
FLUID BED REACTOR CROSS REFERENCE TO RELATED APPLICATION           This
claims the benefit of U.S. Provisional Application No. 61/262,401, filed
5November 18, 2009, which is incorporated herein by reference. FIELD
The present disclosure relates to pyrolytic decomposition of a
silicon-bearing gas in a fluidized bed to produce silicon-coated particles.
10 BACKGROUND       Pyrolytic decomposition of silicon-bearing gas in
fluidized beds is an attractive process for producing polysilicon for the
photovoltaic and semiconductor industries due to excellent mass and heat
transfer, increased surface for deposition, and continuous production. 15
Compared with a Siemens-type reactor, the fluidized bed reactor offers
considerably higher production rates at a fraction of the energy
consumption. The fluidized bed reactor can be continuous and highly
automated to significantly decrease labor costs.       A common problem in
fluidized bed reactors is fouling of the nozzle and surrounding reactor
walls as silicon deposits form around the nozzle opening and on the walls.
Silicon- 20 bearing gas also may decompose and deposit silicon within the
nozzle if the temperature is sufficiently high. Another common problem is
contamination of the fluid bed at high operating temperatures by materials
used to construct the reactor. For example, nickel has been shown to
diffuse into a silicon layer from the base metal in high-nickel alloys.
25SUMMARY       Fluidized bed reactor systems for production of high purity
silicon-coated particles are disclosed. Disclosed embodiments of fluidized
bed reactor systems reduce fouling of the nozzle opening and reactor walls
compared to earlier designs. Disclosed embodiments of the fluidized bed
reactor systems also include a removable liner and an optional removable
30sleeve constructed of materials that reduce contamination of particles in
the fluid bed.  WO 2011/063007PCT/US2010/057058       One system comprises
a vessel defining a reaction chamber. The vessel has an outer wall, an
insulation layer that is adjacent to an inner surface of the outer wall, a
plurality of heaters positioned alongside and radially inwardly of the
insulation layer and spaced concentrically around the insulation layer, and
a removable, generally cylindrical liner 



5positioned inwardly of the plurality of heaters, wherein the liner defines
a chamber that contains a plurality of seed particles and/or silicon-coated
particles. The system further includes a central inlet nozzle, a plurality
of fluidization nozzles, at least one cooling gas nozzle positioned below
the plurality of fluidization nozzles, and at least one outlet through a
lower surface of the chamber wall for silicon product removal.
10Advantageously, the liner is made of a high temperature alloy. In certain
systems, the system also includes a removable, generally cylindrical sleeve
positioned concentrically and adjacent to an inner surface of the removable
liner. The sleeve may be made of non-contaminating materials including, but
not limited to, quartz, silicon, low-nickel alloy, high-temperature alloy,
cobalt alloy, silicon nitride, graphite, silicon carbide, molybdenum, or a
15molybdenum alloy. In some systems, the sleeve comprises a plurality of
joined sections. The insulation layer also may comprise a plurality of
joined sections.       In some systems, a liner expansion device is
attached to an upper edge of the liner, wherein the liner expansion device
compresses upon thermal expansion of the liner. The liner expansion device
may be corrugated metal or a wave spring. In certain systems 20comprising a
sleeve, a sleeve expansion device is attached to an upper edge of the
sleeve, wherein the sleeve expansion device compresses upon thermal
expansion of the sleeve. The sleeve expansion device may be a wave spring.
In certain systems, generally cylindrical array of radiant heaters are
positioned between the insulation layer and the liner. In some systems, the
radiant heaters are spaced 25roughly equidistant from one another to
provide substantially uniform heating of the liner. In particular systems,
the components of the reactor are composed and positioned such that, during
operation, the outer wall has an external temperature less than 150 F (65
C).       In particular systems, the central inlet nozzle has an upper
opening positioned to inject a primary gas upwardly into the reactor
chamber. The nozzle has a tubular inner wall and a 30tubular outer wall
positioned concentrically around the inner wall such that the primary gas
flows through a center region defined by the inner wall and a secondary gas
flows through an  WO 2011/063007PCT/US2010/057058 annular region defined by
the inner wall and the outer wall. Advantageously, the annular region has a
width at its upper opening that is smaller than the seed particles. In some
systems, central inlet nozzle has a diameter at its upper opening of X, and
the annular region has a width of 0.02X at its upper opening. 



5The primary gas typically comprises a silicon-bearing gas in combination
with hydrogen and/or an inert gas, and the secondary gas has substantially
the same composition as the hydrogen and/or inert gas. In certain systems,
the primary gas comprises silane and hydrogen in a ratio from 1:1 to 9:1 by
volume. In particular systems, the secondary gas flow facilitates formation
of a primary gas vertical plume centrally in the reactor chamber such
10that silicon deposition on the upper opening of the central inlet nozzle
and the chamber walls is substantially avoided.       In certain systems,
the plurality of fluidization nozzles surround and are laterally displaced
from the central inlet nozzle. In some systems, the fluidization gas has
substantially the same composition as the hydrogen and/or inert gas. In
particular systems, 15the central inlet nozzle is insulated to maintain the
primary gas at a temperature lower than its decomposition temperature.
The foregoing will be better understood from the following detailed
description, which proceeds with reference to the accompanying drawings.
20BRIEF DESCRIPTION OF THE DRAWINGS FIG. lA is a schematic cross-sectional
elevational view of a fluidized bed reactor. FIG. 1B is an enlarged view of
a portion of FIG. 1A.       FIG. 2 is a schematic cross-sectional view
taken along line 2-2 of FIG. 1, depicting the bottom head of the reactor.
25FIG. 3 is a schematic elevational view of the insulation layer of the
reactor of FIG. 1. FIG. 4 is an enlarged schematic oblique view of a
portion of the insulation layer of FIG. 3.         FIG. 5 is an enlarged
schematic cross-sectional elevational view of a portion of the reactor of
FIG. 1, depicting an outer wall, an insulation layer, a liner with a liner
expansion 30device, and a sleeve.  WO 2011/063007PCT/US2010/057058
FIG. 6 is an enlarged schematic cross-sectional view taken along line 6-6
of FIG. 7A, depicting a gas nozzle of the reactor of FIG. 1. 



