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[571 ABSTRACT 
Capacitive electrical heating of a fluidized bed enables 
the individual solid particles within the bed to constitute 
the hottest portion thereof. This effect is achieved bv 
applying an-A. C. voltage potential between dielectric 
coated electrodes, one of which is advantageously the 
wall of the fluidized bed rejection zone, sufficient to 
create electrical currents in said particles so as to dissi- 
pate heat therein. In the decomposition of silane or 
halosilanes in a fluidized bed reaction zone, such heat- 
ing enhances the desired deposition of silicon product 
on the surface of the seed particles within the fluidized 

wall of the reaction zone and the homogeneous forma- 
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FLUIDIZED BED HEATING PROCESS AND 
APPARATUS 

STATEMENT 5 

The invention described herein was made in the per- 
formance of work under NASA Contract Number 
NAS 7-100, JPL No. 954334, for high purity silicon and 
is subject to the provisions of Section 305 of the Na- 
tional Aeronautics and Space Act of 1958 (72 Stat. 435; 
42 U.S.C. 2457). 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 
The invention relates to the heating of fluidized beds. 

More particularly, it relates to an improved process for 
the heating of such beds and for enhancing the fluidized 
bed conversion of silane to polycrystalline silicon. 

2. Description of the Prior Art 
A variety of means are well known in the art for 

applying necessary heat to fluidized bed reaction zones. 
A suitable heat transfer fluid and inductive or electrical 
resistance heaters are examples of such means. While 
adequate for the purposes of many applications, such 
means are not entirely satisfactory for other fluidized 
bed applications because of the particular nature of the 
desired reactions occurring therein and of undesirable 
side effects that accompany such reactions using fluid- 
ized beds heated by conventional means. 

The production of polycrystalline silicon from silane 
or a halo-silane in a fluidized bed reaction zone is a 
significant example of the limitations of conventional 
means for heating such fluidized beds. In this example, 
silicon seed particles are suspended in a fluidizing gas 
stream into which, for example, silane is injected. Pro- 
cess conditions are desirably maintained so that the 
decomposition of the silane occurs in the heterogeneous 
region or manner, i.e., the silane decomposes on the 
surface of the seed particles in the fluidized bed. In this 
manner, the seed particles grow by the deposit of silicon 
thereon so that sufficiently large particles of silicon 
product are grown to permit convenient removal 
thereof from the reaction zone, while by-product hy- 
drogen can be separately removed as overhead from 
said reaction zone. When chlorosilanes are decom- 
posed, the by-product gas will comprise HCI which is 
more difficult to handle than the hydrogen by-product 
of silane decomposition. 

Conventional means of. heating a fluidized bed reac- 
tion zone will result, however, in an undesired coating 
of silicon on the wall of the reaction zone, possibly in 
preference to the desired fluidized seed particle growth. 
Silane decomposition in fluidized beds employing con- 
ventional heating means likewise results in the homoge- 
neous decomposition of silane to form fine silicon pow- 
der or dust. This large surface area, light, fluffy powder 
is undesirable in fluidized bed operations as it comprises 
waste material or requires careful and costly additional 
handling for recovery and consolidation or melting 
without unacceptable contamination due to environ- 
mental effects. 

The development of an improved process for heating 
fluidized bed reaction zones is, therefore, desirable and 
of great significance to the development of low-cost 
silicon technology. In the production of high purity 
polycrystalline silicon, current commercial technology 
constitutes a low volume, batch operation generally 
referred to as the Siemens process. This technology is 
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carried out in the controlled atmosphere of a quartz bell 
jar reactor that contains silicon rods electrically heated 
to about 1100" C. Trichlorosilane, in concentrations of 
less than 10% in hydrogen, is fed to the reactor under 
conditions of gas flow rate, composition, silicon rod 
temperature and bell jar temperature adjusted so as to 
promote the heterogeneous decomposition of the chlo- 
rosilane on the substrate rod surfaces. A general de- 
scription of the Siemens-type process can be found in 
the Dietz, et al. patent, US.  Pat. No. 3,979,490. 

Because of the inherent limitations of such batch 
processing and because of the relatively high processing 
costs associated with the commonly employed process 
for reacting metallurgical grade silicon with HCI to 
form trichlorosilane, polycrystalline semiconductor 
grade silicon made from metallurgical grade silicon 
costing about $0.50/lb. will cost on the order of about 
$30/lb. and up. In growing a single crystal of this semi- 
conductor grade material, the ends of the single crystal 
ingot are cut off, and the ingot is sawed, etched and 
polished to produce polished wafers, as for solar cell 
application, with mechanical breakage and electronic 
imperfection reducing the amount of usable material 
obtained. As a result, less than 20% of the original poly- 
crystalline, semiconductor grade silicon will commonly 
be recoverable in the form of useful wafers of single 
crystal material. The overall cost of such usable mate- 
rial is, accordingly, presently on the order of about 
$300/lb. and up. Because of the relatively large area 
requirements involved in solar cell applications, such 
material costs are a significant factor in the overall 
economics of such applications. It will be understood 
that such material costs are also of significant concern in 
applications of such high purity, single crystal silicon 
for various semiconductor applications apart from use 
in solar cell structures. 

