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MACHINE FOR PRODUCTION OF
GRANULAR SILICON

BACKGROUND OF THE INVENTION

This invention relates generally to the field of deposition
of silicon by chemical vapor deposition, and more particu-
larly to a Machine for Production of Granular Silicon which
is of lower cost, more convenient, more reliable, more
efficient, provides better quality granules and is better inte-
grated into the overall silicon purification process than
existing methods. The use of a pulsing gas flow to circulate
granules between a heater and reactor section solves both the
granule heating problem and the granule sintering problems
that have prevented prior methods from operating for
extended time and producing good quality granules. This
approach enables use of cheap and reliable resistance heat-
ing in contrast to more expensive and less reliable tech-
niques such as microwave and laser heating. Use of an inline
non contaminating sieve technique and pulsing gas flow
removes silicon product with a more uniform size and
returns undersize material which reduces seed generation
problems. Online adjustment of the gas pulse shape and flow
distribution provides additional control of attrition and seed
generation. An optional feedstock recovery system for
hydrohalosilane feedstock allows a more efficient method of
recycling the silicon tetrahalide by product, allows use of
cheaper methods for the production of the hydrohalosilane
and provides flexibility in balancing the overall product slate
of a silicon purification facility.

This invention relates generally to the field of silicon
purification, and more particularly to a machine for produc-
tion of high purity silicon granules by the decomposition of
a high purity silicon containing gas, such as silane, trichlo-
rosilane or tribronosilane, which can be designed to opti-
mize the overall efficiency of such a silicon purification
process.

The production of high purity electronic grade silicon is
the critical first step of the entire multi-billion dollar semi-
conductor industry. The basic process, used by most manu-
facturers consists of three steps; conversion of metallurgical
grade silicon into a hydrohalosilane such as trichlorosilane,
purification of this material by distillation and other means,
and decomposition of the material back to silicon. The Ethyl
process, directly reduces silicon tetrafluoride to silane with
a byproduct of aluminum trifluoride.

The decomposition reactors are all rod reactors except for
fluid bed reactors operated on silane as part of the Ethyl
Process. Fluid bed reactor have significant capital, operating
and energy advantages but have proved difficult to imple-
ment. The only operating fluid bed units produce a dusty
product contaminated with hydrogen that is not widely
accepted.

There are two decomposition reactions for hydrohalosi-
lanes; thermal decomposition and hydrogen reduction.
(Trichlorosilane is used in the examples but bromine or
iodine can be substituted for chlorine, fluorine cannot)

4SiHCl;—Si+3SiCl4+2H2 (thermal)

SiHCL;+2H,—Si+3HCl (hydrogen reduction)

All halosilane reactors incorporate both and consequently
produce an effluent, which has a range of silicon hydroha-
lides and tetrahalides and hydrogen halides and hydrogen.

The essence of the process is impure silicon in, pure
silicon out plus small impurity streams. To accomplish this
there are large recycle streams of hydrogen, silicon and
halide containing streams and is important not to produce
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low value by-products or waste streams. Union Carbide

developed an approach of producing silane by dispropor-

tionation then decomposing the silane
4SiHCl,—>SiH4+3SiCl4

SiH4—Si+2H2
it can be seen that the overall reaction is the same as the
thermal decomposition reaction.

The major use for the polycrystalline silicon is in pro-
duction of single crystal silicon via melting and growth of
single crystal silicon boules in Czochralski crystal pullers.
Such pullers have specific requirements with regard to
feeding the granules (also known as beads), contamination,
and ease of melting etc. which must be met in order to use
silicon beds. Kajimolo et al documents some of these issues
in U.S. Pat. No. 5,037,503.

The purity requirements for electronic grade silicon are
severe with specifications for hydrogen at about 30-50
ppma, parts per million atomic, oxygen at 0.5-1.5 ppma and
carbon at 0.1-0.25 ppma with specifications for donors such
as boron, phosphorus and aluminum in the ppba, parts per
billion atomic, and metals in the ppta. parts per trillion
atomic. Thus all materials which come in contact with the
silicon must be virtually free of metals and donors and have
very small amounts of oxygen, hydrogen and carbon which
are transferable to the silicon. Historically such specifica-
tions have progressively tightened and this trend can be
expected to continue. Other trends in the industry are to
larger and larger wafer diameters with the current transition
from 200 mm to 300 mm wafers being underway. This trend
has led to the need to pull larger and larger diameter crystals
which in turn leads to the desire to add silicon to the crystal
growing furnace white the crystal is being pulled. This can
be done conveniently with silicon granules which melt
easily and are very pure and hence there is a need for such
high purity granules. A further historical trend is the decreas-
ing availability of cheap hydro-electric power which has
been the prime source of energy for the very inefficient rod
reacts which leads to the increasing need to improve energy
efficiency in the deposition process.