FIG. 7A is a schematic cross-sectional elevational view of an upper portion
of the nozzle of FIG. 6. 5FIG. 7B is a schematic cross-sectional view taken
along line 7B-7B of FIG. 7A.       FIG. 8 is a schematic elevational
cross-sectional view of a lower portion of the nozzle of FIG. 6.
FIG. 9 is a schematic cross-sectional view taken along line 9-9 of FIG. 1,
depicting a 10plurality of radiant heaters. DETAILED DESCRIPTION Disclosed
herein are fluidized bed reactor systems for the formation of polysilicon
by pyrolytic decomposition of a silicon-bearing gas and deposition of
silicon onto fluidized 15silicon particles or other seed particles (e.g.,
silica, graphite, or quartz particles). Also disclosed are methods for
operating the fluidized bed reactor systems. Silicon is deposited on
particles in a reactor by decomposition of a silicon-bearing gas selected
from the group consisting of silane (SiH4), disilane (Si2H6), higher order
silanes (Si11H211+2), dichlorosilane (SiH2C12), trichlorosilane (SiHC13),
silicon tetrachloride (SiC14), 20dibromosilane (SiH2Br2), tribromosilane
(SiHBr3), silicon tetrabromide (SiBr4), diiodosilane (SiH2I2),
triiodosilane (SiHI3), silicon tetraiodide (SiI4), and mixtures thereof.
The silicon-bearing gas may be mixed with one or more halogen-containing
gases, defined as any of the group consisting of chlorine (C12), hydrogen
chloride (HC1), bromine (Br2), hydrogen bromide (HBr), iodine (I2),
hydrogen iodide (HI), and mixtures thereof. The silicon-bearing 25 gas may
also be mixed with one or more other gases, including hydrogen (H2) or one
or more inert gases selected from nitrogen (N2), helium (He), argon (Ar),
and neon (Ne). In particular embodiments, the silicon-bearing gas is
silane, and the silane is mixed with hydrogen.       The silicon-bearing
gas, along with any accompanying hydrogen, halogen-containing gases and/or
inert gases, is introduced via a nozzle into a fluidized bed reactor and
thermally 30decomposed within the reactor to produce silicon which deposits
upon seed particles inside the reactor. 



WO 2011/063007PCT/US2010/057058       Fouling of the nozzle and surrounding
reactor walls may occur as silicon deposits form around the nozzle opening
and on the walls. Silicon-bearing gas also may decompose and deposit
silicon within the nozzle if the temperature is sufficiently high. As
discussed in U.S. Patent No. 5,810,934, which is incorporated herein by
reference, 5it is helpful to heat the silicon seed and other silicon bed
particles to a higher temperature than the reactor wall to reduce wall
deposits. One method is to provide much of the heat at or close to the
interface of a silane inlet nozzle with the hot silicon particles. The
particles quickly heat up the incoming gas, but are cooled themselves. It
is desirable to reheat the particles as close to the inlet nozzle as
possible to keep the particle temperature high in the 10area surrounding
the nozzle opening where the silicon-bearing gas concentration is the
highest and most of the decomposition and deposition take place. However,
care should be taken to avoid overheating the incoming silicon-bearing gas
prior to its contact with the hot particles to minimize wall deposits
within the inlet nozzle. 15 I.Fluidized Bed Reactor       FIG. lA is a
schematic overview of a fluidized bed reactor 10 for production-coated
particles. FIG. 1B is an enlarged view of a portion of FIG. 1A.
Silicon-coated particles are grown by pyrolytic decomposition of a
silicon-bearing gas within reactor chamber 15 and deposition of silicon
onto particles within a fluidized bed. The illustrated reactor 10 is
20particularly well suited for silicon production by the pyrolytic
decomposition of silane. Initially the deposition is onto small seed
particles. Deposition continues until particles are grown to a size
appropriate for commercial use, whereupon the grown particles are
harvested.       Seed particles may have any desired composition that is
suitable for coating with silicon. Suitable compositions are those that do
not melt or vaporize, and do not decompose 25or undergo a chemical reaction
under the conditions present in the reactor chamber. Examples of suitable
seed particle compositions include, but are not limited to, silicon,
silica, graphite, and quartz. Seed particles may have any desired
morphology. For example, the seed particles may be spheres, elongated
particles (e.g., rods, fibers), plates, prisms, or any other desired shape.
Seed particles also may have an irregular morphology. Typically seed
30particles have a diameter in the largest dimension of 0.1-0.8 mm, such as
0.2-0.7 mm or 0.2- 0.4 mm. 



