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FLUIDIZED BED REACTOR FOR
PRODUCTION OF HIGH PURITY SILICON

a material that is inert or resistant to the reactor feed gases and

?uidized gases and the other gases or products that may be
produced during the use of a ?uidized bed reactor.
In one embodiment, a ?uidized bed reactor according to the
disclosure herein may include an elongate chamber or col

CROSS-REFERENCE TO RELATED
APPLICATIONS

umn comprising one or more inlet openings and one or more

outlet openings. In one such embodiment, a ?uidized bed
reactor may include a bed of granular solid materials, such as

This patent application is a divisional of noW pending US.

patent application Ser. No. 12/393,852, entitled FLUIDIZED

a bed of silicon beads that can be used as seed beads to seed

BED REACTOR FOR PRODUCTION OF HIGH PURITY

SILICON, ?led on Feb. 26, 2009, Which is fully incorporated
by reference herein.

a silicon decomposition reaction during Which the seed beads
can increase in size because of the deposition of additional
silicon on the surface of the seed beads. The seed beads With

TECHNICAL FIELD

the added silicon product may be eventually removed from
the reactor to recover the high purity silicon product. The seed
beads may be “?uidized”, or suspended in the reactor, by
injecting ?uidizing gases into the reactor at su?icient veloci
ties to agitate the beads. The ?uidizing gases may be injected

The present disclosure relates to methods for producing

high purity electronic grade silicon. More particularly, this
disclosure relates to methods for producing high purity sili
con beads by chemical vapor deposition (CVD) of a silicon
bearing gas on seed particles by decomposition in a ?uidized
20

bed reactor.

into the reactor through one or more inlet openings located
around the reactor such as at the ends of the column and at the
sides of the reactor column. In one embodiment, the ?uidiz

ing gases or the silicon product may be removed from the
reactor through one or more outlet openings. In one such
embodiment, the reactor may be constructed or lined or

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 shoWs one embodiment of a process for the puri?
cation of silicon.

25

coated With a material that is inert or resistant to the ?uidizing
gases used to ?uidize the bed of silicon beads.

A silicon-bearing gas may be injected into a ?uidized bed

FIG. 2 shoWs one embodiment of a ?uidized bed reactor

used for the puri?cation of silicon.

reactor that may be constructed, lined or coated With a mate
rial that is inert or resistant to the silicon-bearing gas. In one

FIG. 3 shoWs a close-up cross section of one embodiment
of a ?uidized bed reactor as disclosed herein.

embodiment, the silicon-bearing gas may be trichlorosilane

DETAILED DESCRIPTION

(TCS) that can be injected into the reactor at the same location
or a location adjacent to the ?uidizing gas. When heated, TCS
decomposes in the reactor to form silicon on the seed silicon

Polycrystalline silicon may be used in the production of
electronic components and solar panel construction. One
conventional method of producing polycrystalline silicon is
feeding a mixture comprising hydrogen and silane (SiH4) or

beads thereby increasing the diameter of the seed silicon
beads over time and producing the desired high purity silicon
product. One reason that the resulting polycrystalline silicon
product is of high purity is because the reactor has been

30

a mixture comprising hydrogen and a halosilane, such as
trichlorosilane (HSiCl3), is fed to a decomposition reactor
containing a hot Wire or hot substrate rods. This method
requires a high amount of energy per unit of mass of produced

35

constructed out of a material that prevents or minimizes the

contamination of the silicon during decomposition. The
resulting silicon product beads may then be recovered from
40

the reactor and used for the production of semiconductors and

silicon, and the silicon rods produced by this method need
further processing to be used in a silicon ingot groWing pro

photovoltaic cells.
Methods for the production of high purity silicon may

cess.

include the use of a ?uidized bed reactor con?gured to avoid
reactor corrosion and prevent the contamination of a silicon

An alternate silicon production method is to feed a mixture

comprising hydrogen and silane or a mixture comprising
hydrogen and trichlorosilane to a ?uidized bed containing
silicon beads that are maintained at high temperature.
Decomposition of silane or trichlorosilane causes the depo
sition of elemental silicon on the surface of the beads. There

