheated gas consisting at least partly of the second starting

material with the first starting material.

More preferably, the contacting temperature chosen in step a. is a temperature greater than the
melting temperature of silicon and < 2500°C. This affords silicon in step a. particularly in the form of

small droplets, possibly partly also in vaporous form.

The result of the choice of contacting temperature in step b. below the breakdown temperature of
the silicon-containing material to be produced is that particles of the silicon-containing material can
be formed immediately after the addition of the second starting material. The period of time that

passes between the addition of the first and second starting materials can influence the size of the
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particles resulting from step b. The principle applicable is that the size of the particles increases with
greater duration, presumably because silicon atoms in the mixture accumulate to form larger

droplets.

Step c. is preferably followed by cooling to a temperature < 50°C, for example by quenching.

In a first preferred development of the fourth, particularly preferred variant of the process, the

process is characterized by at least one of the following features a. and b.:

a. The first starting material is monosilane or metallic silicon in particle form, especially

monosilane.

b. The second starting material is a carbon source that releases carbon on contact with the

mixture.

More preferably, the above features a. and b. are implemented in combination with one another.

More preferably in accordance with the invention, in this development, silicon is thus formed from
monosilane and carbon from the carbon source, and these react with one another under the
conditions in this process variant to give silicon carbide, preferably with the stoichiometric

composition SiC.

The breakdown temperature of silicon carbide, as already mentioned above, is about 2830°C. The
preferred contacting temperature in step a. in this development is thus preferably below this value.
In step b., the contacting temperature is preferably likewise set to a maximum of 2500°C. The
contacting temperatures in steps a. and b. in this development are thus preferably essentially the

same. Cooling between steps a. and b. is notrequired here.

The carbon source is preferably a hydrocarbon, for example methane, propene, acetylene and/or

ethene.

In a second preferred development of the fourth, particularly preferred variant of the process, this is

characterized by at least one of the following features a. and b.:

a. The first starting material is monosilane or metallic silicon in particle form, especially

monosilane.

b. The second starting material is nitrogen or a nitrogen source that releases nitrogen on contact

with the mixture.

More preferably, the above features a. and b. are implemented in combination with one another.
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More preferably in accordance with the invention, in this development, silicon is thus formed from
monosilane, and this then reacts with nitrogen under the conditions in this process variant to give

silicon nitride, preferably with the stoichiometry SizN,.

The breakdown temperature of silicon nitride, as already mentioned above, is about 1900°C. The
contacting temperature in step a. of the fourth preferred variant described is thus possibly above this
value with a preferred maximum value of 2500°C. Therefore, it may be necessary to cool the mixture
resulting from step a. prior to the contacting in step b. of the fourth variant, in order to attain the
contacting temperature required for step b. which is less than the breakdown temperature of silicon

nitride.

The cooling is preferably effected with the aid of a temperature control gas. This may, for example,

be a neutral gas such as argon or hydrogen.

The nitrogen source is, for example, ammonia.

The silicon carbide and silicon nitride formed in the above-described fourth, particularly preferred
variant of the process are preferably formed in the form of at least approximately spherical particles

preferably having a median size (d50) in the range from 1 pm to 10 pm.

Apparatus according to the invention

There follows a description of an apparatus suitable for performance of the process. Such an

apparatus is characterized by the following features a. to d.:

a. The apparatus comprises a device with which the gas can be converted to a superheated state

in which itis at least partly in plasma form, and

b. The apparatus comprises a reaction space and a first feed that opens into it for the superheated

gas, and

c. The apparatus comprises a second feed that opens directly into the reaction space and through
which a silicon-containing first starting material can be fed into the reaction space to form a

mixture comprising the gas and silicon, and
d. The apparatus comprises a third feed through which a second starting material
e  which can enter into a chemical reaction directly with the silicon in the mixture, or
e  which breaks down thermally on contact with the superheated gas and/or the mixture,

can be fed into the apparatus.
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The device for converting the gas to the superheated state and possible configurations thereof for
implementation of the spatial separation of the heating and contacting of the superheated gas with
the silicon-containing first starting material have already been described in detail in connection with

the process of the invention.

