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A process Is described for producing trichlorosilane, in which silicon particles are reacted with tetrachlorosilane and hydrogen anad
optionally with hydrogen chloride in a fluidized-bed reactor (101) to form a trichlorosilane-containing product gas stream, wherein
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(57) Abrege(suite)/Abstract(continued):
the trichlorosilane-containing product gas stream Is passed out of the reactor (101) via an outlet (117), upstream of which at least

one particle separator (118) Is connected, which particle separator selectively only allows silicon particles to pass up to a defined
maximum size, and wherein In preferably regular time Intervals, or continuously, via at least one further outlet (109; 112) silicon
particles are ejected from the reactor (101) without such a particle separator. In addition, a system (100) I1s described which Is
suitable for carrying out such a process and which has a first (101) and a second (102) fluidized-bed reactor which are connected
In such a manner that silicon ejected from the first reactor (101) can be transferred into the second reactor (102).
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(54) Title: PROCESS AND SYSTEM FOR PRODUCING TRICHLOROSILANE
(534) Bezeichnung : VERFAHREN UND ANLAGE ZUR HERSTELLUNG VON TRICHLORSILAN

(57) Abstract: A process 1s described for producing tri-
chlorosilane, 1n which silicon particles are reacted with te-
trachlorosilane and hydrogen and optionally with hydro-
gen chloride 1n a fluidized-bed reactor (101) to form a tri-
chlorosilane-containing product gas stream, wherem the
trichlorosilane-containing product gas stream is passed out
of the reactor (101) via an outlet (117), upstream of which
at least one particle separator (118) 1s connected, which
particle separator selectively only allows silicon particles
to pass up to a defined maximum size, and wherein In pre-
ferably regular time mtervals, or continuously, via at least
one further outlet (109; 112) silicon particles are ejected
from the reactor (101) without such a particle separator. In
addition, a system (100) 1s described which 1s suitable for
carrying out such a process and which has a first (101) and
a second (102) fluidized-bed reactor which are connected
in such a manner that silicon ejected from the first reactor
(101) can be transferred into the second reactor (102).

(57) Zusammenfassung:
[Fortsetzung auf der ndachsten Seite]
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Veroftentlicht:

—  mit internationalem Recherchenbericht (Artikel 21 Absatz

3)

Beschrieben wird ein Verfahren zur Herstellung von Trichlorsilan, bei1 dem Siliziumpartikel mit Tetrachlorsilan und Wasserstoft
und ggt. mit Chlorwasserstoff in einem Wirbelschichtreaktor (101) zu einem trichlorsilanhaltigen Produktgasstrom umgesetzt
werden, wobel der trichlorsilanhaltige Produktgasstrom aus dem Reaktor (101) iiber emnen Auslass (117) abgefiihrt wird, dem
mindestens ein Partikelabscheider (118) vorgeschaltet 1st, welcher selektiv nur Siliziumpartikel bis hin zu einer bestimmten Maxi-
malgrofle passieren lasst, und wobel mn vorzugsweise regelmaliigen Zeitabstanden oder kontinuierlich iiber mindestens einen wei-
teren Auslass (109; 112) ohne einen solchen Partikelabscheider Sililziumpartikel aus dem Reaktor (101) ausgeschleust werden.
Des weiteren wird eine Anlage (100) beschrieben, die sich zur Durchfiihrung eines solchen Verfahrens eignet und die einen ersten
(101) und einen zweiten Wirbelschichtreaktor (102) autweist, die derart verbunden sind, dall aus dem ersten Reaktor (101) ausge-
schleustes Silizium in den zweiten Reaktor (102) tiberfiihrt werden kann.
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Description

Process and plant for preparing trichlorosilane

[0001] The present invention relates to a process for preparing trichio-
rosilane by preferably catalytic reaction of silicon particles with tetrachlo-
rosilane and hydrogen in a fluidized-bed reactor and also a plant In

which such a process can be operated.

[0002] As is generally known, trichlorosilane is a valuable intermedi-
ate in the production of high-purity silicon as is required for photovoltaic
applications and for semiconductor technology and also in organosilicon
chemistry. Thus, for example, metallurgical silicon which frequently still
has a relatively high proportion of impurities can be converted into tri-
chlorosilane which is subsequently reduced by means of water to give
high-purity silicon. Such a procedure is known, for example, from
DE 2 919 086. As an alternative thereto, high-purity silicon can also be
obtained by thermal decomposition of monosilane, as described, for ex-
ample, in DE 33 11 650. The monosilane required for this purpose can In

turn be obtained, in particular, by disproportionation of trichlorosilane.