Because of the lower energy, capital cost and operating
cost of fluid bed reactors much work has been done to
develop this technology but the problem of meeting the
above ever tighter purity specifications is more acute with
the use of fluid bed reactors because they are more suscep-
tible to materials problems as the silicon product is in
physical contact with the wall, which thus must be at or close
to the deposition temperature. This requires hot walls in
contrast to the rod reactors, which typically have cooled
walls. Furthermore fluid bed reactors do not have the inter-
nal heat generation provided by the electrical healing of the
rod in rod reactors and so must add heat in some other way.
If this heat is added through the walls, the walls must be
hotter than the silicon product. A further problem is that the
materials coming into the reactor can only be preheated to a
temperature below their thermal decomposition temperature
which is 350-450° C. for most feedstock materials. For high
tout fluid bed reactors putting in the additional heat to bring
the temperature up to the desired decomposition temperature
of greater than 800° C. is very difficult. The major opera-
tional problem is sintering of the beads in the reactor and the
resultant plugging of the reactor, the major purity problems
are metals, carbon, oxygen and hydrogen in the bulk and
surface of the product and the major problem in feeding
beads to the crystal puller is difficulty in controlling the bead
flow due to variation in shape and size.

The sintering appears to be more prevalent as the
temperature, deposition rate, silicon containing gas concen-
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tration and bead size increases and less prevalent as the
fluidizing gas flow rate increases. Hence a violently fluid-
ized bed will have a lower tendency to sinter but may tend
to blow over more dust and will require more heat.

It has been accepted that it is important to have a reactor
that does not contaminate the product and that the use of
metal reactors is not feasible, see Ling U.S. Pat. No.
3,012,661 and Ingle U.S. Pat. No. 4,416,913 and hence
metal contamination can be resolved by not contacting the
beads with any metal parts. Similarly contact with carbon or
carbon containing materials leads to carbon contamination
so graphite or silicon carbide parts are usually coated with
silicon, carbon can also come in through contaminants in the
inlet gases such as carbon monoxide, carbon dioxide and
methane. Oxygen normally comes in through oxygen con-
taining compounds such as water, carbon monoxide and
carbon dioxide in the inlet gases and hence all carbon and
oxygen containing compounds are removed from the gas
streams to as great a degree as is practicable. Oxygen
containing materials such as silicon oxide (quartz) are
frequently used as containment materials, see Ingle above,
and can be used in contact with silicon although care must
be taken to prevent erosion. Hydrogen contamination is
primarily caused during the deposition process when hydro-
gen remains trapped in the bead. This is a time, temperature
and deposition rate dependent process which has been
described by A. M. Beers et al “CVD Silicon Structures
Formed by Amorphous and Crystalline Growth,” Journal of
Crystal Growth, 64. (1983) 563-571. For rapid deposition
rates of the order of 2-3 micron/minute, which are desired
in commercial reactors, the silicon surface temperature must
exceed 800° C. Typical rod reactors usually operate above
this temperature as do halosilane based fluid bed reactors
and thus such reactors do not suffer from this problem. The
current silane based commercial fluid bed reactors operate
below this temperature in at least part of the reactor and
consequently have dusting problems see Gautreaux and
Allen U.S. Pat. No. 4,784,840 and require a second dehy-
drogenation step as described by Allen in U.S. Pat. No.
5,242,671.

The problem of size and shape is not as important but
most polycrystalline consumers would prefer large round
beads because they flow better and have less surface area,
thus less risk of contamination. Large beads require more
gas now to fluidize and hence more heat to bring said gas up
to operating temperature.