The economic feasibility of utilizing silicon for solar 
cell and for semiconductor applications would be en- 
hanced, therefore, if the overall cost of producing high 
purity, single crystal silicon in desired form could be 
reduced. One important area of interest in this regard is 
in the production of polycrystalline silicon from silane, 
chlorosilanes or other halo-silanes in a fluidized bed 
reaction zone as discussed above. The decomposition of 
such silanes in a fluidized bed reaction zone is disclosed 
in Ling, U.S. Pat. No. 3,012,861 and Bertrand, et al., 
U.S. Pat. No. 3,012,862. In this approach, a silicon-con- 
taining gas is injected into a reaction chamber contain- 
ing particles of elemental silicon small enough to be 
fluidized and maintained in ebullient motion to expose 
their entire surfaces for nucleating contact with the 
silicon-containing gas. The reaction chamber and the 
fluidized bed of silicon particles are maintained at a 
temperature within the thermal decomposition range of 
the gas and below the melting point of silicon. In the 
Ling patent, the use of external heating means 11, such 
as electric resistance heaters, surrounding the vertical 
walls of reactor 1 is disclosed. Bertrand, et al. disclose 
electrical or other type of external heating means 2, 
with electrical resistance heating elements said to be 
preferred in small scale operations and other heating 
means, such as indirect gas firing can be used in large 
scale operations. The preheating of hydrogen and/or 
other reactants prior to introduction into the reactor so 
that little or no additional heat need be supplied through 
the wall of the reaction zone is also taught by Bertrand, 
et al. 

. 
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The silicon-containing compound injected into the 
reaction chamber, particularly silane, will be subject to 
homogeneous decomposition upon exposure to the re- 
action conditions within the chamber as well as the 
desired heterogeneous decomposition and deposition of 
product silicon on the seed particles present in the fluid- 
ized bed. As a result of such homogeneous decomposi- 
tion, considerable quantities of silicon dust are formed. 
This dust is undesired in the fluidized bed process, as 
noted above, as it results in a considerable loss of mate- 
rial and/or additional processing expense. Such unde- 
sired dust formation is a factor that has heretofore de- 
terred the development of the fluidized bed approach as 
a practical alternative to the conventional Siemens pro- 
cess. The need continues, therefore, for the develop- 
ment of technically and economically feasible alterna- 
tives to the Siemens process for the production of high 
purity silicon for semiconductor and solar cell applica- 
tions. 

It is another object of the invention to provide an 
improved process for the heating of fluidized beds. 

It is another object of the invention to provide a 
process enhancing the heterogeneous decomposition of 
the feed gas passed to a heated fluidized bed reaction 
zone. 

It is another object of the invention, therefore, to 
provide an improved process and apparatus for the 
production of low-cost, high purity polycrystalline 
silicon. 

It is another object of the invention to provide a 
process and apparatus for the enhanced production of 
high purity silicon on a continuous or semicontinuous 
basis. 

It is another object of the invention to provide an 
improved process for the production of silicon capable 
of advantageously employing silane as the silicon-con- 
taining feed material. 

It is a further object of the invention to provide an 
improved process and apparatus for the fluidized bed 
decomposition of silane and halo-silanes with minimal 
formation of undesired silicon dust. 

It is a further object of the invention to provide an 
improved process and apparatus for the production, at 
relatively high production rates, of high purity poly- 
crystalline silicon suitable for semiconductor and solar 
cell applications. 

With these and other objects in mind, the invention is 
hereinafter described in detail, the novel features 
thereof being particularly pointed out in the appended 
claims. 

SUMMARY OF T H E  INVENTION 
The process and apparatus of the invention achieve 

the heating of a fluidized bed reaction zone by the appli- 
cation of heat within the individual particles of the 
fluidized bed. For this purpose, an A.C. voltage poten- 
tial is applied between dielectric coated electrodes posi- 
tioned in contact with said fluidized bed. The voltage is 
sufficient to create electrical currents within the indi- 
vidual solid particles of the fluidized bed, said currents 
resulting in the dissipating of heat within the particles. 
The resulting heat flow passes from the individual parti- 
cles to the surrounding gas and then through the wall of 
the reaction zone or out of said zone with the reactant 
gas flow therefrom. The individual particles are thus the 65 
hottest portion of the fluidized bed reaction zone. In 
particular embodiments, the wall of the reaction zone is 
coated with the dielectric coating, such as high purity 
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4 
quartz, and serve as one of said electrodes. The inven- 
tion is highly advantageous in  the fluidized bed conver- 
sion of silanes to polycrystalline silicon since the capaci- 
tive electrical heating of the fluidized bed enhances the 
heterogeneous decomposition of the silane and deposit 
of silicon on the seed particles and minimizes the coat- 
ing of silicon on the wall of the reaction zone and the 
undesired homogeneous decomposition of the silane 
and formation of undesired silicon dust. 