WO 2011/063007PCT/US2010/057058       A solitary central inlet nozzle 20 is
provided for injection of a primary gas through a central passageway 22 and
a secondary gas through an annular passageway 24 surrounding central
passageway 22. Some systems may include a plurality of inlet nozzles (not
shown). The primary gas is silicon-bearing gas or a mixture of
silicon-bearing gas, hydrogen and/or 5an inert gas (e.g., helium, argon).
The primary gas also may include a halogen-containing gas. The secondary
gas typically has substantially the same composition as the hydrogen and/or
inert gas in the primary gas mixture. In particular arrangements, the
primary gas is a mixture of silane and hydrogen, and the secondary gas is
hydrogen. In another system (not shown), a primary gas nozzle is provided
for injection of the 10silane. Surrounding the primary gas nozzle is a
plurality of secondary gas nozzles. Typically, six secondary gas nozzles
are arranged in an array surrounding and spaced laterally from the primary
gas nozzle. In some systems (not shown), the reactor includes a plurality
of silane nozzles, e.g., three silane nozzles with each silane nozzle
surrounded by six secondary gas nozzles. In such systems, the plurality of
silane nozzles typically are arranged 15in an array surrounding and spaced
laterally from a central location within the reactor; in certain systems,
one of the silane nozzles may be positioned at the central location.
The reactor 10 extends generally vertically, has a central axis A1, and may
have cross-sectional dimensions that are different at different elevations.
The reactor shown in FIG. 1 has five regions I-V of differing
cross-sectional dimensions at various elevations. The 20 reaction chamber
may be defined by walls of different cross-sectional dimensions, which may
cause the upward flow of gas through the reactor to be at different
velocities at different elevations. Reactor 10 further includes a plurality
of fluidization gas nozzles 40. Additional hydrogen and/or inert gas can be
delivered into the reactor through the fluidization nozzles 40 25to provide
sufficient gas flow to fluidize the particles within the reactor bed. In
operation, the fluidized bed is maintained in regions III-IV. The flow rate
through the fluidization nozzles 40 can be adjusted to maintain the profile
of the bed as the mean particle diameter of the silicon-coated particles
changes and/or the fluidization conditions change. The fluidization 



gas typically has substantially the same composition as the
non-silicon-bearing gas in the 30 primary gas mixture.  WO
2011/063007PCT/US2010/057058 Also provided are a sample nozzle 50 through
which product is sampled and one or more pressure nozzles 60 for monitoring
pressure within the reactor, which nozzles are laterally displaced from the
central inlet nozzle 20. One or more purge gas/cooling gas nozzles 70, 72
are located below the fluidization nozzles 40 and extend radially through
outer 5wall 80 and into the reactor 10.       The reactor 10 further
includes one or more heaters 100 positioned inwardly of outer wall 80 in
region IV. In some systems, heaters 100 are radiant heaters. The reactor 10
also may include an internal bed heater 90. At the outset of production and
during normal operations, seed particles are 10introduced into reactor 10
through a seed nozzle 110. Silicon-coated particles of a size distribution
with an average diameter of approximately 1 mm are harvested by removal
from reactor 10 through one or more product outlets 120. Outlet(s) 120 are
defined by surfaces coated with silicon carbide or another
non-contaminating liner/coating material to prevent surface contamination
of passing silicon-coated particles. 15A layer of insulation 130 is
positioned along the inner surface of outer wall 80. A removable,
concentric liner 140 extends vertically through regions II-V of the reactor
10. The illustrated liner is generally cylindrical, having a generally
circular cross-section. A removable sleeve 150 is positioned proximate the
inner surface of the liner 140. An expansion joint system includes a liner
expansion device 160 that extends upwardly from the 20 upper surface of the
liner 140. Liner expansion device 160 can compress to allow for thermal
expansion of the liner 140 during operation of reactor 10. A second
expansion joint system includes a sleeve expansion device 165 that extends
upwardly from the upper surface of the sleeve 150. Sleeve expansion device
165 can compress to allow for thermal expansion of the sleeve 160 during
operation of reactor 10. 25The illustrated liner 140 and sleeve 150 are
generally cylindrical, have a generally circular horizontal cross-section,
extend generally vertically through regions II-V, and define a reaction
zone. The reactor 10 is charged with seed particles through seed nozzle
110. The quantity of seed particles may vary based upon the dimensions of
the reactor. For example, a reactor having a height of 6-9 meters and a
reaction zone diameter of 40-50 cm may be 30charged with 800-1000 kg of
silicon seed particles. 



WO 2011/063007PCT/US2010/057058       Advantageously, a silicon carbide
coating or a coating of other material that does not add contamination to
the final product can be provided on all surfaces that come into contact
with silicon-coated particles to prevent surface contamination. Insulation
layer 130 thermally insulates outer wall 80 from radiant heaters 100.
5Insulation layer 130 additionally may reflect heat back to the liner 140
for improved heat transfer. In some systems, insulation layer 130 keeps the
external temperature of outer wall 80 to less than 95 C (200 F), and
advantageously to less than 65 C (150 F), thus producing a "cold wall"
reactor. FIG. 2 is a schematic cross-sectional view of one system of a
bottom head 170. In the 10system shown, three fluidization nozzles 40a-c
surround and are laterally displaced from the central inlet nozzle 20. Two
product withdrawal outlets 120a-120b, a sample nozzle 50, a pressure nozzle
60, and a thermowell 62 also are laterally displaced from and surround the
central inlet nozzle 20. A person of ordinary skill in the art understands
that other systems may include more 15 than one primary gas nozzle, each
primary gas nozzle surrounded by a plurality of secondary gas nozzles. For
example, there may be three primary gas nozzles, each surrounded by six
secondary gas nozzles. Additional fluidization nozzles also may be
included. Furthermore, there may be only one withdrawal outlet, or there
may be more than two withdrawal outlets. 20II.Insulation In particular
systems, the reactor is insulated with high efficiency, high temperature
insulation. Suitable insulation may include a high-temperature blanket,
preformed block, jacketed insulation, refractory brick, or other suitable
insulation. FIGS. 3 and 4 illustrate an advantageous construction of the
insulation layer 130. As 25shown in FIG. 3, insulation layer 130 is
constructed from three rings 133, 135, 137 of insulation. Each ring is
constructed from six substantially identical pieces or sections 132, 134,
136 that fit together to form the ring. The illustrated pieces are 60
sections of the insulation tube. The sections typically range from 2 to 3
feet in vertical length. As shown in 