45

fore, the silicon beads groW in size, and When large enough,

50

may include the conversion of metallurgical grade silicon
(MGS) into a hydrohalosilane such as trichlorosilane (TCS);
the puri?cation of the hydrohalosilane, such as by distillation;
and the decomposition of the hydrohalosilane back to silicon.
In one embodiment, the conversion of MGS into hydroha

losilane may be accomplished by reacting silicon With silicon
tetrachloride (STC), hydrogen and hydrogen chloride to form
TCS and hydrogen. With reference to FIG. 1, the folloWing

are passed out of the ?uidized bed reactor as a high purity
silicon product. In comparison to the substrate used in Wire or
rod substrate reactors, ?uidized bed reactors alloW for a much
larger contact area betWeen the beads and the silicon-bearing

gases in a heated chamber, enhancing the thermal decompo

product. In one embodiment, a method of silicon production

reactions may occur inside area 101:
55

sition of the silicon-bearing gases thereby forming high
purity elemental silicon on the surface of existing beads.

As described herein, the purity of the silicon produced
using a ?uidized bed reactor may be preserved by construct
ing the reactor out of materials that do not contaminate the
silicon product. In one such embodiment, a ?uidized bed
reactor, or reactor, or reactor system used for the production
of high purity silicon may be constructed out of a material that
prevents or minimizes the contamination of the polycrystal
line silicon product due to the diffusion of impurities from the
materials used to construct the reactor. In another embodi
ment, the reactor may be constructed or lined or coated With

60

In one embodiment, the result of the reaction in area 101

may be a mix of gases including TCS, STC, and H2 that can be
removed from area 101 and then introduced in area 102 for

puri?cation by distillation.
65

The puri?cation of TCS by distillation of the hydrohalosi
lanes may occur in area 102 as shoWn in FIG. 1. In one

embodiment, the gas stream from area 101, including TCS,

US 8,158,093 B2
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STC and other hydrohalosilanes, may be injected into a dis
tillation column in area 102 resulting in high purity TCS.
Hydrogen may be recycled for use in area 101 after further
purity removal. The resulting TCS vapor is a silicon-bearing
gas that may be injected into a ?uidized bed reactor that may

from approximately 600° C. to 1100° C., or from 700° C. to
1000° C., or from 700° C. to 900° C., or from 750° C. to 850°
C., or from 800° C. to 1000° C.
The ?uidized bed reactor 200 may be con?gured to With

be used for a silicon decomposition process in area 103.

stand the conditions during the decomposition reaction
including temperatures ranging from approximately 500° C.

Area 103 may comprise multiple elements for the conver
sion of TCS into high purity silicon. For example, area 103

to approximately 1200° C. and internal pressures ranging
from approximately 50 mbar to approximately 6000 mbar.

may comprise one or more of the folloWing: ?uidized bed

For example, the ?uidized bed reactor 200 as described

reactor, storage tank, evaporator, reactor heater, gas separator,

herein, may be constructed to Withstand pressures of approxi
mately up to 50 mbar, 100 mbar, 200 mbar, 500 mbar, 750

granular separator, cyclone, heat recovery system, product
recovery system and other devices and systems for the pro

duction of high purity silicon. The term hydrohalosalines

mbar, 1000 mbar, 1500 mbar, 2000 mbar, 2500 mbar, 3000
mbar, 3500 mbar, 4000 mbar, 4500 mbar, 5000 mbar, 5500

refers to any silane species having one or more halide atoms
and one or more hydrogen atoms bonded to silicon and

bed reactor 200 may be contained Within another structure or

mbar and 6000 mbar. In another embodiment, the ?uidized

dichlorosilane (H2SiCl2), trichlorosilane (HSiCl3) and vari

enclosure con?gured to support pressures ranging from
approximately 50 mbar to approximately 6000 mbar.

ous chlorinated disilanes such as pentachlorodisilane.
In one embodiment, a silicon-bearing gas, such as a TCS

such as TCS, may be injected into the reactor 200. For

includes, but is not limited to monochlorosilane (H3SiCl),

vapor, may be used for the production of high purity silicon.
The conversion of TCS into high purity silicon may be