BRIEF DESCRIPTION O F  T H E  DRAWINGS 
The invention is hereinafter further described with 

reference to the accompanying drawings in which: 
FIG. 1 illustrates an embodiment of a silane decom- 

position process utilizing the capacitive electrical heat- 
ing of the invention for supplying heat to the individual 
particles of a fluid bed reaction zone; and 

FIG. 2 illustrates a fluidized bed reaction chamber 
suitable for use in the practice of the process of FIG. 1 
and adapted for the capacitive electrical heating of the 
particles within the fluidized bed. 

DETAILED DESCRIPTION O F  THE 
INVENT ION 

The present invention represents a significant ad- 
vance in the art by enabling the individual particles of a 
fluidized bed to be heated directly by capacitive electri- 
cal heating so that said particles constitute the hottest 
portion of the fluidized bed. The practice of the inven- 
tion is particularly advantageous in the production of 
silicon from silanes as it enhances the desired heteroge- 
neous decomposition of the silanes and deposit of silicon 
on the seed particles within the fluidized bed. 

The objects of the invention are accomplished by 
applying an AC voltage potential between spaced-apart 
dielectric coated electrodes positioned in contact with 
the fluidized bed. The voltage potential and the fre- 
quency employed are such that electrical currents are 
created within the individual solid particles in the bed. 
Such currents dissipate heat predominantly within the 
particles rather than in the gaps between the particles. 
The currents are driven through the capacitance be- 
tween said particles and the electrodes, one of which is 
the dielectric coated wall of the reaction chamber 
within which the fluidized bed is maintained. For appli- 
cations such as the decomposition of silane, the capaci- 
tive electrical heating of the fluidized bed in accordance 
with the invention establishes highly favorable tempera- 
ture profiles within the bed compared with those per- 
taining to previously known techniques for adding heat 
to the fluidized bed, as through the walls of the reaction 
chamber. 

Referring to the drawings, FIG. 1 illustrates the over- 
all silane decomposition process in which the capacitive 
electrical heating of the fluidized bed can be advanta- 
geously employed. The fluidized bed reaction zone 1 is 
heated by said electrical heating means generally repre- 
sented by the numeral 2. The silane, SiH4, feedstock 
material in line 3 is combined with recycle hydrogen in 
line 4, and the thus-diluted silane gas stream is intro- 
duced through line 5 into the bottom portion of said 
fluidized bed reaction zone 1. Silicon seed particles of 
conventional size are introduced into reaction zone 1 
through line 6. Said seed particles are suspended as a 
fluidized bed (not shown) within reaction zone 1 and 
agitated by the gas stream entering the reaction zone 
from line 5. Relatively large silicon particles, compris- 
ing silicon product deposited on the silicon feed parti- 
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cles upon heterogeneous decomposition of silane within silicon and likewise to minimize the homogeneous de- 
the fluidized bed, are removed from the bottom of reac- composition of silane within reaction zone l with conse- 
tion zone 1 through line 7. Such particles will conve- quent formation of undesired silicon powder or dust. 
niently be of a size and density suitable for direct han- By means of the capacitive electrical heating of the 
dling without the further consolidation otherwise nec- 5 invention, the individual solid particles within the fluid- 
essary in processes producing a fine silicon powder or ized bed constitute the hottest portion of the fluidized 
dust in appreciable amounts. bed. The resulting heat flow is thus from the heated 

As noted above, the use of silane as the silicon-con- particles to the surrounding gas and then out of reaction 
taining gas is advantageous in that silane and its decom- zone 1 through wall 17 or with the reactant gas flow out 
position products, Le., silicon and hydrogen, are non- 10 of said zone 1 as overhead material. The heterogeneous 
corrosive and nonpolluting. The by-product hydrogen decomposition of silane and the resultant deposit of 
generated upon decomposition of silane is removed product silicon on the surface of the seed silicon parti- 
from reaction zone 1 through line 8 together with said cles is thus favored and enhanced within the constraints 
fluidizing hydrogen introduced into the reaction zone otherwise imposed by the operating conditions pertain- 
through line 5. A portion of said hydrogen is recycled 15 ing to any particular application. In this latter regard, it 
through line 9, while the remainder of the hydrogen is will be appreciated by those skilled in the art that vari- 
removed through line 10 for other use, not shown, as for ous processing parameters associated with any given 
the dilution of the silicon-containing gas fed to reaction fluidized bed operation will have a significance with 
zone 1 or for the hydrogenation of silicon tetrachloride respect to the desired results of that operation apart 
and metallurgical grade silicon in the DreDaration of 20 from the manner of fluidized bed heating as herein dis- - -  
trichlorosilane an the silane employed as the feed mate- 
rial to the reaction zone in the illustrated embodiment. 

Recycle hydrogen stream 9 passes to heat exchanger 
11 for cooling therein in countercurrent flow with a 
coolant that enters exchanger 11 through line 12 and 
exits therefrom through line 13. The cooled hydrogen 
recycle stream leaves exchanger 11 through line 14 and 
is pumped by means of pump 15 to line 4 for mixing 
with the silane feed material and passage into reaction 
zone 1 through line 5. The silane feedstock, diluted with 
hydrogen or with an inert gas to the extent desired in 
accordance with conventional practice, is generally 
maintained at a temperature below its decomposition 
temperature range to avoid premature decomposition 
and to enhance the desired heterogeneous decomposi- 
tion within the fluidized bed reaction zone. 