detail, the vertical edges of the sections are stepped so as to fit
together in step joints 138 30when assembled to form insulation layer 130.
Ceramic fiber is placed between the sections to  WO
2011/063007PCT/US2010/057058 seal the joints. FIG. 4 is a perspective view
of a portion of insulation layer 130, which illustrates a step joint 138a
between sections 134a, 134b. In some systems, the annular space between
insulation 130 and liner 140 can be purged with nitrogen to ensure that
reactive gases do not enter the annular space. When 5 hydrogen is used in
the reactor, purging with nitrogen also can improve the performance of the
insulation by excluding the highly thermally-conductive hydrogen from the
interstices of the insulation. III.Liner and Sleeve 10A.Liner With
reference to FIG. 1, a removable, concentric liner 140 extends vertically
through sections II-V of reactor 10. The illustrated liner is generally
cylindrical with a generally circular cross-section. The liner can be
constructed from any suitable material that can tolerate the conditions
within reactor 10 and is well-suited to the high temperatures utilized to
15transfer heat into the fluid bed. The liner is constructed from materials
that will not contaminate the silicon product particles and are suitable
for tolerating the temperature gradients associated with heating the fluid
bed and cooling the product. Suitable materials include, but are not
limited to, high-temperature metal alloys such as INCOLOY(r) alloys,
INCONEL(r) alloys, and cobalt alloys (e.g., RENE(r) 41). The liner can be
of different material 20than the reactor vessel. Because the pressures
internal and external to the liner are similar, the liner can be thin. In
some systems, the liner has a thickness of 5-10 mm, such as 6-8 mm.
If a removable sleeve 150 will be used, the liner 140 can be made with a
wider variety of materials, including materials of lesser technical
sensitivity, since contamination within the reactor will be less of a
concern when a sleeve 150 is placed between liner 140 and reactor 



25 chamber 15. For example, the liner can be made of INCONEL(r) 625 (a
nickel-chromiummolybdenum alloy with smaller amounts of niobium, tantalum,
and iron). In one embodiment, an INCONEL(r) 625 liner has a thickness of 6
mm. In the system shown in FIG. 1, the liner 140 has a substantially
constant inner diameter throughout its length. In some systems (not shown),
however, region V of reactor 3010 may have a larger diameter than region
IV. In such instances, the portion of liner in region V similarly may have
a larger diameter than the portions of the liner extending  WO
2011/063007PCT/US2010/057058 through regions II-IV. The liner 140 provides
containment of the fluidized bed and separates it from the radiant heaters
100, the insulation layer 130, and the outer wall 80 of the reactor.
B.Sleeve 5In some systems, a removable sleeve 150 is provided adjacent to
the inner surface of the liner 140. Sleeve 150 protects the liner 140 from
attrition by silicon-coated particles and seed particles in the fluidized
bed and protects the particles from contamination by the liner and/or
vessel wall materials. Sleeve 150 is constructed from materials that will
not contaminate the particles. Suitable materials for sleeve 150 include,
but are not limited to, 10non-contaminating materials including, but not
limited to, quartz, silicon, low-nickel alloy, high-temperature alloy,
cobalt alloy, silicon nitride, graphite, silicon carbide, molybdenum, or a
molybdenum alloy. In particular systems, the sleeve is constructed from
silicon carbide, molybdenum, or a molybdenum alloy. In some systems, sleeve
150 includes a coating on its inner surface. Suitable materials for the
coating include, but are not limited to, quartz, 15silicon, silicon
carbide, molybdenum, low-nickel alloys, cobalt, tungsten, silicon nitride,
and graphite.       In some arrangements, sleeve 150 typically is
constructed in sections, similar to insulation layer 130; the sections are
joined with step joints, and the joints are sealed with ceramic fiber,
cement, or high-temperature polymer sealant. In other arrangements, the
20sleeve can be constructed as a monolith. The sleeve preferably can
sustain a temperature of 



1600F (870C) and maintain stability.       Molybdenum has exceptional
properties, including high corrosion resistance, low thermal expansion,
excellent strength and stiffness at high temperature, excellent thermal
conductivity, and ductility. Typical properties of pure molybdenum are
shown in Table 1 25 below: Table 1 Molybdenum Properties Density (20C)
10.28 g/cm3 Melting Point 2620C Specific Heat (20C) 0.254 J/g.K   Thermal
Conductivity 140 W/m K Recrystallization Temperature 1100C Coefficient of
Thermal Expansion 