In one embodiment, one or more silicon-bearing gases,
20

accomplished using a ?uidized bed reactor 200 as shoWn in
FIG. 2, in Which the folloWing reaction may occur:

4SiHCl3—>Si+3 SiCl4+2H2 (thermal decomposition)
The ?uidized bed reactor 200 used in the decomposition

such embodiment, a silicon-bearing gas, like TCS, decom
poses to form silicon on the beads 210, increasing the diam
eter of the beads 210 over time until they may become a
25

process may include an elongate chamber or column 205
Which includes a bed of silicon beads 210, Which may be used
to seed silicon a decomposition reaction. The beads 210 may

be “?uidized” by initially injecting gases, such as ?uidizing

selected from the group of monosilane, disilane, trisilane,
30

trichlorosilane, dichlorosilane, monochlorosilane, tribro
mosilane, dibromosilane, monobromosilane, triiodosilane,
diiodosilane and monoiodosilane. In one embodiment, the

high purity silicon product beads 212 may be recovered from

izing gases 215 may include hydrogen and silicon tetrachlo
ride SiCl4. In another embodiment, the ?uidizing gas may be

the reactor 200 near the top of the column 205 at outlet 230

along With the e?luent gas stream 235 that may include
35

gen, helium, argon, silicon tetrachloride, silicon tetrabromide
and silicon tetraiodide. In one such embodiment, the ?uidiz

ing gases 215 may be injected into the column 205 from
several areas of the reactor 200 such as at the bottom or sides

of the column 205, such as through inlet 220.

silicon product bead 212. In still another embodiment, the
silicon-bearing gas may comprise a gas Which decomposes
When heated to form silicon and is a gas or a mixture of gases

gases 215 from inlet 220 into the column 205 to agitate or
?uidize the silicon beads 210. In one embodiment, the ?uid

one or a mixture selected from the group consisting of hydro

example, the silicon-bearing gas may be injected into the
reactor 200 through the inlet 220 into the column 205. In one

40

hydrogen, STC, HCl, unreacted TCS and monochlorosilane
(MCS) and dichlorosilane (DCS).
In one embodiment, the concentration of the silicon-bear
ing gases in the feed stream to the ?uidized bed reactor 200
may range from approximately 20 mol % to 100 mol %. In
one embodiment, the average diameter of the ?uidized silicon

The ?uidized bed reactor 200 may be heated by one or
more heaters 240 placed around or near the body of reactor

beads 210 may range from 0.5 mm to 4 mm. In another

200. The heaters 240 may be radiant, conductive, electromag
netic, infrared or other type of heaters knoWn by those of skill

may range from 0.25 mm to 1.2 mm, or alternatively, 0.6 mm
to 1.6 mm. In one embodiment, the silicon beads 210 may

in the art. In one embodiment, the surface of the reactor Wall
250 may be textured, etched or sand-blasted in order to
increase the thermal emissivity or the thermal poWer transfer

embodiment, the average diameter of the silicon beads 210

45

e?iciency of the reactor Wall 250 and improve heating by the
heater 240 of the column 205 and the inside of the reactor 200.
In another embodiment, a heating device, such as heater
240, may be in total or partial contact With the reactor Wall
250. In yet another embodiment, the heater 240 may have no
direct contact With reactor Wall 250. In one such embodiment,
the heater 240 may be positioned outside the reactor Wall 250
and con?gured as a group of cylinders partially or completely

50

200. In another embodiment, the time that the silicon beads
210 may remain in the reactor 200 may depend on the starting
size of silicon beads 210. In one embodiment, the groWth rate
of the silicon beads 21 may depend, among other things, on

the reaction conditions including gas concentrations, tem
perature and pressure. The minimum ?uidization velocity and
design operational velocity may be determined by one of
55

ordinary skill in the art based on various factors. The mini
mum ?uidization velocity may be in?uenced by factors

including gravitational acceleration, ?uid density, ?uid vis
cosity, solid density, and solid particle size. The operational

covering one or more outlet surfaces of the reactor 200. In still

another embodiment, the heater 240 may be con?gured to use

velocity may be in?uenced by factors including heat transfer
and kinetic properties, such as height of the ?uidized bed,

radiation or a mix of direct heat conduction and heat radiation

to heat the silicon beads 210 and the silicon-bearing gases to
a temperature suf?cient for the decomposition reaction.
In one embodiment, the ?uidized bed reactor 200 may be

remain in the reactor 200 until a desired size is reached and
the silicon product beads 212 are extracted from the reactor