The capacitive electrical heating of the invention is 
illustrated in FIG. 2. In this embodiment, fluidized bed 
reaction zone 1 is shown as a cylindrical reaction cham- 
ber fitted with an internal, centrally placed electrode all 
connected to a suitable electrical power supply. The 
wall of the reaction chamber and the electrode are 
coated with a dielectric material, and the space inside 
the reactor contains the fluidized bed comprising a 
mixture of suspended silicon particles and the hydrogen 
and silane gas mixture. More specifically, reaction zone 
1 includes cylindrical wall 17 connected by electrical 
connection lead 18 to A.C. power supply 19. The inter- 
nal, centrally located electrode 20 is connected by lead 
21 to said power supply 19. The inner side of said wall 
17 is coated by a suitable dielectric coating 22, and the 
outer surface of internal electrode 20 is likewise coated 
by a suitable dielectric coating 23. Fluidized bed 24 
comprises agitated silicon particles suspended in a gas 
mixture including the silane feedstock, by-product hy- 
drogen and additional recycle hydrogen or an inert gas 
employed as a carrier gas and diluent for the silane feed 
gas. 

During operation of the process and apparatus of the 
invention, electrical power supply 19 applies an alter- 
nating voltage potential across dielectrode coated elec- 
trodes 17 and 20 at a frequency such that electrical 
currents are created within the individual solid particles 
of the fluidized bed. Such currents dissipate heat pre- 
dominantly within said particles and create favorable 
temperature profiles within reaction zone 1 so as to 
reduce or  avoid the coating of the inside surface of said 
delectric coating 22 on wall 17 of reaction zone 1 with 

Y 

closed and claimed. In silane decomposition, for exam- 
ple, the decomposition has been found to be either ho- 
mogeneous or heterogeneous depending on the concen- 
tration of the silane fed to the fluidized bed reaction 

25 zone at any given temperature of the solid particles 
within or in contact with the fluidized bed reaction 
zone. At concentrations above a critical amount at any 
given temperature, the silane decomposition reaction 
may proceed primarily as a homogeneous reaction, e.g., 

30 above about 10-2 mole fraction at looo" K., whereas at 
lower concentrations the decomposition reaction is 
heterogeneous. In the fluidized bed decomposition of 
silane or halo-silanes, it is important that the reaction 
proceed in the heterogeneous reaction region, so as to 

35 avoid the formation of submicron, large surface area, 
fluffy silicon powder or dust. While the heterogeneous 
reaction results in the growth of relatively large parti- 
cles by the deposit o r  plating of product silicon on sili- 
con seed particles, the present invention represents an 

40 important improvement in the heterogeneous decompo- 
sition process by enhancing such desired deposition and 
growth of silicon particles that can conveniently be 
handled and used in further processing operations and 
minimizing undesired silicon deposit on the wall of the 

45 reaction chamber and undesired formation of silicon 
dust. It will be appreciated by those skilled in the art 
that the capacitive electrical heating process and opera- 
tion of the present invention can be employed in a vari- 
ety of other known fluidized bed reactions, being partic- 

50 ularly desirable for such reactions in which it may be 
advantageous to heat the fluidized particles to a higher 
temperature than the surrounding environment within 
the reaction zone. 

It is within the scope of the invention to position 
55 dielectric coated electrodes in any convenient, spaced- 

apart position within the fluidized bed reaction zone. In 
addition to the illustrated embodiment, therefore, two 
or more dielectric coated electrodes may be positioned 
internally within said reaction zone, and it is possible to 

60 arrange such electrodes in a variety of convenient con- 
figurations within the bed. For example, a grid arrange- 
ment of dielectric coated rods or tubes may be em- 
ployed to form the spaced apart electrodes needed for 
the addition of electrical energy to the fluidized bed. 

65 The A.C. voltage potential applied between the 
spaced-apart dielectric coated electrodes is sufficient to 
create electrical currents through the individual solid 
particles within the fluidized bed at the imposed electri- 
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cal frequency. The voltage potential and the frequency 
of the A.C. electrical energy source will be understood 
to depend, in any given application, on the combination 
of the dielectric coating of the electrodes and the elec- 
trical characteristics of the fluidized bed employed in 
that application. Likewise, the material and thickness of 
the dielectric coating will be understood to be a func- 
tion of the particular design applied and to be related to 
the particular electrical energy source employed. While 
the invention has been described above with reference 
to preferred embodiments in which a dielectric coating 
is employed on both spaced-apart electrodes, it is also 
within the scope of the invention to employ such a 
coating on only one of the electrodes. When the reac- 
tion chamber wall is to be used as an electrode, it is 
desirable, in the silicon production application, that said 
wall be coated with the dielectric coating for the reason 
indicated below. In preferred embodiments, both the 
reactor wall and the electrode positioned within the 
fluidized bed will be coated with a suitable dielectric 
coating. The various operating and apparatus parame- 
ters are not limited to any particular values, however, 
and the design values associated with a given applica- 
tion can be approximated by considering the system as 
the equivalent of an electrical circuit of one or more 
capacitors, Le., dielectric coated electrodes, and a series 
connected equivalent resistance of the fluidized bed 
between such capacitors. Such analysis of the electrical 
circuit is consistent with standard electrical engineering 
technology. 

