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G7) ABSTRACT

Methods for Heating a Fluidized Bed Silicon Deposition
Apparatus with the steps of: one or more heaters and entries
to the reactor for the gas or gases which can be heated
without decomposition separate from one or more heaters
and entries for the gas or gases which decompose to form
silicon when heated, heating the gas or gases which do not
decompose to temperatures between 400-2000 C., more
preferably 800-1600 C., heating the gases which do decom-
pose thermally to temperatures less than the temperature at
which they decompose, typically 25400 C., preferably
300-350 C., and alternatively or in combination with the
above steps also providing a means for removal of the
silicon beads, heating the beads to a temperature between
800-1200 C. and preferably to a temperature between
900-1100 C. and returning the beads to the reactor. Provid-
ing localized cooling of the entries for the thermally decom-
posable gases. These two heating methods either alone or in
combination can provide all the heat needed to operate the
reactor in the desired operating range of 800-1100 C. and
can provide the heat at the inlet of the reactor where the cold
silicon containing gases need to be raised to the operating
temperature of the reactor. Heating the non decomposing
gases and the silicon beads outside the reactor can be
accomplished easily with a variety of low cost heating
techniques. Other benefits include, higher flow rates in the
reactor, higher production rates, larger and more spherical
beads, increased deposition efficiency and reduced risk of
sintering and plugging.

10 Claims, 5 Drawing Sheets
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METHOD OF IMPROVING THE
EFFICIENCY OF A SILICON PURIFICATION
PROCESS

RELATED APPLICATION

application Ser. No. 09/507,154
Filing Date: Feb. 18, 2000
GRP Art Unit: 1°754

Inventor: Stephen M. Lord

Title: Method for Improving the Efficiency of A Silicon
Purification Process

BACKGROUND OF THE INVENTION

This invention relates generally to the field of deposition
of silicon by chemical vapor deposition, and more particu-
larly to methods for Heating a Fluidized Bed Silicon Depo-
sition Apparatus which are more convenient, more efficient,
of lower cost and provide better quality silicon beads than
existing methods

High purity polycrystalline silicon is the basic raw mate-
rial of the semiconductor and photovoltaic industries. It is
currently produced by the decomposition of highly purified
silicon containing gases onto a heated high purity silicon
surface. This process is termed chemical vapor deposition.
The standard industry technique uses high purity silicon rods
as the heated surface. An alternative fluidized bed technol-
ogy is also used on a limited scale. This latter technology
provides a large surface area of heated silicon on the surface
of beads fluidized by the silicon bearing gas and other
diluents and offers the promise of reduced capital and
operating costs and production of a more convenient form of
silicon in the shape of beads. Many attempts have been made
to implement the fluidized bed technology but all have
suffered from severe operational and purity problems, which
have prevented full commercialization.

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 beads, contamination, ease of melting etc. which
must be met in order to use silicon beads. Kajimoto et al
documents some of these issues in U.S. Pat. No. 5,037,503.

The major operational 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-
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.
3,012,861 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 mate-
rials leads to carbon contamination so graphite or silicon
carbide parts are usually coated with silicon. Oxygen nor-
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mally comes in through oxygen containing compounds such
as water, carbon monoxide and carbon dioxide in the inlet
gases and hence all such 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 hydrogen remains trapped in the
bead. This is a time, temperature and deposition rate depen-
dent process which has been described by A. M. Beers et al
“CVD Silicon Structures Formed by Amorphous and Crys-
talline Growth,” Journal of Crystal Growth, 64. (1983)
563-571. For rapid deposition rates of the order of 2-3 8
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 halosi-
lane based fluid bed reactors and thus such reactors do not
suffer from this problem. The current silane based commer-
cial 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 dehydrogenation 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 flow to fluidize and hence more heat to bring said gas up
to operating temperature.