4.9 x 10-6/C Modulus of Elasticity 46 x 106 psi  Molybdenum, however,
experiences severe oxidation at temperatures above 750F (400C). Thus,
exposure to oxygen at high temperatures is minimized. In particular
systems, the sleeve is constructed of TZM molybdenum alloy, with a
composition of 99.2-99.5 wt% 5 molybdenum, 0.5% titanium, and 0.08%
zirconium. Another suitable material is silicon carbide (SiC). Silicon
carbide also has a low thermal expansion coefficient of 2.2-2.4 x 10-6 /F,
or 3.9-4.0 x 10-6 1C. Thus, a silicon carbide sleeve may expand vertically
6 mm to 13 mm as the reactor is heated. Silicon carbide, however, is less
robust than molybdenum and its alloys, and may be more prone to 10breakage.
Sleeve 150 may be constructed in sections, similar to insulation layer 130.
The sections are joined with step joints. Joining can be performed by any
suitable method, including riveting and welding. For example, the sections
may be riveted with molybdenum rivets spaced approximately 2 cm apart. In
some systems, the seams subsequently are 15sprayed with molybdenum for
improved leak resistance. Riveting is preferred over welding because
welding typically produces weaker joints.       If welding is utilized, it
is performed in a vacuum environment or argon atmosphere to prevent
oxidation and maintain the desired molybdenum properties. To maintain
ductility at the weld, no contact with air should occur. Before welding,
all parts are meticulously 20 cleaned and preheated.       In some systems,
the sleeve 150 is fabricated from multiple layers of molybdenum or TZM
molybdenum alloy plates (e.g., 0.6-mm to 3-mm thick plates) laminated
together. For example, 2-5 layers may be laminated together. In a
particular arrangement, four layers are laminated to produce a sleeve
having a thickness of 3.2-6.4 mm. When constructed in layers, 



25the layers are offset such that any joints between the plates in adjacent
layers do not overlap.  WO 2011/063007PCT/US2010/057058 IV.Outer Wall to
Sleeve Configuration       FIG. 5 is a schematic diagram illustrating one
system of a reactor configuration from outer wall 80 to sleeve 150.
Insulation layer 130 is disposed adjacent to outer wall 80 and maintained
in position between an insulation support ring 210 and a lower seal ring
220. The 5 liner 140 is positioned inwardly of insulation layer 130 and is
supported by the lower seal ring 220. A flange 225 is provided between the
liner 140 and the seal ring 220. In some systems, flange 225 is a gasketed
seal. The sleeve 150 is positioned inwardly of the liner 140. There is a
narrow annular gap, e.g., 1.5 mm, between the liner 140 and sleeve 150 to
allow for horizontal thermal expansion. The radiant heaters (not shown) are
disposed 10between insulation layer 130 and the liner 140 in region IV of
reactor 10 as illustrated in FIG. 1.       An upper guide 190 is attached
to the top edge of the liner 140. An expansion joint system includes a
liner expansion device 160 that extends between upper guide 190 and an
expansion support 200, which is attached securely to an upper seal ring
230. The expansion 15 joint system accommodates the differential expansion
of the liner 140 and the outer wall 80 of the reactor. Extending downward
from expansion support 200 is an L-shaped lower guide 205. Installation
guide 240 facilitates proper positioning of expansion support 200 and
L-shaped lower guide 205. Liner expansion device 160 is a spring-type
device having an inner diameter similar to the inner diameter of the liner
140. Liner expansion device 160 exerts a 20downward pressure on liner 140,
compressing flange 225. Liner expansion device 160 is constructed of
material suitable for withstanding the temperature and pressure conditions
within the fluidized bed reactor. For example, high-temperature,
high-strength metal alloys, including INCONEL(r) 718 (a nickel-chromium
alloy), may be suitable. In some systems, liner expansion device 160 is an
expansion joint of corrugated metal alloy. In certain 25 systems, the liner
is silicon carbide and liner expansion device 160 is a wave spring, i.e., a
coiled flat wire with waves in the wire. As compared to coil springs, wave
springs provide the same force with a significantly lower work height.
As the temperature rises within the reactor, the liner 140 expands and
liner expansion device 160 is pushed upward and compressed. For example, if
reactor has a height of 6-9 30 meters and the liner 140 comprises an
INCOLOY(r) alloy, the liner may expand 7.5-10 cm vertically when heated.
Upon cooling, the liner 140 contracts and liner expansion device 160
extends. Lower guide 205, in cooperation with upper guide 190, limits the
extension of liner expansion device 160. Liner expansion device 160 also
exerts pressure on the liner 140 and keeps it firmly sealed to lower seal
ring 220. A similar expansion joint system includes a sleeve expansion
device 165 that extends 