Any dielectric coating material, e.g., aluminum oxide 
or quartz, available in the art and suitable for use under 
the operating conditions of a given application may be 
employed to coat the spaced-apart conductive elec- 
trodes of the invention. As will be appreciated by those 
skilled in the art, the term “dielectric,” as used herein, 
means an electrical insulation, or nonconductive, mate- 
rial regardless of its electrical permitivity. The coating 
of the wall of the reaction chamber with a high purity 
quartz coating has the additional benefit, in the fluidized 
bed production of high purity polycrystalline silicon, of 
minimizing contamination of the silicon product. It will 
be readily understood by those skilled in the art that 
high purity quartz for such application will comprise an 
available grade of requisite purity such that the coating 
of such quarts does not impart undesired impurities to 
the silicon being formed in the fluidized bed reaction 
zone. The capacitive coupling of the electrical energy 
source to the particles in the fluidized bed by use of the 
dielectric coated electrode surfaces serve not only to 
impose uniform potential gradients throughout the bed, 
but to maintain the high purity conditions required for 
the productin of ultrapure silicon product. 

The size of the seed particles comprising the fluidized 
bed ate not critical to the invention per se and may be 
maintained within the normal limits commonly em- 
ployed in the various fluidized bed applications known 
in the art. In the Ling Patent, US. Pat. No. 3,012,861, 
the use of elemental silicon Darticles sized to -20 +25 
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mesh was disclosed. In the Bertrand, et al. patent, U.S. 60 
Pat. No. 3,012,862, high-purity silicon was said to be 
sized to, for example, -40 + 100 mesh, or -60 + 100 
mesh. The pure silicon formed during the silane decom- 
position reaction causes the particles to grow or in- 
crease in size to the point where they no longer effec- 65 
tively fluidize at the prevailing gas velocities. The non- 
fluidizable silicon particles, upon reaching such size 
limit, can be continuously removed from the reaction 

8 
chamber. While the fluidized bed processing conditions 
for the practice of the invention are not limited relative 
to particle or gas characteristics, it is generally pre- 
ferred that the fluidization conditions employed be such 
that the suspended bed particles are only slightly above 
the minimum fluidization condition for any given appli- 
cation. The resulting relatively high particle density of 
the fluidized bed improves the effectiveness of the addi- 
tion of electrical energy to the reaction zone by the 
means of the present invention. Additionally, such con- 
dition minimizes any diffusion or homogeneous reaction 
effects within the gas phase in that large gas voids or 
bubbles are minimized. Since the heat transfer into the 
fluidized bed is directly through the particles them- 
selves, it is not necessary for the bed to be violently 
agitated in order to transfer heat uniformly through the 
bed. In addition, the relatively moderate solid particle 
agitation possible and preferred in embodiments of the 
invention are advantageous in that the newly deposited 
silicon on the particle surface is not subjected to severe 
mechanical forces that might serve to erode the parti- 
cle. 

In the advantageous use of the present invention in 
the fluidized bed production of silicon, any suitable 
silicon-containing gas stream capable of being thermally 
pyrolyzed or reduced in the gas phase may be used as 
the feed gas to the fluidized bed. Illustrative of the gases 
that may be employed are silane and the halosilanes of 
chlorine, bromine and iodine. While the chlorosilanes, 
such as trichlorosilane, tetrachlorosilane and dichlorosi- 
lane, may thus be employed, particular advantages are 
realized through the use of silane, i.e., SiH4, as the 
source of high purity silicon. The exothermic silane 
pyrolysis reaction goes to completion, is irreversible 
and starts at a somewhat lower temperature, Le., about 
390” C., than the chlorosilanes. In addition as noted 
above, silane and its decomposition products, Le., sili- 
con and hydrogen, are noncorrosive and nonpolluting. 
The by-product hydrogen generated upon decomposi- 
tion of silane may be used as a carrier gas, recirculated 
as a preheater gas, bottled or sold, recycled for use in 
the overall process for producing high purity silicon 
from metallurigical grade silicon. The chlorosilane de- 
composition, on the other hand, is a reversible and in- 
complete reaction and both the chlorosilanes and their 
decomposition by-products are corrosive in nature. The 
overall advantages of utilizing silane are accompanied 
by some disadvantages as will be appreciated by those 
skilled in the art, however, namely in the spontaneous 
combustion of silane with air and in the higher current 
price of silane compared to that of the chlorosilanes. 