[0003] The synthesis of trichlorosilane can be carried out, in particu-
lar, via two reaction routes, namely the direct reaction of metallurgical
silicon with hydrogen chloride (hydrochlorination variant) and secondly
by reaction of silicon tetrachloride with metallurgical silicon and hydrogen

(hydrogenation variant).

[0004] The hydrogenation variant in particular is very widespread
since the silicon tetrachloride required is necessarily formed as by-
product in the disproportionation of trichlorosilane to form monosilane

(as in virtually all processes for preparing polysilicon). The total yield of
the synthesis chain Si + SiCls + H> — SiHCl3 — SiH4 + SiH4 + SiCly — Si

can naturally be increased significantly by feeding the silicon tetrachlo-
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ride formed in the disproportionation back into the reaction route.

[0005] The reaction of silicon tetrachloride with metallurgical silicon
and hydrogen to form trichlorosilane is preferably carried out in fluidized-
bed reactors. A suitable fluidized-bed reactor is known, for example,
from DE 196 47 162. Such a reactor generally comprises a reaction
space whose lower region is provided with a distributor plate via which
the hydrogen gas and gaseous silicon tetrachloride can be fed into the
reaction space. Silicon particles can be introduced directly via a suitable
inlet into the reaction space. The silicon particles are brought into a fluid-
ized state by the upwards-flowing gas mixture of hydrogen and gaseous

silicon tetrachloride and form a fluidized bead.

[0006] The trichlorosilane (and possibly other reaction products)
formed in the fluidized bed is/are generally discharged from the reactor
via an outlet in the upper region of the fluidized-bed reactor. A problem
here is that, particularly at high gas velocities, fine silicon particles are
always carried out from the fluidized bed by the gas and leave the reac-
tor together with the trichlorosilane-containing product gas stream. To
prevent this loss from becoming excessive, fluidized-bed reactors for the
synthesis of trichlorosilane are generally provided with particle separa-
tors such as cyclones. Suitable cyclones generally have a cyclone body
having a gas inlet, a gas outlet, a particle gravity outlet and a particle
discharge tube whose upper end communicates with the particle gravity
outlet of the cyclone body. A dust funnel is usually used between the cy-

clone body and the particle discharge tube.

[0007] The cyclone body, the dust funnel and the particle discharge
tube are generally arranged in the reaction space of the fluidized-bed
reactor in such a way that the cyclone body is located in an upper part of
the reaction space, ideally above the fluidized bed formed in the reaction
space. A lower part of the particle discharge tube, on the other hand,

preferably projects into the fluidized bed.
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[0008] In a typical operating state of such a fluidized-bed reactor, the
average particle diameter of the silicon particles introduced into the reac-
tion space is in the range from about 100 to 400 um. However, In ongo-
ing operation, the size of the particles decreases and particles having
sizes of, for example, less than 10 um then occur to an increasing ex-
tent. As soon as the particle size goes below a particular particle size
(the precise size depends on parameters such as the density of the par-
ticles, the flow velocities in the fluidized-bed reactor, etc.), particles hav-
ing such a size are entrained in the trichlorosilane-containing product
gas stream and enter the cyclone body of the cyclone. Within the cy-
clone body, all silicon particles above a particular (generally adjustable)
particle size are separated from the product gas stream and fall through
the particle gravity outlet of the cyclone body into the particle discharge
tube. Via this, they can be recirculated directly into the fluidized bed. On
the other hand, finer particles pass through the cyclone and have to be
separated off in a complicated fashion from the trichlorosilane-containing
product gas stream in subsequent steps by means of filters or other

means.