The reaction space in which the silicon-containing first starting material is contacted with the
superheated gas must be heat-resistantin order to be able to withstand the thermal stresses by the
superheated gas. For example, the reaction space, for this purpose, may be lined with or consist of
thermally stable materials such as graphite. More particularly, the walls of the reaction space,
especially the side wall mentioned and the seal element mentioned, may consist at least partly or
completely of such materials. Alternatively or additionally, the reaction space may comprise a

thermal insulation that thermally shields it from its environment.

The first feed for the superheated gas does not require any special configuration. It preferably opens
into the reactor space vertically from above. The second feed, by contrast, preferably has a special
configuration in order to prevent its mouth opening into the reaction space from becoming blocked

by solid silicon deposits.

It preferably comprises a nozzle with a nozzle channel that opens directly into the reaction space and
through which the first starting material can be fed into the reaction space. The apparatus preferably
comprises a device that enables introduction of an inert gas into the reaction space in such a way that
it protects the mouth opening of the nozzle channel from any thermal stress emanating from the
superheated gas. The inert gas forms a kind of thermal barrier that shields the mouth opening of the
nozzle channel from the superheated gas and thus prevents any silicon-containing starting material
entering the reaction space from breaking down or melting directly at the mouth opening. Instead,
the breakdown and/or melting of the silicon-containing starting material can be effected at a distance

from the mouth opening.

Preferably in accordance with the invention, the inert gas used is a gas that cannot react either with
the silicon-containing starting material or with silicon formed to a relevant degree under the
conditions that exist in the reaction space. Suitable gases in principle are the same gases that are
heated in the device for generating the superheated gas, i.e., in particular, hydrogen, noble gases such

as argon, and mixtures thereof.

In a preferred development of the invention, the apparatus is characterized by at least one of the

following features a. to c.:
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a. The nozzle is a multiphase nozzle with the nozzle channel for feeding in the silicon-containing

first starting material as first nozzle channel.

b. The multiphase nozzle comprises, as device for introduction of the inert gas, a second nozzle

channel that opens directly into the reaction space.

c. The second nozzle channel opens in a mouth opening surrounding the mouth opening of the

first nozzle channel.

More preferably, the above features a. to c. are implemented in combination with one another. In this
way, it is possible to implement the thermal shielding of the mouth opening in a particularly elegant

manner.

More preferably, the mouth opening of the first nozzle channel is round, especially circular, while the
mouth opening of the second nozzle channel is annular. An inert gas introduced into the reaction
space through this opening forms an annular inert gas stream that surrounds a silicon-containing

first starting material flowing into the reaction space.

In a further preferred development of the invention, the apparatus is characterized by the following

feature a.:

a. The third feed opens into the reaction space.

This variant is especially preferred when the first and second starting materials are contacted
simultaneously with the superheated gas. If the starting materials, by contrast, are added
sequentially, it may quite possibly be preferable for the third feed not to open into the reaction space
but into a space downstream of the reaction space, through which the silicon-containing mixture

formed in the reaction space flows.

In preferred embodiments, the third feed may be designed like the second feed, and especially have

at least one of the following features a. to c.:

a. The first feed comprises a multiphase nozzle having a first nozzle channel for feeding in the

second starting material.

b. The multiphase nozzle comprises a second nozzle channel that opens directly into the reaction

space.

c. The second nozzle channel opens in a mouth opening surrounding the mouth opening of the

first nozzle channel, especially surrounding it in annular form.
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More preferably, the above features a. to c. are implemented in combination with one another.

In a further preferred development of the invention, the apparatus is characterized by atleast one of

the following features a. and b.:

a. The apparatus comprises a coolant with which the mixture formed in the reaction space can

be cooled.

b. The third feed opens into a space through which the mixture cooled by the coolant flows.

With the aid of the coolant, it is possible to cool a silicon-containing mixture formed in the reaction
space before it is contacted with the second starting material in the space connected to the reaction

space.

The coolant may especially be a feed via which a temperature control gas can be fed into the mixture
exiting from the reaction space. Ring nozzles are particularly suitable, through which the mixture to

be cooled flows.