One standard way to heat a fluidized bed is through the
walls because the heat transfer from the wall to the particles
is very good and wall heaters can be easily and cheaply built
using electric heating coils. Another standard way is to
preheat the gas reactants. A further standard approach is to
recover heat from both the solid and gaseous effluent of the
reactor by means of heat exchange. A yet further standard
approach is to recycle unused reactant and or carrier gas. In
a silicon deposition reactor there are problems facing all of
these approaches. If the wall is heated then it is by definition
hotter than the bed particles and hence more likely to be
deposited on as the reaction rate is strongly influenced by
temperature. The rule of thumb is that reaction rate doubles
with each 10 degree Celsius rise in temperature. Hence a hot
wall causes wall deposits which are a loss of product,
increase the resistance to heat transfer through the wall and
can cause breakage of the reactor on cool-down due to
differential thermal expansion. There is also the problem that
the heat load is localized to the inlet area where the incoming
gases are heated up to reaction temperature. Thus hot beads
may be present in the reactor but unable to circulate down
to the inlet zone fast enough to provide sufficient heat.
Heating the gas reactants is restricted by the thermal decom-
position of the silicon bearing gases at around 350400 C.
Thus the gases cannot be heated above this temperature
without depositing in the heater or in the inlet to the reactor.
This problem is further compounded by heat conducted back
into the inlet from hot beads located just above the inlet of
the silicon bearing gases. The surface temperature of these
beads should be over 800 C. to prevent hydrogen
contamination, hence there is a high temperature gradient
between the beads at 800 C. and the inlet which needs to be
below the thermal decomposition temperature of the silicon
containing gases which is 350-400 C. Recovery of heat is
difficult because of the tendency of the silicon containing gas
to form wall deposits which in turn means the wall tem-
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perature must be below 350 C. which is difficult when
cooling gases or solids which are at 800 C. or greater.
Recycle of unused reactants or carrier gas is also difficult for
the same decomposition reason. The recycle gas must be
cooled to below the thermal decomposition temperature of
the silicon containing gases before mixing with them.

Thus the prior technology has attempted to deal with the
heating issue in a variety of ways. Ingle, U.S. Pat. No.
4,416,913 noted the use of microwaves to heat the silicon
beads directly through the quartz wall which itself is not
heated by microwaves. Poong et al. in U.S. Pat. No. 4,900,
411 advises using microwaves and notes the need to cool the
wall and the distributor grid in order to prevent silicon
deposits, which can then absorb the microwaves. Iya in U.S.
Pat. No. 4,818,495 also suggests cooling the distributor grid
and providing a heating zone above the reacting zone to
compensate. Kim et al in U.S. Pat. No. 5,374,413 notes that
cooling of the wall is not effective in preventing wall
deposits and greatly increases power consumption and sug-
gests a partition between the reacting and heating zone.
Partitions have also been suggested by Ingle see above and
Van Slooten in U.S. Pat. No. 4,992,245, Neither Iya in U.S.
Pat. No. 4,818,495 nor Van Slooten in U.S. Pat. No. 4,992,
245 provided means for the heated beads to travel down to
the reacting area in sufficient quantity to heat the incoming
gases and offset the distributor cooling. Lord in U.S. Pat. No.
5,798,137 suggests use of “jet heating” where lasers are used
to heat through the inlet jet itself or chlorine is added to react
with silane in the jet region. Lord in U.S. Pat. No. 5,810,934,
also suggests using an isolation tube between the inner tube
containing the silicon containing gases and the outer tube
containing the hot beads in order to control the wall tem-
perature of the inner tube below the decomposition tem-
perature. This suffers from the two disadvantages of reduc-
ing the heat transfer and the heat transfer rate. Hence only
a portion of the available heat can be recovered thus requir-
ing additional bead cooling and the surface area must be
larger than would be required other wise. Lord in fact
recognizes this and provides an alternate approach using a
water cooled bead cooler.

All the prior technology makes provision for dilution of
the silicon bearing gas before the mixture is fed to the
reactor stream and so the inlet gas temperature is still limited
by the decomposition temperature of the silicon bearing gas
which is typically around 350 C. Kim and Van Slooten also
make provision for a separate entry for a carrier gas into the
heating zone which is separated from the reaction zone by a
partition and they claim this gas may be heated up to the
reaction temperature although in their examples the actual
temperature, is below that. In Van Slooten’s example the
inlet gas is 500 C. compared to reactor temperatures of 650
C. at the top and 550 C. and a heating zone temperature of
660 C. In Kim’s examples the carrier gas preheat tempera-
ture was 250 C. and 350 C.