[0009] A further problem which occurs in such fluidized-bed reactors
is that metallurgical silicon introduced in particulate form always has a
certain proportion of “inactive” or “inert” silicon particles which react only
very slowly if at all with the gaseous silicon tetrachloride and the
hydrogen under the reaction conditions prevailing in the fluidized-bed
reactor. This is the case when, for example, a silicon particle has a
strongly oxidized surface which shields the reactive parts of the particle
from the vapour/gas mixture of silicon tetrachloride and hydrogen. In
long-term operation, the concentration of such particles in the fluidized
bed increases with time and can have a considerable influence on the
efficiency of the fluidized-bed reactor concerned. It can consequently be
necessary to interrupt operation of the fluidized-bed reactor at regular

intervals and partly or completely replace the silicon charge present.
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[0010] As an alternative, attempts were made to keep the
concentration of inactive particles in the fluidized bed low by allowing
more and also larger particles than would actually be necessary to leave
the reactor together with the product gas stream via the particle
separator located in the fluidized-bed reactor. As mentioned above, the
selectivity of particle separators such as cyclones can generally be var-
led.

[0011] However, the outlay in the subsequent removal of the particles
from the trichlorosilane-containing product gas stream Increases
significantly as a consequence. Furthermore, the total yield of the reac-
tion in terms of the metallurgical silicon used naturally also decreases

significantly.

[0012] It was an object of the present invention to provide a technical
solution to the preparation of trichlorosilane, in which the above prob-

lems do not occur or are at least largely avoided.

[0013] This object is achieved by the process for preparing
trichlorosilane having the features of Claim 1 and the plant for preparing
trichlorosilane having the features of Claim 6. Preferred embodiments of
the process of the invention are indicated in dependent Claims 2 to 5.
Preferred embodiments of the plant of the invention may be found in

dependent Claims 7 and 8. The wording of all claims is hereby incorpo-

rated by reference into the present description.

[0014] Like most of the generic processes mentioned at the outset,
the process of the invention makes use of a fluidized-bed reactor In
which silicon particles are reacted with tetrachlorosilane and hydrogen
and optionally with hydrogen chloride to form a trichlorosilane-containing
product gas stream. The presence of hydrogen chloride is generally not

absolutely necessary, but can have a positive effect, particularly when
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starting up the reactor.

[0015] The fluidized-bed reactor used has at least one inlet for the
tetrachlorosilane and the hydrogen, in particular a vapour/gas mixture of
the two, and if appropriate the hydrogen chloride and also at least one
inlet for the silicon particles. At least the at least one inlet for the
tetrachlorosilane and the hydrogen is preferably arranged in the bottom
region of the fluidized-bed reactor so that the tetrachlorosilane and the
hydrogen can flow upwards within the fluidized-bed reactor. Silicon parti-
cles introduced into the reactor can then form a fluidized bed with the

tetrachlorosilane and the hydrogen.

[0016] In preferred embodiments of the process of the invention, the
reaction of the silicon particles with tetrachlorosilane and hydrogen and
optionally with hydrogen chloride takes place under catalytic conditions.
Possible catalysts are, in particular, iron- and/or copper-containing
catalysts, with preference being given to using the latter. A suitable iron-
containing catalyst is, for example, metallic iron, and a suitable copper-
containing catalyst is metallic copper (for example in the form of copper
powder or copper flakes) or a copper compound. The catalyst can be
introduced separately into the fluidized-bed reactor or be mixed before-

hand with the silicon particles.

[0017] Furthermore, the fluidized-bed reactor used has at least one
outlet for the trichlorosilane-containing product gas stream. As
mentioned at the outset, such a trichlorosilane-containing product gas
stream generally always contains small silicon particles. For this reason,
at least one particle separator which selectively allows only silicon
particles up to a particular maximum particle size to pass through is
installed upstream of the at least one outlet for the trichlorosilane-
containing product gas stream in the fluidized-bed reactor used for the
purposes of the present invention. This maximum particle size Is

generally adjustable, depending on the particle separator used. Thus,
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the particle separator used can be, for example, a centrifugal separator,
in particular a cyclone. In these separators, what particles having what
size are to be separated off and what particles are allowed to pass

through the separator can generally be set precisely.

[0018] In particular, a process according to the Invention is
characterized in that silicon particles are discharged from the reactor at
preferably regular intervals or continuously via at least one further outlet,
where no such selectively operating particle separator is located
upstream of this at least one further outlet. Accordingly, the at least one
further outlet also allows silicon particles having diameters above the

maximum particle size mentioned to pass through.