Further features, details and benefits of the invention are apparent from the claims and abstract, the
wording of both being incorporated by reference into the contents of the description, from the
description of preferred embodiments of the invention that follows and from the drawings. The

drawings show, in schematic form:

e Figure 1 a preferred embodiment of an apparatus of the invention (section diagram).
e Figure 2 a preferred embodiment of an apparatus of the invention (section diagram).
e Figure 3 a preferred embodiment of an apparatus of the invention (section diagram).

e Figure 4 a multiphase nozzle for feeding in a silicon-containing starting material (section

diagram).
The apparatus 100 shown in fig. 1 comprises three successive spaces 101, 102 and 103, which are
bounded on the outside by the wall 104 and are connected to one another via passages 101a and

102a.

The space 101 is the reaction space into which a superheated gas is fed via feed 105. In the feed there

is a device comprising the annular electrode 106 and the pin-shaped electrode 107, between which
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an arc can be generated by applying an electrical voltage. If a gas flows through the feed 105, the arc

can result in an energy input into the gas in order to convertit to a superheated state.

A gas heated by means of the arc enters the reaction space 101 axially, where it can be contacted with
a silicon-containing first starting material. This can be fed into the reaction space via the feed 108 in
the form of a multiphase nozzle. When the superheated gas and the first starting material are

contacted, a mixture comprising the gas and silicon is formed in the reaction space 101.

A second starting material that can enter into a chemical reaction with the silicon in the mixture can
be fed into the reaction space 101 via the feed 109. This may, for example, be ammonia. The feed 109

here, like feed 108, may take the form of a multiphase nozzle.

The feed 109 is utilized for feeding of the second starting material into the reaction space especially
when silicon-containing materials are to be produced according to the above-described first,
particularly preferred variant of the process of the invention, which is especially suitable for

production of silicon carbide and silicon nitride.

Alternatively, the feed 109 may also find use for feeding in monosilane, which may be advisable in

order to increase the throughput of the apparatus.

The feeds 110 and 111 entering the space 102 are feeds for feeding in a temperature control gas. This

may serve to cool a gas mixture exiting from the reaction space.

The feed 112 that opens into the space 103 may find use for feeding in the second starting material.
This is the case especially when silicon-containing materials are to be produced according to the

above-described third or fourth, particularly preferred variant of the process of the invention.

Silicon-containing material produced in accordance with the invention can be removed from the

apparatus 100 via the passage 103a.

The apparatus 101 shown in fig. 2 differs from the apparatus according to fig. 1 only in a few aspects.
For instance, feed 105 for the superheated gas opens into the reaction space 101 not axially but
rather tangentially. In addition, only one feed 108 opening into the reaction space 101 is provided

for the silicon-containing first starting material.

The apparatus 100 shown in fig. 3 is especially suitable for production of carbon-coated silicon

particles according to the above-described second, particularly preferred variant of the process of
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the invention. It is possible here to feed solid silicon particles into the reaction space 101 via feed
108 and contact them directly with superheated gas entering via feed 105. The mixture formed may
be contacted in space 103 with a carbon source fed in via feed 112, such as methane. Beforehand,
however, the mixture in space 102 is cooled to a temperature greater than the breakdown
temperature of the carbon source and less than the melting temperature of silicon. In space 103, the
carbon source may break down at the surface of silicon particles present in the mixture and

accumulate there to form a shell of carbon.

Fig. 4 shows a multiphase nozzle 108 for feeding in the silicon-containing starting material, usually
monosilane, as usable in the apparatuses shown in figs. 1 and 2. The nozzle 108 is integrated into the
wall 104 of the apparatuses 100, such that the nozzle channel 113 of the nozzle 108 that serves to
feed in the silicon-containing starting material opens directly into the reaction space 101 (mouth
opening 113a), axially and spaced apart from the wall 104 of the reaction space 101. The nozzle 108
is thermally insulated from the wall 104 by means of the annular insulating element 114 surrounded

by the graphite ring 115.