5 upwardly from sleeve 150 to accommodate the differential expansion of
sleeve 150 and outer wall 80 and allow for vertical expansion of the
sleeve. Sleeve expansion device 165 exerts downward pressure on sleeve 150.
Sleeve expansion device 165 is constructed of material suitable for
withstanding the temperature and pressure conditions within the fluidized
bed reactor. For example, high-temperature, high-strength metal alloys may
be suitable. In some 10 systems, sleeve expansion device 165 is a wave
spring. Sleeve 150 may be supported and sealed by any suitable means such
that gas does not flow from the fluid bed into the annulus between sleeve
150 and liner 140. In some systems (not shown), a device extends upwardly
from the upper surface of the sleeve and securely attaches near the top
edge of the liner. In such systems, the sleeve may be supported at its
lower edge with a flanged and gasketed 15connection to outer wall 80.
A purge gas nozzle 250 extends through outer wall 80 above insulation
support ring 210. A gas baffle 260 is positioned between nozzle 250 and
lower guide 205. The annular space between outer wall 80 and liner 140
typically is filled with an inert gas, e.g., nitrogen. 20 V.Central Inlet
Nozzle       The location of silane injection into the reactor 10 provides
control of the reaction zone in which silane decomposition occurs.
Advantageously, nozzle 20 is positioned such that silane is injected near
the vertical centerline A1 of the reactor 10 and at a distance from sleeve
150 sufficient to control silane plume 180 geometry. Advantageously, the
upper 25opening of nozzle 20 is geometrically aligned with the center of
the reactor for silane plume and bed mixing control. In particular systems,
nozzle 20 is positioned such that the vertical centerline of the reactor
extends through the throat of the nozzle. Advantageously, silane is
injected at an elevation about 1 meter above the bottom head 170, as shown
in FIG. 1. Nozzle 20 extends upward through regions I-III such that silane
is injected into region IV. 30Nozzle 20 is positioned such that hydrogen
injected below and around the silane injection point contains the vertical
silane plume 180 in a region near the core and substantially  WO
2011/063007PCT/US2010/057058 eliminates fouling (i.e., silicon deposit
formation) on the nozzle. The height of silane plume 180 depends upon
multiple factors, including the rate of flow of the silane gas, and may be
about one-fourth the height of region IV. For example, if region IV has a
height of 240 cm, the silane plume may have a height of 60 cm. 5In
operation, a bed of seed particles is provided inside the reactor and is
fluidized by gas injected through the solitary central inlet nozzle 20 and
the supplemental fluidization nozzles 40. The contents of the reactor
chamber are heated by the optional internal bed heater 90 and the radiant
heaters 100. The temperature within reactor 10 differs in various portions
of the reactor. For 



10 example, when operating with silane as the silicon-containing compound
from which silicon is to be released, the temperature in region I, i.e.,
the bottom zone, is 50-100 C. In region II, i.e., the cooling zone, the
temperature typically ranges from 50-700 C. In region III, the intermediate
zone, the temperature is substantially the same as in region IV. The
central portion of region IV, i.e., the reaction and splash zone, is
maintained at 620-760 C, and 15 advantageously at 660-670 C, with the
temperature increasing to 700-900 C near the walls of region IV, i.e., the
radiant zone. The upper portion of region V, i.e., the quench zone, has a
temperature of 400-450 C.       The lower parts of the reactor are
maintained at a cooler temperature to minimize or prevent premature
decomposition of the silicon-bearing gas within the central inlet nozzle
20. 20Premature decomposition results in fouling and plugging of nozzle 20.
Accordingly, the silicon-bearing gas temperature within the nozzle is
maintained below that of decomposition and silicon deposition. For example,
when the silicon-bearing gas is silane, the temperature within the nozzle
is maintained below 150 C. The higher temperatures within region IV enable
pyrolytic decomposition of the silicon-bearing gas and subsequent silicon
deposition 25on the seed particles. In particular arrangements, central
inlet nozzle 20 comprises two substantially cylindrical tubes that are
substantially circular in cross-section, as shown in FIGS. 6 and 7. A flow
of primary gas 30 passes through the center region or passageway 22 of
nozzle 20. The primary gas typically includes a silicon-bearing gas diluted
with hydrogen or an inert gas. In 30some arrangements, the primary gas is
silane diluted with hydrogen. The silane and hydrogen typically are present
in a silane:hydrogen ratio ranging from 1:1 to 9:1 by volume.  WO
2011/063007PCT/US2010/057058 A secondary gas 32 is introduced
concentrically around the outlet of the passageway region 22 in an annular
region or passageway 24 defined by inner wall 26 and outer wall 28. The
secondary gas typically is the same composition as the gas mixed with the
silicon-bearing gas. For example, if the primary gas includes silane and
hydrogen, the secondary gas 5typically is hydrogen.       In a desirable
arrangement, the uppermost portion of the inner surface of inner wall 26 is
angled outwardly at 15 such that the throat flares toward the opening at an
included or combined angle a of 30 and has a diameter of 1.3 cm at the
opening. FIG. 7B illustrates flanges 27a-c which space the inner wall 26
from the outer wall 28. 



10The annular passageway 24 is very narrow where it opens into the reaction
chamber. Best results are achieved with an annular passageway outlet gap
width that is smaller than the smallest particles in the bed, to prevent
fouling. In some arrangements, when center passageway 22 has a diameter X,
the radial width of annular passageway 24 is 0.015X to 0.025X, such as
0.02X. For example, if center passageway 22 has a diameter of 1.3 cm at the
15 top edge, the radial width of annular passageway 24 may be 0.026 cm at
the top edge. Gas flow 32 through annular passageway 24 substantially
eliminates silicon deposition around the tip of nozzle 20.       The nozzle
20 is constructed using any material that is acceptable within the expected
pressure, temperature and stress requirements. Suitable materials include
high-temperature 20 metal alloys such as, but not limited to, INCOLOY(r)
and HASTALLOYTM alloys. The surfaces of inner wall 26 and 28 may be coated
with silicon carbide for product quality.       FIG. 8 shows a lower
portion of the nozzle 20. Primary gas 30 flows into the center passageway
22 through a bottom inlet (not shown). Secondary gas 32 flows into the
annular passageway 24 via an inlet 34 in outer wall 28. 25 VI.Heaters FIG.
9 shows a circular array of heaters 100 located concentrically around the
chamber 15 between the liner 140 and insulation 130. In some systems,
twenty radiant heaters 100 are utilized with the heaters 100 spaced
equidistant from one another. The rating 30of the heaters is selected based
at least in part on reactor size. In some systems, the heaters are rated at
2500 W each. With respect to the system illustrated in FIGS. 1 and 9, the
heaters 100 are spaced inwardly of the insulation 130. For example, in a
reactor with a height of 6-9 meters, the heaters 100 may be 2-3 meters long
and may be spaced 2-3 cm inwardly of the insulation. The gap between the
insulation 130 and the liner 140 contains a nitrogen atmosphere to keep the
annular space inert. 5A temperature gradient is present in the reactor 10
with the highest temperatures near the heaters; the temperature is reduced
with increasing distance from the heaters. For instance, during operation
of the reactor 10 with silane as the silicon-bearing gas, the central
portion of region IV is maintained at 620-760 C, and advantageously at
660-670 C. Temperature near the sleeve 150, which is closer to the heaters
100, is at 700-900 C. In 10some systems, the surface temperature of radiant
heaters 100 is 800-850 C. Heaters 100 are 