[0019] As mentioned at the outset, fluidized-bed reactors for
preparing trichlorosilane frequently suffer from the problem that inactive
silicon particles accumulate within the reactor and the efficiency of the
reactor is therefore reduced. The targeted discharge of silicon particles,
which are generally replaced promptly by fresh silicon particles via the at
least one inlet for the silicon particles, allows such accumulation of inac-

tive particles to be effectively prevented.

[0020] The silicon particles are particularly preferably taken off
directly from the fluid section of a fluidized bed in the fluidized-bed
reactor. In the case of the present invention, too, the hydrogen and the
tetrachlorosilane and if appropriate the hydrogen chloride are preferably
fed into the reactor in the bottom region of the fluidized-bed reactor.
Above this bottom region, the fluidized bed is then formed. This
generally has a distinct lower boundary. In the upward direction, the fluid
section can have a relatively distinct boundary, particularly when the
fluidized bed is a stationary fluidized bed. The fluid section of a fluidized
bed is then the part between the upper boundary and the lower
boundary. If, on the other hand, the fluidized bed is a circulating fluidized

bed, it frequently no longer has a distinct upper boundary because of the
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greater flow velocities of the hydrogen and of the silicon tetrachloride

and if appropriate of the hydrogen chloride.

[0021] In particularly preferred embodiments of the process of the
invention, the discharged silicon particles are transferred to a seconad
reactor which is particularly preferably a second fluidized-bed reactor.
There they are once again reacted with tetrachlorosilane and hydrogen
and optionally with hydrogen chloride to form a trichlorosilane-containing
product gas stream. In contrast to silicon particles which are discharged
from the reactor via the outlet having the particle separator, the particles
which have been discharged in a targeted manner via the at least one
further outlet are thus utilized further. This naturally makes a positive

contribution to the total yield of the process of the invention.

[0022] The trichlorosilane-containing product gas stream formed In
the second reactor can in principle be purified and processed further
entirely separately from the product gas stream formed in the first
reactor. However, particular preference is given to the trichlorosilane-
containing product gas stream from the second reactor being
recirculated to the upstream (first) fluidized-bed reactor. This makes It
possible to keep the second reactor very simple in terms of construction.
Thus, for example, no separate particle separators are required In the
second reactor. Instead, the trichlorosilane-containing product gas
stream from the second reactor can be combined with the
trichlorosilane-containing product gas stream from the upstream
fluidized-bed reactor. The combined product gas streams then pass

through the at least one particle separator in the first fluidized-bed reac-

tor.

[0023] To allow the inactive particles which are transferred from the
first fluidized-bed reactor into the second reactor to also react In the
latter and not accumulate there, the reaction conditions under which the

discharged silicon particles are reacted in the second reactor are
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preferably different from those in the upstream fluidized-bed reactor.
This applies particularly in respect of the reaction parameters
temperature and/or pressure. Particular preference is given to the sec-

ond reactor being operated at higher temperatures than the first reactor.

[0024] Furthermore, it is theoretically conceivable for the second
reactor to be followed by another parallel third reactor and optionally still
further reactors to prevent once again accumulation of inactive particles

in the second reactor. However, this should in practice not be necessary

in most cases.

[0025] A plant according to the invention for preparing trichlorosilane
has a first reactor and a second reactor, in particular two fluidized-bed
reactors, which are each suitable for reacting silicon particles with
tetrachlorosilane and hydrogen and optionally with hydrogen chloride to
form a trichlorosilane-containing product gas stream. In the first reactor,
a first trichlorosilane-containing product gas stream is formed, and in the

second reactor, a second trichlorosilane-containing product gas stream

iIs formed.

[0026] The first reactor preferably has at least the following compo-

nents:

. at least one inlet for the tetrachlorosilane and the hydrogen and if
appropriate the hydrogen chloride,

. at least one inlet for the silicon particles,

. a reaction space in which the silicon particles can form a fluidized
bed with the tetrachlorosilane and the hydrogen and if appropriate
the hydrogen chioride,

. at least one outlet for the first trichlorosilane-containing product
gas stream which is preceded by at least one particle separator
which selectively allows only silicon particles up to a particular

maximum particle size to pass through and
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. at least one further outlet without such a particle separator via

which silicon particles having sizes above the maximum particle

size can also be discharged from the reactor.

[0027] The second reactor comprises at least

. at least one inlet for silicon particles,

. a reaction space in which the silicon particles can form a fluidized
bed with tetrachlorosilane and hydrogen and if appropriate with
hydrogen chloride, and

. at least one outlet for the second trichlorosilane-containing product

gas stream.