It is readily apparent that the nozzle 108 projects into the reaction space 101, such that the mouth
opening 113a of the nozzle channel 113 opens into the reaction space 101 spaced apart from the wall
104 (spacing d). This is intended to avoid the formation of solid silicon deposits around the nozzle
108.

As well as the nozzle channel 113, the multiphase nozzle 108 encompasses the second nozzle channel
116. This too opens directly and axially into the reaction space 101 (mouth opening 116a). The
nozzle channels 113 and 116 are bounded by the annular channel walls 108a and 108b in a

concentric arrangement.

In operation, an inert gas, usually hydrogen, is introduced into the reaction space 101 through the
mouth 116a of the nozzle channel 116 in the form of an annular gap. This encloses a stream of the
silicon-containing starting material injected through the nozzle channel 113 in annular form and
shields the mouth opening 113a of the nozzle channel 113 from thermal stresses within the reaction

space 101.
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Claims
1. A process for producing silicon-containing materials, having the steps of

a. converting a gas to a superheated state in which itis atleast partly in plasma form, and

b. contacting the superheated gas with a silicon-containing first starting material to form a

mixture comprising the gas and silicon,
wherein the silicon-containing materials are produced by
c. adding to the gas or the mixture a second starting material
¢ which can enter into a chemical reaction directly with the silicon in the mixture, or

e which breaks down thermally on contact with the superheated gas and/or the

mixture,
wherein

d. stepsa.and b. are effected spatially separately from one another.

2. The process as claimed in claim 1, having the following additional steps:

a. Contacting the superheated gas with the silicon-containing first starting material to form
the mixture comprising the gas and the silicon at a contacting temperature above the

breakdown temperature of the silicon-containing material to be produced.

b. Contacting the silicon in the mixture with the second starting material at a contacting
temperature above the breakdown temperature of the silicon-containing material to be

produced.

c. Cooling the mixture resulting from the contacting of the silicon and the second starting
material to a temperature less than the breakdown temperature of the silicon-containing

material to be produced for production of particles of the silicon-containing material.

3. The process as claimed in claim 2, having at least one of the following additional steps and/or

features:

a. The first starting material is monosilane or metallic silicon in particle form, especially

monosilane.

b. The second starting material is a carbon source that releases carbon on contact with the

superheated gas.

4., The process as claimed in claim 2, having at least one of the following additional steps and/or

features:
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a. The first starting material is monosilane or metallic silicon in particle form, especially

monosilane.

b. The second starting material is nitrogen or a nitrogen source that releases nitrogen on

contact with the superheated gas.

5. The process as claimed in claim 1, having the following additional steps:

a. Contacting the superheated gas with the silicon-containing first starting material to form
a mixture comprising the gas and the silicon ata contacting temperature above the boiling

temperature of silicon.

b. Cooling the mixture comprising the gas and the silicon to a temperature less than the
melting temperature of silicon to produce Si particles for contacting with the second

starting material.

c. Contacting the silicon particles with the second starting material at a contacting
temperature greater than the breakdown temperature of the second starting material and

less than the melting temperature of silicon.

6. The process as claimed in claim 5, having at least one of the following additional steps and/or

features:

a. The first starting material is monosilane or metallic silicon in particle form, especially

metallic silicon in particle form.

b. The second starting material is a carbon source that releases carbon on contact with the

silicon particles.

7. The process as claimed in claim 1, having the following additional steps:

a. Contacting the superheated gas with the silicon-containing first starting material to form
the mixture comprising the gas and the silicon at a temperature above the melting

temperature of silicon.

b. Cooling the mixture comprising the gas and the silicon to a temperature less than the
melting temperature of silicon to produce silicon particles for contacting with the second

starting material.

c. Contacting the silicon particles with the second starting material at a temperature greater
than the breakdown temperature of the second starting material and less than the melting

temperature of silicon.

8. The process as claimed in claim 7, having at least one of the following additional steps and/or

features:
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a. The first starting material is monosilane.

b. The second starting material is a carbon source that releases carbon on contact with the

silicon particles.