under temperature control and, in some systems, the temperature controller
set point is manually adjusted to the desired temperature.       Reactor 10
further may include one or more convective heaters 90. These heaters extend
into the fluidized bed in region IV as shown in FIG. 1. 15 VII.
Fluidization       Referring to FIG. 1, a plurality of elevated
fluidization nozzles 40 is arranged in a circular array that is located
concentrically around central inlet nozzle 20. Cooling gas at ambient
temperature is introduced into chamber 15 through cooling gas nozzles 70,
72. 20 Cooling gas nozzles 70, 72 are positioned in region II above bottom
head 170 and below the sleeve 150 and liner 140 arrangement. The cooling
gas and fluidization gas typically have substantially the same composition
as the hydrogen and/or inert gas that is mixed with the silicon-bearing gas
in nozzle 20. Introduction of the cooling gas below the fluidization
nozzles 40 provides a countercurrent flow of the cooling gas and product
solids, resulting in 25cooling of the product solids prior to withdrawal
through outlet 120 and preheating of the cooling gas before it flows into
region IV of reactor 10. The reactor diameter, cooling gas flow rate,
and/or cooling region height are selected to prevent fluidization in the
cooling zone, which would provide mixing and heat the cooling zone to an
unacceptable temperature. For example, the cooling gas may have a flow rate
of 230-310 slm (standard liters per 30 minute) when the cooling zone
(region II) has an inner diameter of 45 cm. The  countercurrent flow of the
cooling gas carries fine particles back up to the fluidized zone for
further reaction and silicon deposition.       Additional patent documents
describing subject matter or background information which may be pertinent
to the present disclosure include U.S. Patent No. 5,139,762, issued 5August
18, 1992, U.S. Patent No. 5,798,137, issued August 25, 1998, U.S. Patent
No. 5,810,934, issued September 22, 1998, and U.S. Patent Application No.
11/996,285, filed January 18, 2008.       It should be recognized that the
illustrated systems are only examples and should not be taken as limiting
the scope of the invention. Rather, the scope of the invention is defined 



10 by the following claims. We therefore claim as our invention all that
comes within the scope and spirit of these claims.  WO
2011/063007PCT/US2010/057058 We claim:       1. A heated silicon deposition
reactor system, comprising: a plurality of seed particles; 5a vessel having
an outer wall; an insulation layer facing an inner surface of the outer
wall; at least one heater positioned inwardly of the insulation layer;
a removable concentric liner positioned inwardly of the at least one
heater, the liner having an inner surface which defines a chamber that
contains the seed particles; 10a central inlet nozzle having an upper
opening positioned to inject a primary gas comprising a silicon-bearing gas
upwardly into the chamber, wherein the central inlet nozzle comprises an
inner wall and an outer wall positioned concentrically around the inner
wall to channel a flow of the primary gas through a center passageway
defined by the inner wall and a flow of a secondary gas through an annular
passageway between the inner wall and the 15outer wall;       a plurality
of fluidization nozzles, wherein each fluidization nozzle has an outlet
opening into the chamber;       at least one cooling gas nozzle opening
into the chamber below the plurality of fluidization nozzles; and 20at
least one outlet for removing silicon-coated product particles from the
vessel. 2. The system of claim 1 further comprising:       a source of the
primary gas, wherein the source of the primary gas is connected to the
center passageway of the central inlet nozzle; and 



25a source of the secondary gas, wherein the source of the secondary gas is
connected to the annular passageway of the central inlet nozzle.       3.
The system of claim 1 or claim 2 where the removable concentric liner
comprises a high temperature metal alloy. 30 WO
2011/063007PCT/US2010/057058       4. The system of any one of claims 1 to
3 further comprising a removable concentric sleeve positioned adjacent to
the inner surface of the removable concentric liner.       5. The system of
claim 4 where the removable concentric sleeve comprises 5quartz, silicon,
low-nickel alloy, nickel alloy, cobalt alloy, silicon nitride, graphite,
silicon carbide, molybdenum, or a molybdenum alloy.          6. The system
of claim 4 where the removable concentric sleeve has a coating on its inner
surface, wherein the coating comprises quartz, silicon, low-nickel alloy,
nickel alloy, 10cobalt alloy, silicon nitride, graphite, silicon carbide,
molybdenum, or a molybdenum alloy.       7. The system of claim 4 where the
removable concentric sleeve comprises a plurality of joined sections.
158.The system of claim 7 where joints between the joined sections are step
joints sealed with a sealant capable of withstanding an operating
temperature up to 800C.        9. The system of claim 8 where the sealant
is ceramic fiber, cement, a high-temperature polymer sealant, or a
combination thereof.               10. The system of claim 4 where the
removable concentric sleeve further comprises a sleeve expansion device
attached to an upper edge of the removable concentric sleeve, wherein the
sleeve expansion device compresses upon thermal expansion of the sleeve.
11. The system of claim 10 where the sleeve expansion device is a wave
spring.        12. The system of any one of claims 1 to 11 where the
removable concentric liner further comprises a liner expansion device
attached to an upper edge of the removable 