[0028] The plant of the invention is, in particular, characterized in that
there is a connection between the at least one further outlet of the first
reactor and the at least one inlet for silicon particles of the second
reactor, via which connection the silicon particles discharged from the
first reactor can be transferred to the second reactor. Such a connection
can be, for example, a pipe which is coupled via a suitable connecting
piece such as a valve or a flap to the inlet or to the outlet of the respec-

tive reactor.

[0029] The at least one particle separator present in the first fluidized-
bed reactor is preferably one or more cyclones. Suitable cyclones are
known in principle to those skilled in the art and do not have to be
comprehensively explained for the purposes of the present invention. In
addition, reference may also be made in this respect to the details given

above with regard to suitable cyclones for fluidized-bed reactors.

[0030] In particularly preferred embodiments, there is at least one
further connection in addition to the abovementioned connection

between the first reactor and the second reactor, via which further

connection the second trichlorosilane-containing product gas stream can
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be introduced into the first reactor. In one embodiment having these two
connections, the reaction space of the second reactor is therefore
“connected in parallel” to the reaction space of the first reactor. The sili-
con discharged from the first reactor is reacted with silicon tetrachloride
and hydrogen and optionally with hydrogen chloride in the reaction
space of the second reactor, and the trichlorosilane formed Is then trans-

ferred back into the first reactor, thus closing the circuit.

[0031] Further features of the invention may be derived from the
following description of a preferred embodiment of the plant of the
invention in conjunction with the dependent claims. Here, individual
features can be realized as such or in a combination of a plurality thereof
in one embodiment of the invention. The preferred embodiments de-
scribed are merely for the purposes of illustration and to give a better
understanding of the invention and are not to be construed as constitut-

INg any restriction.

[0032] Description of the figure:

[0033] Fig.1 schematically shows the structure of a preferred em-
bodiment of a plant according to the invention having a first fluidized-bed

reactor and a second fluidized-bed reactor.

[0034] The preferred embodiment of a plant 100 according to the In-

vention which is depicted comprises a first fluidized-bed reactor 101 and

a second fluidized-bed reactor 102.

[0035] The first fluidized-bed reactor 101 has, in the bottom region, an
inlet 103 via which hydrogen and gaseous silicon tetrachloride and
optionally hydrogen chloride can be introduced into the reactor. Within
the reactor 101, there is the distributor 104 which makes it possible to
produce a uniformly distributed gas flow within the reactor. The

metallurgical silicon to be reacted can be introduced via the inlet 105 Into
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the reactor 101. This silicon forms, due to the upwards-flowing
vapour/gas mixture of hydrogen and silicon tetrachloride and if
appropriate also hydrogen chloride, a fluidized bed in the reaction space
106 of the fluidized-bed reactor 101. The fluidized bed is preferably a
stationary fluidized bed, i.e. a fluidized bed which has a relatively distinct
boundary both at the top and at the bottom. The lower boundary iIs
indicated by the marking 107, and the upper boundary is indicated by
the marking 108. Between the two markings is the fluid section of the
fluidized bed. From this, silicon particles can be discharged from the
fluidized-bed reactor 101 via the outlet 109 and be transferred via the
connecting line 110 and the inlet 111 into the fluidized-bed reactor 102.
Furthermore, the outlet 112 and also the connecting line 113 are also
shown. These make it possible to take off silicon particles from a higher
section of the fluid section of the fluidized bed. In principle, the reactor

101 can also have more than two such discharge opportunities.

[0036] In the fluidized-bed reactor 102, the discharged silicon
particles can once again form a fluidized bed with hydrogen and silicon
tetrachloride and optionally with hydrogen chloride (the fluidized-bed
reactor 102 can for this purpose have its own inlet opportunities for
hydrogen, silicon tetrachloride and hydrogen chloride). The
trichlorosilane-containing reaction mixture formed here can be
recirculated via the outlet 114 and the connecting line 115 to the
fluidized-bed reactor 101. The mixture is preferably introduced into the
reactor 101 above the upper boundary 108 of the fluidized bed. There, it
can mix with the trichlorosilane-containing product mixture formed in the

reactor 101.