9. The process as claimed in claim 1, having the following additional steps:

a. Contacting the superheated gas with the silicon-containing first starting material to form
the mixture comprising the gas and the silicon at a contacting temperature above the

melting temperature of silicon.

b. Contacting the silicon in the mixture with the second starting material at a contacting
temperature below the breakdown temperature of the silicon-containing material to be
produced, especially ata temperature less than the breakdown temperature of the silicon-

containing material to be produced and greater than the melting temperature of silicon.

10. The process as claimed in claim 2, having at least one of the following additional steps and/or

features:
a. The first starting material is monosilane or metallic silicon in particle form, especially
monosilane.

b. The second starting material is a carbon source that releases carbon on contact with the

mixture.

11. The process as claimed in claim 2, having at least one of the following additional steps and/or

features:
a. The first starting material is monosilane or metallic silicon in particle form, especially
monosilane.

b. The second starting material is nitrogen or a nitrogen source that releases nitrogen on

contact with the mixture.

12.  An apparatus (100) for producing particulate Si-containing materials in a process as claimed

in any of the preceding claims, having the following features:

a. The apparatus (100) comprises a device (106, 107) with which a gas can be converted to

a superheated state in which itis at least partly in plasma form, and

b. The apparatus (100) comprises a reaction space (101) and a first feed (105) that opens

into it for the superheated gas, and
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c. The apparatus (100) comprises a second feed (108) that opens directly into the reaction
space (101) and through which a silicon-containing first starting material can be fed into

the reaction space (101) to form a mixture comprising the gas and silicon, and

d. The apparatus (100) comprises a third feed (112) through which a second starting

material
¢ which can enter into a chemical reaction directly with the silicon in the mixture, or

e which breaks down thermally on contact with the superheated gas and/or the

mixture,
can be fed into the apparatus (100).
13. The apparatus as claimed in claim 12, having the following additional features:

a. The third feed opens into the reaction space.

14. The apparatus as claimed in claim 12 or as claimed in claim 13, having the following additional

features:

a. The apparatus comprises a coolant (110, 111) with which the mixture formed in the

reaction space (101) can be cooled.

15. The apparatus as claimed in claim 14, having the following additional features:

a. The third feed (112) opens into a space (103) through which the mixture cooled by the

coolant flows.

Date Recgue/Date Received 2022-01-19



CA 03148007 2022-01-19

WO 2021/023615 PCT/EP2020/071513
1/4

100 107

104~ 101

103



CA 03148007 2022-01-19

WO 2021/023615 PCT/EP2020/071513
2/4

Fig. 2



CA 03148007 2022-01-19
PCT/EP2020/071513

WO 2021/023615

o
-
—

108
0

1

100

Fig. 3



PCT/EP2020/071513

WO 2021/023615

4/4

113

108

116 108a

/ w

\

-108b

-~ ) y

RO

N

,V/////////////////ﬂ//u////// N\

4/W TN

?//%7/////7////7///////// ,;

\\\

f///////w .

|

113a 116a

\

101



103

101



	Page 1 - COVER_PAGE
	Page 2 - ABSTRACT
	Page 3 - ABSTRACT
	Page 4 - DESCRIPTION
	Page 5 - DESCRIPTION
	Page 6 - DESCRIPTION
	Page 7 - DESCRIPTION
	Page 8 - DESCRIPTION
	Page 9 - DESCRIPTION
	Page 10 - DESCRIPTION
	Page 11 - DESCRIPTION
	Page 12 - DESCRIPTION
	Page 13 - DESCRIPTION
	Page 14 - DESCRIPTION
	Page 15 - DESCRIPTION
	Page 16 - DESCRIPTION
	Page 17 - DESCRIPTION
	Page 18 - DESCRIPTION
	Page 19 - DESCRIPTION
	Page 20 - DESCRIPTION
	Page 21 - DESCRIPTION
	Page 22 - DESCRIPTION
	Page 23 - DESCRIPTION
	Page 24 - CLAIMS
	Page 25 - CLAIMS
	Page 26 - CLAIMS
	Page 27 - CLAIMS
	Page 28 - DRAWINGS
	Page 29 - DRAWINGS
	Page 30 - DRAWINGS
	Page 31 - DRAWINGS
	Page 32 - REPRESENTATIVE_DRAWING