The silicon-containing gas can be introduced into the 
fluidized bed reaction zone, generally from the bottom 
thereof in accordance with conventional practice, as 
essentially 100% silicon-containing gas without dilution 
or said gas may be diluted with inert carrier or fluidiz- 
ing gases, such as argon, helium or  the like, or with 
hydrogen, or with other silicon-containing gases. For 
optimum product and production control, it may be 
desirable to dilute the silane or other silicon-containing 
gas with a suitable carrier gas prior to injection into the 
fluidized bed. In the decomposition of silane, by-pro- 
duct hydrogen, as previously noted, can be recycled for 
use as a carrier gas for additional quantities of silane 
feed gas in the semicontinuous or continuous operations 
desirably carried out in a fluidized bed heated by the 
capacitive electrical heating of the invention. 



4,292,344 
9 

The silicon-containing gas is introduced into the flu- 
idized bed reaction zone maintained at a temperature 
within the decomposition temperature range of the 
particular silicon-containing gas employed and below 
the melting point temperature of silicon, Le., about 
1420" C. For efficient heterogeneous decomposition of 
the feed gas, with resultant deposit of high purity silicon 
preferentially in the hot solid feed particles heated by 
capacitive heating, it is desirable to employ a tempera- 
ture within the range of from about 390" C. to about 
1400" C. Preferable temperatures are in the range of 
from about 550" C. to about 1000" C. 

Those skilled in the art will appreciate that the partic- 
ular processing and equipment limitations employed in 
any given application will depend upon the overall 
system and desired operation conditions for that appli- 
cation. For the silane pyrolysis application, the pre- 
ferred dielectric coating is high purity quartz that re- 
duces the potential for impurity contamination of the 
silicon product. In experimental runs demonstrating the 
feasibility of imparting heat to the fluidized bed by 
means of the invention, it was indicated that suitable 
coating thicknesses will range from about 0.05 to about 
10 mils, with from about 0.1 to about 1.0 mils being 
generally preferred. The electrical power source must 
be alternating current with the frequency ranging from 
as low as about 1 kilo Hz up to about 5 mega Hz., with 
the preferred frequency range appearing to be from 
about 10 to about 500 kilo Hz under the conditions 
employed. The applied voltage potential for the silane 
decomposition application is generally believed to be 
between about 10 to about lo00 volts in experimental 
runs under conditions as described above and employ- 
ing 2 to 6 inch diameter reactors. The voltage level 
employed will generally increase with the reactor diam- 
eter size. 

It should be noted that the capacitively coupled heat- 
ing of the invention and conduction heating can occur 
in the same reactor configuration. A voltage applied 
directly across the fluidized bed causes a current to flow 
through the particles in the bed. At  particle contact 
points, a concentration of current occurs, dissipating 
relatively large amounts of heat. A principal difference 
in heaing effect between conduction and capacitive 
heating resides in the electrical frequency used. At low 
frequencies, or with the use of a D.C. potential, conduc- 
tion heating occurs due to arcing in the contact zone. At 
higher frequencies, such as those disclosed above, ca- 
pacitive effects pertain, .reducing or minimizing the 
arcing that occurs in conductive heating and achieving 
heat dissipation predominantly within the particles 
themselves rather than in the gaps existing therebe- 
tween. In this manner, the resulting heat flow passes 
from the individual particles to the surrounding gas 
within the fluidized bed, with the individual particles 
thus constituting the hottest portion of the fluidized bed 
reaction zone. 

The exact nature of the particle contact region is less 
important in a fluidized bed heated by capacitive heat- 
ing than in a fluidized bed heated by conventional 
means. The fact that contact between the particles and 
the conducting electrodes is not necessary represents a 
further significant advantage of capacitive heating. This 
circumstance enables the wall of the reaction chamber 
being used as an electrode to nevertheless be coated 
with a dielectric coating of high purity quartz or other 
suitable, inert insulating material as will be employed 
preferably in practical commercial applications of the 

10 
invention. The process and apparatus of the invention 
can be employed also in embodiments in which it is 
desired to blow a gas through porous reaction chamber 
wall to avoid particle-wall contact. 

The ability of the capacitive heating technique to 
furnish heat effectively to a fluidized bed was demon- 
strated in tests employing a steel reaction column con- 
taining 350 cc of -35 $60 mesh, U.S. Sieve Series, 
silicon particles having a height of 6.2" fluidized at a 

10 minimum fluidization pressure of 9.2" H20. For conve- 
nience in the test run, the wall of the reaction chamber 
was not coated with a dielectric coating although the 
coating of the wall would be preferred in practical 
commercial operations as indicated above. The spaced- 

15 apart electrode positioned within the fluidized bed in 
the column was flame sprayed with a alumina dielectric 
coating having an average thickness of 2.5 mil, but of 
somewhat irregular depth. An A.C. voltage of 44 volts 
was applied between the spaced apart electrodes at a 

20 frequency of 75 kilo Hz. Nitrogen gas fed to the fluid- 
ized bed reaction zone was at an inlet temperature of 
487" C. The chamber wall reached a temperature of 
773" C .  The temperature of the solid particles in the bed 
was 785" C., so that heat dissipation was predominately 

25 from within the particles themselves, creating the 
highly desirable temperature profile in which the parti- 
cles themselves constitute the hottest portion of the 
fluidized bed. 