[0037] The combined trichlorosilane-containing product mixture can
be discharged from the reactor via the outlet 116 and the discharge line
117 and passed to its further use. The outlet 116 is preceded by the
particle separator 118. This allows only silicon particles having a

particular maximum particle size to pass through. The remaining
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particles are separated off within the separator 118 and recirculated via

the particle gravity outlet 119 to the fluidized bed.
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Claims

Process for preparing trichlorosilane, in which silicon particles are
reacted with tetrachlorosilane and hydrogen and optionally with
hydrogen chloride in a fluidized-bed reactor (101) to form a trichlo-
rosilane-containing product gas stream, where the fluidized-bea
reactor (101) is provided with at least one inlet (103) for the tetra-
chlorosilane and the hydrogen and if appropriate the hydrogen
chloride, at least one inlet (105) for the silicon particles which with
the tetrachlorosilane and the hydrogen form a fluidized bed and at
least one outlet (117) for the trichlorosilane-containing product gas
stream which is preceded by at least one particle separator (1138)
which selectively allows only silicon particles up to a particular
maximum particle size to pass through, characterized in that sili-
con particles are discharged from the reactor (101) at preferably
regular intervals or continuously via at least one further outlet

(109; 112) without such a particle separator (118).

Process according to Claim 1, characterized in that the silicon par-

ticles are taken directly from the fluid section of the fluidized bed.

Process according to either Claim 1 or 2, characterized in that the
discharged silicon particles are transferred to a second reactor
(102), in particular a second fluidized-bed reactor, where they are
reacted with tetrachlorosilane and hydrogen and optionally with
hydrogen chloride to form a second trichlorosilane-containing

product gas stream.

Process according to Claim 3, characterized in that the second
trichlorosilane-containing product gas stream is transferred to the

upstream fluidized-bed reactor (101) having the at least one fur-

ther outlet without particle separator (109; 112).
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Process according to any of Claims 2 to 4, characterized In that
the reaction conditions in the second reactor (102), in particular
temperature and/or pressure, under which the discharged silicon
particles are reacted differ from those in the upstream fluidized-
bed reactor (101) having the at least one further outlet without par-
ticle separator (109; 112).

Plant (100) for preparing trichlorosilane, in particular for carrying
out a process according to any of the preceding claims, which
comprises a first reactor (101) configured as a fluidized-bed reac-
tor for reacting silicon particles with tetrachlorosilane and hydro-
gen and if appropriate with hydrogen chloride to give a first trichlo-
rosilane-containing product gas stream and a second reactor
(102), in particular a reactor configured as a fluidized-bed reactor,
for the reaction of silicon particles with tetrachlorosilane and hy-
drogen and if appropriate with hydrogen chloride to give a second
trichlorosilane-containing product gas stream, where the first reac-
tor (101) is provided with

« atleast one Inlet (103) for the tetrachlorosilane and the hydro-
gen and if appropriate the hydrogen chloride,

e atleast one inlet (105) for the silicon particles,

e areaction space (106) in which the silicon particles can form a
fluidized bed with the tetrachlorosilane and the hydrogen,

e at least one outlet (107) for the first trichlorosilane-containing
product gas stream which is preceded by at least one particle
separator (118) which selectively allows only silicon particles
up to a particular maximum particle size to pass through and

e at least one further outlet (109; 112) without such a particle
separator via which silicon particles having sizes above the
maximum particle size can also be discharged from the reactor
(101),
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the second reactor (102) being provided with

« atleast one inlet (111) for silicon particles,

e areaction space in which the silicon particles can form a fluid-
Ized bed with tetrachlorosilane and hydrogen and

e at least one outlet (114) for the second trichlorosilane-

containing product gas stream,

wherein there is a connection (110) between the at least one fur-
ther outlet (109; 112) of the first reactor (101) and the at least one
inlet (111) for silicon particles of the second reactor (102), via
which connection the silicon particles discharged from the first re-

actor (101) can be transferred into the second reactor (102).

Plant according to Claim 6, characterized in that the at least one

particle separator (118) is one or more cyclones.

Plant according to Claim 6 or 7, characterized in that there is at
least one further connection (115) between the first reactor (101)
and the second reactor (102), via which connection the second tri-
chlorosilane-containing product gas stream can be introduced into
the first reactor (101).

4 A == & B == =y e =N A
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