The prior technology had difficulty in reaching the
required high temperatures, greater than 800 C., without
contaminating the product or plugging the reactor. These
high temperatures are needed, particularly at the gas inlet,
for production of hydrogen and dust free product. A critical
deficiency of the prior technology, with the exception of
Lord in U.S. Pat. Nos. 5,798,137 and 5,810,934, is the
failure to recognize the importance of the need to maintain
high temperatures according to the experimental data and
theoretical relationships in the article of A. M. Beers et al
“CVD Silicon Structures Formed by Amorphous and Crys-
talline Growth,” Journal of Crystal Growth, 64. (1983)
563-571. This article details the relationship of temperature,
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time and deposition rate with higher deposition rates requir-
ing higher temperatures and times in order to crystallize the
deposited amorphous silicon and release the codeposited
hydrogen.

In the prior technology the inlet area has the most serious
problems in product quality because of a combination of
factors all of which tend to prevent the needed crystalliza-
tion to produce polycrystalline silicon and remove hydrogen
and/or other codeposited elements such as halogens. This
area has the highest silicon bearing gas concentrations, the
lowest temperatures and the least post deposit time for the
beads. The deposit rates tend to be highest at the inlet
because of the high silicon containing gas concentrations
and the rapid decomposition of the silicon bearing gases
once the temperature is above 500 C. The temperatures are
lower because the incoming gases are cold and cool the
beads near the inlet as the gases warm up. Finally the beads
are removed at or near the bottom of the reactor which is also
the inlet for the gases thus the beads removed have just been
deposited on and hence have little time to crystallize the
recent deposits and dehydrogenate. Of these factors the most
important one is the temperature because the crystallization
is strongly dependent on temperature. Frequently the prior
technology aggravates this problem by cooling the distribu-
tor grid. Thus in the prior technology most of the reaction
and deposition occurs near the inlet and much of this deposit
is unsuitable because of its powdery nature and high hydro-
gen content. Iya in U.S. Pat. No. 4,818,495 shows a tem-
perature profile where the zone just above the grid is at 500
C. and the top of the bed is at 770 C. Hence the product
would be very dusty and contaminated with hydrogen.
Similarly in Van Slooten U.S. Pat. No. 4,992,245 the dis-
tributor surface is cooled to a temperature between 200-400
C. and he states in his example that the temperature at the top
of the fluidized bed is 923 K (700 C.) and at the bottom is
823 K (600 C.). Again the product would be dusty and
contaminated with hydrogen. Kim has the reactive gas
distributor cooled to 318 C. in his example 2 and has a CVD
reaction temperature of 930 C. Since the partition isolates
the reaction zone from the heating zone and is half the bed
height the beads next to the reactive gas inlet are much
colder than the upper part of the reactor as the hot beads
from the heater section do not mix with them. These beads
are primarily heated through the quartz partition which itself
is deposited on by the silicon containing gases in the reaction
zone. This silicon wall deposit will be hotter than the beads
in the reaction zone and will thus grow at a more rapid rate.

This problem of wall deposit on the partition is also faced
by the reactor described in the Van Slooten U.S. Pat. No.
4,992,245 Tt is apparent that the provision of a partition does
not avoid the problem of wall deposits it merely relocates
them to the partition. Thus the requirement for a partition is
an additional deficiency in the prior technology.

The provision of a partition can help the bead quality if
the beads are removed from the heating zone of the parti-
tioned reactor since the beads have more time at a higher
temperature without any deposition. Unfortunately such post
deposition crystallization and dehydrogenation suffers from
the problem that the hydrogen must diffuse out through the
complete deposit thickness and this can take several hours or
days as shown by Allen in U.S. Pat. 5,242,671.

This amount of time is usually not available as a practical
matter since it requires a significantly larger reactor and also
higher temperatures (1000-1100 C.).

Lord in U.S. Pat. No. 5,798,137 recognizes the need to
remove hydrogen as the deposition occurs in order to
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