U.S. Pat. No. 4,092,446 by Pedovani describes an opti-
mized system using a fluid bed and extensive recycle of
materials. U.S. Pat. Nos. 5,798,137 and 5,810,934 by Lord
describe a fluid bed capable of operating with or without
recycle on a variety of feedstock. Various fluid bed patent
describe methods of operating and of heating. U.S. Pat. No.
5,374,413 by Kim et al. describe use of two feed streams one
of which is used to prevent wall deposition, which would
block the passage of the microwaves used for heating the
beads. There has been much effort to use silane in a fluid bed
because it was more concentrated and gave more silicon per
mote of feedstock, unfortunately it has proved too prone to
sintering at high concentrations and thus all silane fluid bed
reactors operate at high dilution rates which negates the
benefit of the concentration. Thus a process penalty is paid
in producing the silane and an additional penalty is paid in
providing high purity diluent.

All these systems take the effluent from the decomposi-
tion reactor as it is cooled down and removed from the react
or and then separate and recycle the components. Thus
significant effort goes into the recycle process but most prior
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reactor designs ignore the issue with the exception of
Padoveni in U.S. Pat. No. 4,207,360 where he selects a high
temperature, 1100° C., to convert the silicon tetrachloride to
silicon and thus uses a graphite brick lining coated with
silicon carbide. Unfortunately this material contaminated the
silicon produced with carbon and thus the process failed
commercially as the silicon could not be sold. The above
patents by Lord neglect the system integration issue except
to suggest that the halogen used to etch the reactor be one
that matches the halogens used in the process and Kim also
neglects the system integration issue. Instead both point out
that the use of silicon oxide is preferred because of its purity
and cost and expend a great deal of effort on providing the
heat to the reactor in a way which will reduce wall deposits.
Kim suggests using microwaves and Lord suggests use of
laser and/or chlorine heating in conjunction with micro-
waves. Heating the reactor up to the even higher tempera-
tures needed to convert silicon tetrahalides make this prob-
lem even worse and the attempt is not made. Operating on
silane at lower temperatures (600-700° C.) as is done in U.S.
Pat. No. 4,784,840 requires low deposition rates and results
in dusty product contaminated with hydrogen thus requiring
post treatment as described in U.S. Pat. No. 5,242,671.

Other attempts to provide reactor heat include Van
Slooten in U.S. Pat. No. 4,992,245 who describes an annular
heated fluidized bed operating on silane where the beds enter
the heating zone annulus at the top and exit at the bottom
back to the reactor and Iya in U.S. Pat. No. 4,818,495 who
describes a reactor with an upper heating zone and a lower
reacting zone with a cooled gas distribution zone.

Other aspects of reactor design that have received atten-
tion are the related problems of managing the size distribu-
tion of granules in the reactor, providing new seed particles
and selectively removing large particles. Ingle U.S. Pat. No.
4,416,913 described a circulating bed that would selectively
remove larger particles and Iya (U.S. Pat. No. 4,424,199)
described a boot device for the same purpose. Padoveni
described using two temperature zones to increase the
natural attrition of the granules at lower temperature. Lord
described in more detail a method for segregation using a
tapered bed and how the attrition was related to the kinetic
power of the incoming jet. Iya in U.S. Pat. No. 4,424,199
describes a fluid jet seed particle generator inserted in a
“hydrogen boot” located below the reactor, which was
intended to separate the small seed particles from the
product.

Recovery of heat from the effluent has not received much
attention but Lord described a method for recovering heat
from the outgoing beads by a heat exchanger, which heated
up the incoming silane.

The primary overall system deficiency in the prior tech-
nology is that it neglects the opportunities in the temperature
regime between the deposition temperature, which is typi-
cally between 750° C. and 1150° C., and the condensation
temperature of the halosilanes in the effluent, which as
typically below room temperature. The effluent gases are
allowed to cool slowly and continue to react through this
large temperature range thus producing more of the undes-
ired silicon tetrahalide and condensation and polymerization
of silicon dichloride SiCl, monomer on the walls of the
effluent piping to form explosive solids such as Si,Cl,
Si;Clg and Si,Clg, with no effort made to adjust the equi-
librium conditions or to quench the reaction.

In this range the species in the effluent change composi-
tion with temperature and there is always an optimum
temperature for recovery of the desired components, which
is typically 800-1000° C. At this temperature the desired
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