60

total surface area, ?oW rate of silicon precursor in the feed gas

stream, pressure, gas and solids temperature, concentrations

heated during the production of high purity silicon to tem
peratures ranging from approximately 500° C. to approxi

of species, and thermodynamic equilibrium point.

mately 1200° C. For example, the ?uidized bed reactor 200
may be heated by the heaters 240 such that the silicon beads
210, the silicon-bearing gases, and the ?uidizing gases 215

bed reactor 200 may be made of a metal or a metal alloy. In

Within the column 205 are heated to a temperature ranging

In one embodiment, one or more surfaces of the ?uidized
65

one such embodiment, one or more surfaces of the reactor 200

may include a metal or metal alloy capable of Withstanding
the reaction temperatures. For example, the reactor Wall 250

US 8,158,093 B2
6

5
may be constructed of iron based-alloys, such as: stainless

55, 60, 65, 70, 75, 80, 95, 100, 150, 200, 250, 300, 350, 400,

steel alloys, chromium-nickel alloys, and nickel based alloys
including nickel-chromium alloys and nickel-chromium-mo
lybdenum alloys, Which may optionally include manganese,
molybdenum, silicon, cobalt, tungsten, etc., Which Would be

450, 500, 600, 700, 800, or 900 microns.
The protective layer, such as protective layer 260 shoWn in
FIG. 2, or protective layer 3 60 shoWn in FIG. 3, can be formed
or deposited by one or more methods knoWn by those of skill

apparent to those having skill in the art With the aid of the

in the art including thermal projection, chemical vapor depo

present disclosure. In certain embodiments, the metal alloys
may be chosen from: steel 1.4841, steel 1.4959, steel 2.4856,

sition, physical vapor deposition, solgel, electrophoretic
deposition and aerosol thermal spraying.
In one embodiment, the deposition of the protective layer

steel 2.4819 or steel 2.4617. For example, the reactor Wall 250
may be con?gured to be thermoresistant to temperatures in
the range of approximately 500° C. to 1,200° C. For example,

260 or protective layer 360 may be folloWed by a thermal

treatment. For example, the protective layer 260 may be

the reactor Wall 250 can be constructed to tolerate tempera

annealed With a thermal treatment of temperatures ranging
from approximately 900° C. to 1,300° C. In one such embodi

tures ranging from approximately 500° C. to 600° C., or from
500° C. to 700° C., or from 600° C. to 800° C., or from 800°
C. to 900° C., or from 800° C. to 1000° C., or from 900° C. to
1100° C., or from 900° C. to 1200° C.

ment, the thermal treatment may comprise temperatures
ranging from 900° C. to 1,000° C., or from 900° C. to 1,100°
C., or from 1,000° C. to 1,200° C., or from 1,000° C. to 1,300°
C.

As shoWn by FIG. 2, the inside surface of the reactor Wall
250 may be partially or completely coated With a protective
layer 260 to avoid or minimize the contamination of the

product beads 212 by diffusion of impurities from the reactor

EXAMPLES

20

200 or the reactor Wall 250. In one such embodiment, the

protective layer 260 may comprise materials that are inert or

The speci?c examples included herein are for illustrative

resistant to the conditions in the reactor 200, such as a metal

purposes only and are not to be considered as limiting to this

or metal alloy capable of Withstanding the reaction conditions
Within the reactor 200 and be compatible With the application

25

of the protective layer 260. For example, the protective layer
260 may comprise materials that are resistant to heat, pres
sure, and corrosion by the ?uidizing gases 215 or the silicon
bearing gases that are injected into the reactor 200.
In one embodiment, the ?uidized bed reactor 200 may be
lined With a protective layer 260 comprising a ceramic mate
rial that is resistant to corrosion or breakdown by the condi
tions in the reactor 200. In one such embodiment, the protec
tive layer 260 may comprise at least one of the folloWing

materials: Alumina (A1203), Zirconium dioxide (ZrO2) and
Zirconium dioxide-yttrium stabilized. In another embodi

Example 1
30

Effects of Decomposition Conditions on Steel
1 .4841
35

40

reactor and cooled to room temperature.