The use of silicon for electronic applications requires 
30 the production of ultra-high purity silicon material. For 

use in semiconductors, it is common to require silicon 
material with impurity levels of less than 1 ppb, i.e., less 
than one part per billion. Continuing advances in the 
electronics industry and the development of many new 

35 products in this field have led to an expanding market 
for ultra-high purity silicon. High purity silicon is also 
required for the fabrication of solar cell arrays, as dis- 
cussed above, for the direct conversion of sunlight to 
electricity. For  all such applications, improvements in 

40 existing silicon technology are urgently needed to 
achieve enhanced silicon purity and quality while, at 
the same time, reducing the cost of such silicon to en- 
hance the overall technical-economic feasibility of its 
use in practical commericial applications. The produc- 

45 tion of high purity polycrystalline silicon on a continu- 
ous or semicontinuous basis, by use of a fluidized bed 
reaction zone, is an important aspect of the overall 
processing to produce ultra-high purity, single crystal 
silicon from metallurgical grade silicon. The present 

50 invention serves to enhance the heterogeneous decom- 
position of the silicon-containing gas on the silicon seed 
particles in the bed, minimizing undesired homogeneous 
decomposition and formation of silicon powder or dust 
and undesired silicon deposition on the wall of the reac- 

55 tion zone. By enabling heat dissipation predominantly 
from the particles themselves so that the particles them- 
selves are the hottest portion of the fluidized bed reac- 
tion zone, the invention achieves the highly desirable 
benefits in an economically attractive manner so as to 

60 both overcome the disadvantages and to enhance the 
advantages inherent in conventional fluidized bed sili- 
con production operations. The invention more broadly 
enhances fluidized bed operations by promoting desired 
heterogeneous reactant decomposition on the surface of 

65 the seed particles in the fluidized bed. The invention 
thus represents a highly significant improvement in 
fluidized bed processing and in the development of 
low-cost silicon materials for use in solar cell applica- 

5 
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tions and in satisfying the requirements for high purity 
silicon for semiconductor applications. 

produced at relatively high production rates on a 
semicontinuous or continuous basis, the heat flow 

What is claimed is: within said reaction zone passing from the individ- 
1. An improved process for the heating of particles ual particles to the surrounding gas within the flu- 

suspended in a surrounding gas flow in a fluidized bed 5 idized bed and then exiting through the wall of the 
reaction zone comprising applying an A.C. voltage reaction zone or with said fluidizing vapor and 
potential between spaced-apart electrodes positioned in by-product gases, the individual silicon particles 
contact with said fluidized bed, at least one of said elec- thus being the hottest portion of the reaction zone, 
trodes having a dielectric coating thereon, said voltage thereby enhancing the heterogeneous depositing of 
potential and the electrical frequency being sufficient to 10 silicon on the seed particles and minimizing unde- 

sired coating of silicon on the wall of the reaction create electrical currents through the individual solid 
particles such that heat is dissipated predominantly zone and the homogeneous formation of fine sili- 

con powder within said reaction zone. within the individual particles, whereby the resulting 
heat flow passes from the individual particles to the ll. The process of claim in which said decomposi- surrounding gas within the fluidized bed and then exits 15 tion temperature is from about 390" c, to about 14000 c. 

12. The process of claim 11 in which said decomposi- through the walls of the reaction zone or with the gas 
flow from said zone, the individual particles thus consti- tion temperature is from about 550" C. to about 1000" C. tuting the hottest portion of said fluidized bed reaction 13. The process of claim 10 in which said silicon-con- zone. 

tial is applied between one said electrode positioned in 
2. The process of claim 1 in which said voltage poten- 20 taining gas is taken from the group Of 

and halo-silanes. 
the interior of the fluidized bed and the wall of the 
reaction zone, said wall serving as a separate said elec- 

14. The process Of Claim 13 in which said gas COm- 
prises said by-product gas being hydrogen* 

trode. 15. The process of claim 13 in which said gas com- 
3. The process of claim 1 in which both of said elec- 25 Prises trichlorosilane. 

trodes comprise dielectric coated electrodes. 16. The process of claim 13 in which said gas com- 
4. The process of claim 1 in which said voltage poten- Prises dichlorosilane. 

tial is applied across two electrodes both of which are 17. The Process of claim 13 in which said gas corn- 
positioned within said fluidized bed. prises tetrachlorosilane. 
5. The process of claim 1 in which said voltage is 30 18. The process of claim 14 in which said silane is 

applied across a grid of said electrodes. diluted with hydrogen or an inert carrier gas prior to 
6. The process of claim 1 in which said particles are being introduced to said reaction zone. 

suspended at slightly above minimum fluidization con- 19. The process of claim 18 in which said carrier gas 
ditions. comprises hydrogen. 

20. The process of claim 19 and including recycling 
tial is applied between the walls of a dielectric coated by-product hydrogen as said carrier gas. 
cylindrical reaction zone comprising one electrode and 21. The process of claim 10 in which said voltage 
an internal, centrally located electrode. potential is applied between one said electrode posi- 

8. The process Of claim 7 in which said internal elec- tioned in the interior of the fluidized bed and the wall of 
trode comprises a dielectric coated electrode. 40 the reaction zone, the interior side of said wall being 

9. The Process of claim 3 in which said coating corn- coated with a dielectric coating, said dielectric coated 
prises high purity quartz. wall serving as one said electrode. 