30concentric liner, wherein the liner expansion device compresses upon
thermal expansion of the liner.  WO 2011/063007PCT/US2010/057058 13.The
system of claim 12 where the liner expansion device is corrugated metal or
a wave spring. 514.The system of any one of claims 1 to 13 where the
annular passageway has a width at its upper opening that is smaller than
the seed particles.          15. The system of claim 14 where the center
passageway of the central inlet nozzle has a diameter at its upper opening
of X, and the annular passageway has a width of 100.015X to 0.025X at its
upper opening.       16. The system of any one of claims 1 to 15 where the
plurality of fluidization nozzles surround and are laterally displaced from
the central inlet nozzle, and where each fluidization nozzle has an opening
positioned to inject a fluidization gas upwardly into the 15 chamber.
17. The system of any one of claims 1 to 16 where the primary gas comprises
silane and hydrogen, and the silane and hydrogen are present in a ratio
from 1:1 to 9:1 by volume. 20       18. The system of any one of claims 1
to 17 where the primary gas within the central inlet nozzle has a
temperature at which the silicon-bearing gas does not decompose.
19. The system of any of claims 1 to 18 where the flow of secondary gas is
25positioned and of sufficient velocity to direct the flow of primary gas
into a vertical plume centrally located in the chamber such that silicon
deposit formation on the upper opening of the central inlet nozzle and the
chamber walls is controlled.          20. The system of any one of claims 1
to 19 where the insulation layer comprises 



30a plurality of joined sections.  WO 2011/063007PCT/US2010/057058
21. The system of claim 20 where joints between the joined sections of the
insulation layer are step joints sealed with ceramic fiber.       22. The
system of any one of claims 1 to 21 where the at least one cooling gas
5nozzle is positioned to provide a cooling gas flow that is countercurrent
to a flow of the silicon-coated product particles.          23. The system
of claim 22 where the at least one cooling gas nozzle is positioned such
that the cooling gas flow cools the silicon-coated product particles prior
to withdrawal 10from the reactor system.       24. The system of any one of
claims 1 to 23 where the central inlet nozzle and fluidization nozzles are
insulated to inhibit the transfer of heat from the chamber so as to
maintain the primary gas within central inlet nozzle at a temperature lower
than the 15decomposition temperature of the primary gas.       25. The
system of any one of claims 1 to 24 where the at least one heater comprises
a plurality of heaters positioned inwardly of the insulation layer in a
concentric array. 20       26. The system of claim 25 where the plurality
of heaters comprises a plurality of radiant heaters located in a ring and
spaced equidistant from one another.       27. The system of any one of
claims 1 to 26 where the seed particles comprise 25silicon particles,
silica particles, graphite particles, quartz particles, or a combination
thereof.       28. The system of claim 27 where the seed particles are
silicon particles.       29. A process for producing high purity
silicon-coated particles comprising:  



WO 2011/063007PCT/US2010/057058 providing a bed of seed particles inside a
gas-tight chamber defined within a vessel having a top head, a bottom head,
and a generally tubular side wall that has a generally vertically extending
centerline; flowing gas upwardly through the chamber at sufficient velocity
to fluidize the bed, 5with at least a portion of the gas being provided by
introducing a stream of silicon-bearing gas into the chamber through a
solitary central inlet nozzle having an opening that is upwardly facing,
the solitary central inlet nozzle further comprising an inner wall and an
outer wall positioned concentrically around the inner wall to channel the
stream of silicon-bearing gas through a center passageway defined by the
inner wall and a flow of a secondary 10gas comprising hydrogen, inert gas,
or a mixture thereof through an annular passageway between the inner wall
and the outer wall;       injecting streams of hydrogen, inert gas, or a
mixture thereof into the chamber through plural openings that are located
at one or more elevations below the elevation of the opening of the
solitary central inlet nozzle, the opening being positioned and the gas
flow 15being regulated such that the streams contain the injected stream of
silicon-bearing gas in a plume at a core region of the chamber near the
centerline; and       heating the contents of the chamber sufficiently that
silicon is released from the silicon-bearing gas and deposited onto the
seed particles to produce silicon-coated product particles. 20       30.
The process of claim 29 wherein a majority of the volume of silicon-bearing
gas admitted into the chamber is injected through the solitary central
inlet nozzle.            31. The process of claim 30 wherein all of the
volume of silicon-bearing gas admitted 25to the chamber is injected through
the solitary central inlet nozzle.       32. The process of any one of
claims 29 to 31 wherein the solitary central inlet nozzle is located such
that the centerline extends through the opening of the nozzle.  



33. The process of any one of claims 29 to 32 wherein the side wall is
generally circular in horizontal cross-section at the elevation of the
opening of the solitary central inlet nozzle. 534. The process of any one
of claims 29 to 33 where the plural openings are horizontally displaced
from the opening of the solitary central inlet nozzle. 