Cross sections of the sample steel 1.4841 Were then pre

pared for analysis With a scanning electron microscope
(SEM). The SEM analysis revealed that the steel had been

silicon carbide coated graphite, silica, silicon nitride, tung
sten carbide or molybdenum. In still another embodiment, the
45

(A1203), Zirconium dioxide (ZrO2) and Zirconium dioxide
yttrium stabilized in combination With one of: quartz, graph
ite, carbon ?ber, or combinations thereof.
FIG. 3 is close-up vieW of a cross section of a Wall of a
?uidized bed reactor as described herein With silicon beads

A. Nitrogen Gas
A sample of thermoresistant steel 1.4841 Was subjected to
decomposition conditions at 900° C. in the presence of silicon
beads and a N2 gas stream. After 100 hours under reaction
conditions, the sample steel 1.4841 Was removed from the

another embodiment, the protective layer 260 may comprise

?uidized bed reactor 200 may include at least one ofAlumina

prepared according to standard literature procedures by those
skilled in the art.

ment, the protective layer is a ceramic material made from a
composition other than silicon-based or carbon-based. In yet

at least one of Alumina (A1203), Zirconium dioxide (ZrO2)
and Zirconium dioxide-yttrium stabilized in combination
With at least one of polycrystalline silicon, silicon carbide,

disclosure. The compositions referred to and used in the fol
loWing examples are either commercially available or can be
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310 disposed therein. In the embodiment shoWn by FIG. 3, the

corroded as evidenced by a silicide layer extending into the
metal to a depth of approximately 2 microns.
B. HCl and Hydrogen Gas
A sample of thermoresistant steel 1.4841 Was subjected to
decomposition conditions at 900° C. in the presence of silicon
beads and HCl and H2 (5:1). After 100 hours under reaction
conditions, the sample steel 1.4841 Was removed from the
reactor and cooled to room temperature.

reactor Wall 350 comprises a protective layer 360 and an
adhesion layer 365 applied to the reactor Wall 350 before the

may provide a substrate to Which the protective layer 360 may
bind or attach improving the durability and function of the
protective layer 360. In one such embodiment, an adhesion
layer 365 may comprise a nickel based alloy With or Without
yttrium, particularly When iron based alloys, such as CriNi
alloys, comprise the reactor Wall 250.
In one embodiment, the protective layer 260 may comprise
a coating Which has a depth of approximately 3 to 1000
microns. In one such example, the protective layer 260 has a
depth ranging from approximately 5 to 900 microns, 10 to

55

Cross sections of the sample steel 1.4841 Were prepared as
before for SEM analysis. The SEM analysis revealed a 50
micron silicide layer on the metal resulting from corrosion of
the metal substrate by the chloride. The SEM analysis also
revealed the formation of chlorides including iron and chro
mium chlorides.

60

A sample of steel 1.4841 Was coated With a 50 micron layer

700 microns, 20 to 500 microns, 25 to 400 microns or 40 to

65

deposition of the protective layer 360. The adhesion layer 3 65

300 microns. In another embodiment, the protective coating
may have a depth ofup to 5, 10, 15, 20, 25, 30, 35, 40, 45, 50,

C. Steel With Cr2O3 Layer

of Cr2O3 using chemical vapor deposition. The Cr2O3 coated
steel Was heated to 900° C. in the presence of silicon beads

and N2 gas. After 100 hours, the Cr2O3 coated steel Was
cooled to room temperature. SEM analysis shoWed the pres
ence of silica and chromium on the surface of the steel,

potentially due to the folloWing reaction: 2Cr2O3+3SiQ4Cr+

3SiO2.