10. An improved Process for the Production of high 22. The process of claim 21 in which said dielectric 
purity, polycrystalline silicon in a fluidized bed reaction coating comprises high purity quartz, said quartz mini- 
zone comprising: 45 mizing environmental contamination of the silicon 

(a) introducing a silicon-containing gas capable of gas product. 
phase decomposition into a fluidized bed of silicon 23. The process of claim 21 in which said gas 
seed particles in a reaction zone maintained within prises silane, said by-product gas being hydrogen. 

7. The process of claim 1 in which said voltage poten- 35 

the decomposition temperature range Of said gas 24. The process of claim 10 in which said voltage 
and the point temperature Of 50 potential is applied two electrodes both of which 

are positioned within said fluidized bed. said decomposition temperature being maintained 
by applying an A.C. voltage potental between 25. The process of claim 10 in which said voltage is . spaced-apart electrodes positioned in contact with applied across a grid of said electrodes. said fluidized bed, at least one of said electrodes 
having a dielectric coating thereon, said voltage 55 26. The process of claim 21 in which said electrode 
potential and the electrical frequency being suffi- positioned in the interior of the fluidized bed comprises 
cient to create electrical currents through the indi- a coated 
vidual solid particles in said fluidized bed, with the 27. The process of claim 10 in which said particles are 
heat dissipated said individual particles suspended at slightly above minimum fluidization con- 
being the predominant heat dissipated in said fluid- 60 ditions, the resulting relatively high particle density in 
ized bed; the fluidized bed enhancing the capacitive electrical 

(b) removing unreacted fluidizing vapor and reaction heating of the fluidized bed. 
by-product gases from said fluidized bed reaction 28. The process of claim 26 in which said dielectric 
zone; and coating comprises high purity quartz. 

(c) withdrawing said particles having silicon product 65 29. The process of claim 28 in which said coating has 
deposited thereon from said reaction zone, a thickness of from about 0.05 to about 10 mils. 
whereby silicon is recoverable as low-cost, high 30. The process of claim 29 in which said coating 
purity polycrystalline product capable of being thickness is from about 0.1 to about 1.0 mils. 
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31. The process of claim 28 in which said A.C. cur- 
rent has a frequency of from about 1 kilo Hz to about 5 
mega Hz. 

32. The process of claim 31 in which said frequency is 
from about 10 to about 500 kilo Hz. 

33. In a fluidized bed reaction chamber for the heat- 
ing of particles suspended in a surrounding gas flow, an 
improved apparatus for supplying heat to said chamber 
comprising: 

coated wall serving as a separate electrode, one of said 
connection leads thus being connected to said dielectric 
coated reaction chamber wall. 

35. The apparatus of claim 34 in which said dielectric 
5 coating comprises high purity quartz. 

36. The apparatus of claim 33 in which two elec- 
trodes are positioned within said fluidized bed zone of 
the reaction chamber. 

37. The apparatus of claim 33 in which said electrodes 
(a) an A.C. power supply for supplying electrical 10 comprise a grid of individual electrodes positioned 

power to said chamber; within said reaction zone. 
(b) spaced-apart electrodes positioned so as to contact 38. The apparatus of claim 34 in which said electrode 

said fluidized bed zone within the reaction cham- positioned in the interior of said fluidized bed comprises 
ber, at least one of said electrodes having a dielec- a dielectric coated electrode. 
tric coating thereon; and 39. The apparatus of claim 34 in which said reaction 

(c) electrical connection leads connecting said A.C. chamber coprises a cylindrical reaction chamber and 
power supply to said electrodes, said electrode positioned in the interior of the fluidized 

whereby the activation of the power supply applies an bed is centrally located within the reaction chamber. 
alternating voltage potential between the spaced-apart 40. The apparatus of claim 38 in which said dielectric 
electrodes positioned within the fluidized bed, causing 20 coating comprises high purity quartz. 
the fluidized particles in the bed to be heated, the result- 41. The apparatus of claim 38 in which said dielectric 
ing heat passing from the individual particles to the coating has a thickness of from about 0.05 to about 10 
surrounding gas and through the walls of the reaction mils. 
zone or with the gas flow from said zone, the individual 42. The apparatus of claim 41 in which said dielectric 
particles thus constituting the hottest portion of the 25 coating thickness is from about 0.1 to about 1.0 mils. 
heated fluidized bed reaction chamber. 43. The apparatus of claim 41 in whcih said dielectric 

34. The apparatus of claim 33 in which one said elec- 
trode is positioned in the interior of the fluidized bed 44. The apparatus of claim 41 in which said dielectric 
and including a dielectric coating on the inside portion 
of the wall of the reaction chamber, said dielectric 30 

15 

coating comprises high purity quartz. 

coating comprises aluminum oxide. * * * * *  
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