US 8,158,093 B2
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D. Steel WithAdhesion Layer and ZrOz-Yttrium Stabilized

greater that the untreated steel tube. The thermal poWer trans
fer to the N2 gas stream is due to a combination of radiation
from the heater to the outlet Wall of the steel tube, conduction

Protective Layer
A sample of steel 1.4841 Was prepared With a nickel alloy

adhesion layer to improve the adhesion of the ceramic layer.
The nickel alloy adhesion layer (NiCrAlY) Was deposited
using an atmospheric plasma spray process. Next, the sample

through the Wall of the steel tube, and convection from the
inner Wall of the steel tube to the N2 gas stream. The surface
treatment resulted in a decreased re?ectivity of the steel tube
and an increased ability of the steel tube to absorb heat,

Was covered With a 100 micron ceramic coating of ZrO2
yttrium stabilized, and heated to 900° C., as before, in con
ditions simulating a ?uidized bed reactor With silicon beads

thereby increasing the ef?ciency of heat transfer to the gas
stream inside the steel tube. An estimation of the neW emis

and in the presence of HCl and H2 (5: 1). After 100 hours, the

sivity value Was calculated using the combination of the
radiation, conduction and convection heat transfer. Values of

ZrOZ-yttrium stabilized coated steel Was cooled to room tem

perature. SEM analysis shoWed the steel 1.4841 With the
ceramic coating of ZrOz-yttrium stabilized resisted corrosion
or degradation thereby minimizing or eliminating likely con
tamination of a silicon product. More particularly, SEM data

the theoretical thermal poWer transfer Were calculated in
order to estimate the neW value of the emissivity.

Not being bound by any particular theory, a calculation
model using the folloWing equations Was used:

shoWed that there Was no migration of aluminum outside of

Dittus-Boelter Equation:

the NiCrAlY adhesion layer. LikeWise, there Was no migra
tion of chromium, manganese, and nickel outside of the steel

1.4841 and the NiCrAlY adhesion layer. Additionally, the
SEM analysis shoWed that only a feW particles of iron from

20

NuD = 0.023426%8 -Pr” him =

Nu-k
D

the steel 1.4841 Were present in the base of the NiCrAlY
adhesion layer and, there Was no iron migration into the

A grey body completely enclosed into another grey body

ZrO2 -yttrium stabilized protective layer. Therefore, there Was
no contamination of the ZrOz-yttrium stabilized protective
layer that Would threaten the purity of a silicon product.
E. Steel With Adhesion Layer and A1203 Protective Layer

equivalent convection coe?icient due to radiation:
25

As before, a sample of steel 1.4841 Was prepared With a
hm :

nickel alloy adhesion layer folloWed by the addition of an

A1203 protective layer. The prepared sample Was heated for
100 hours at 9000 C. in a ?uidized bed reactor With silicon

30

beads ?uidized With HCl and H2 (5:1). After cooling to room

Universal coe?icient of heat transfer at the inlet and at the

temperature, SEM analysis shoWed that the Al2O3 protective
layer prevented corrosion of the steel sample.
Example 2

outlet of the pipe:
35

1

U
rat

Heat Transfer by a Radiant Heater

rim ' him

+ rest 1n(rm ) + 1
k

rim

hm

A. Untreated Stainless Steel

A stainless steel tube (AISI316L) approximately 0.5

40

meters long and With an outside diameter of 21.3 mm and a
thickness of 2.77 mm Was used to measure radiation heat
transfer. A radiation heater With an inside diameter of 40 mm

Was positioned around the steel tube Without contacting the
surface of the steel tube. The steel tube and the radiation

exchanger.
45

heater Were insulated With 300 mm thick ceramic ?ber. A

along the inside of the steel tube horizontally. ThermoWells

adjust the model, and in a second stage the values of the
50

points of the N2 gas stream, and the temperature of the N2 gas
stream at the inlet and outlet points. In steady state, the fol
loWing temperatures Were measured: N2 inlet tempera
ture:21o C.; N2 outlet temperature:315o C.; outer Wall tube
temperature at the inlet:569o C., and at the outlet:773o C.
The thermal poWer absorbed in the system Was 1.325 W.
B. Sand-Blasted Stainless Steel
A stainless steel tube Was prepared as previously described

folloWed by sand-blasting the surface of the steel tube. After
sand-blasting, the folloWing temperatures from the stainless
steel tube Were measured: N2 inlet temperature:20o C.; N2
outlet temperature:445o C.; outer Wall tube temperature at
the inlet:953o C., and at the outlet:1,055o C. With the surface
treatment, the thermal poWer absorbed in the system Was
1.970 W.
The analysis shoWed that the thermal poWer transfer With
the sand-blasting treatment Was approximately 1.5 times

The emissivity value of the heater was 6:07 according to
the manufacturer datasheet. The emissivity of stainless steel
is 0.18 at 5000 C.
The values of the ?rst test Were implemented in order to

stream of N2 gas at mass ?oW rate of 15 Kg/h Was passed
Were used to measure the temperature of the radiation heater,
the external temperature of the steel tube at the inlet and outlet

The calculation model introduced the concept of mean
logarithmic difference of universal coef?cients of heat trans
fer, and temperatures, because U and AT vary along the heat

55

second test Were implemented in order to obtain the neW

emissivity values through an iterative process. The sand
blasted stainless steel emissivity calculated Was 0.52. Hence,
the radiation heat transfer ratio Was increased approximately
3 times by the sand-blasting surface treatment.
It Will be obvious to those having skill in the art that many
changes may be made to the details of the above-described

embodiments Without departing from the underlying prin
ciples of the invention. The scope of the present invention

should, therefore, be determined only by the folloWing
60

claims.
The invention claimed is:

1. A method of producing high purity silicon comprising:
injecting at least one ?uidizing gas into a ?uidized bed
65

reactor, Wherein the ?uidized bed reactor comprises:
a chamber constructed of a metal alloy, the chamber
including a gas inlet and an ef?uent outlet;

US 8,158,093 B2
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a ceramic protective layer deposited on an inside surface

6. The method of claim 1, Wherein the protective layer is

of the chamber, Wherein the ceramic protective layer

deposited on the inside surface of the chamber by at least one

comprises yttrium-stabilized zirconium dioxide;

of the folloWing: thermal projection, chemical vapor deposi

a bed of silicon beads disposed Within the chamber; and
at least one reactor heater;

tion, physical vapor deposition, solgel, electrophoretic depo
5

sition and aerosol thermal spraying.
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7. The method of claim 1, Wherein an external surface of
the chamber is sandblasted to improve the thermal poWer
transfer e?iciency of the chamber compared to an untreated
external surface.
8. The method of claim 1, Wherein the ?uidizing gas is at
least one of the folloWing: hydrogen, helium, argon, silicon
tetrachloride, silicon tetrabromide and silicon tetraiodide.
9. The method of claim 1, Wherein the silicon-bearing gas
is at least one of the folloWing: monosilane, disilane, trisilane,

injecting at least one silicon-bearing gas into the ?uidized
bed reactor,
heating the ?uidized bed reactor With the at least one reac
tor heater to a temperature su?icient for thermal decom

position of silicon; and
collecting the high purity silicon that has been produced
and deposited on the ?uidized silicon beads; Wherein the
ceramic protective layer is resistant to corrosion by the at
least one ?uidizing gas or the at least one silicon-bearing
gas.

2. The method of claim 1, Wherein the metal alloy is an
iron-based alloy selected from at least one of the folloWing: a
stainless steel alloy and a chromium-nickel alloy.
3. The method of claim 1, Wherein the metal alloy is a
nickel-based alloy selected from at least one of the following:
a nickel -molybdenum alloy and a nickelchromium-molybde
num alloy.
4. The method of claim 1, further comprising an adhesion

15

diiodosilane and monoiodosilane.
10. The method of claim 1, Wherein heating the ?uidized
bed reactor With the at least one reactor heater to a tempera
20

alloy layer.

ture suf?cient for thermal decomposition of silicon comprises
heating the ?uidized bed reactor to a temperature of betWeen

layer positioned betWeen the protective layer and the inside
surface of the chamber.
5. The method of claim 4, Wherein the adhesion layer
comprises a nickel alloy layer, or a nickel-chromium-yttrium

trichlorosilane, dichlorosilane, monochlorosilane, tribro
mosilane, dibromosilane, monobromosilane, triiodosilane,

25

approximately 500° C. to approximately 1200° C.
11. The method of claim 10, Wherein the ?uidized bed
reactor is heated to a temperature ranging from approxi
mately 7000 C. to approximately 9000 C.

