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SILICON DEPOSITION REACTOR
APPARATUS

This is a continuation of application Ser. No. 08/481,801
filed Jun. 7, 1995.

BACKGROUND OF THE INVENTION

This invention relates to apparati and methods for pro-
ducing chemical vapor deposition (CVD) reactions on seed
particles generated internal to a CVD reactor and more
particularly to improved techniques for converting silicon-
bearing gases to polycrystalline silicon in a solid form.

DEFINITIONS

For the purpose of this disclosure, the following terms are
used throughout the text with the given definitions:
Amorphous Silicon: solid silicon without periodic atomic
structure. Amorphous silicon may be formed when the
atoms are not given an opportunity to be arranged properly
for some reason, such as inhibiting their mobility, for
instance, with low temperature. Amorphous silicon can be
hydrogenated or not, depending on conditions of formation.
Dead Zone: area within a fluidized bed where there is little
or no movement of the particles which constitute the bed. If
the particles are sticky, such as those above the Tammann
temperature, they tend to agglomerate in dead zones due to
lack of sufficient agitation.

Dense Phase Segregation: segregation of solid particles by
size which takes place within the regime typical of fluidized
beds where bed voidage (€) is between 0.35 and 0.55.
Operation in this regime means that the particles are close
enough together that they are acted upon collectively rather
than individually. This segregation can take place within the
fluidized bed CVD reactor and does not inherently require a
separate vessel. Conditions in the fluidized bed regime are
typically well mixed. Segregation is effected through exploi-
tation of velocity and pressure gradients normally present or
induced in the bed by the geometry of the vessel.

Dilute Phase Segregation: segregation of solid particles by
size which takes place within the regime typical of pneu-
matic transport where voidage (e) is in excess of 0.8.
Operation in this regime means that the particles are well
separated from each other. At voidage in excess of 0.99 and
container-to-particle-diameter ratios greater than 100 the
particles are acted upon individually rather than collectively.
At voidage between 0.8 and 0.99 and container-to-particle-
diameter ratios less than 100 there is some interaction with
neighboring particles and the wall of the vessel known as
concentration effects and wall effects, respectively, or as
hindered settling, collectively. This segregation usually
takes place in a vessel separate from the fluidized bed reactor
vessel or requires internals in the reactor vessel to create a
dilute zone for segregation. Segregation is effected through
exploitation of Stokes’ law or separation by terminal
velocity, with or without hindered settling, well described in
the section titled “Particle Dynamics” in Perry’s Chemical
Engineers’ Handbook, 6th ed., R. H. Perry and D. Green,
McGraw-Hill (New York, N.Y.) 1984, p. 5-63 to 5-68.
Diluent Gas: any of the group consisting of hydrogen (H,),
helium (He), argon (Ar), neon (Ne), krypton (Kr), xenon
(Xe), and mixtures thereof.

Granular Filtration: removal of particles from a gas stream
effected by passing the gas stream through a bed of particles,
usually larger than the particles to be removed. The theory
of granular filtration is well described in the section titled
“Gas-Solids Separation” in Perry’s, 6th ed., p. 2075 to
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20-82 with several references. Application of granular fil-
tration in fluidized beds is briefly described on p. 20-104.
Halogen-containing Gas: any of the group consisting of
chlorine (CL,), hydrogen chloride (HCI), dichlorosilane
(SiH,CL,), trichlorosilane (SiHCL,), silicon tetrachloride
(SiCl,), bromine (Br,), hydrogen bromide (HBr), dibro-
mosilane (SiH,Br,), tribromosilane (SiHBr,), silicon tetra-
bromide (SiBr,), iodine (I,), hydrogen iodide (HI), diiodosi-
lane (SiH,L,), triiodosilane (SiHIL;), silicon tetraiodide
(Sil,), and mixtures thereof.

Heating Light Source: coherent or noncoherent electromag-
netic radiation such as microwave, radio frequency, visible
light, infrared, or ultraviolet radiation having a wavelength
distribution such that the energy absorbed by a silicon-
bearing gas inside the inlet to a CVD reactor is insufficient
to cause premature decomposition and such that residual
energy is absorbed by silicon beads in the reactor.

High Purity Silicon-containing Material of Construction:
any of the group consisting of monocrystalline silicon (Si,),
polycrystalline silicon (Si), silica (SiO,), silicon carbide
(SiC), silicon carbide (SiC) coated graphite (C), and silicon
nitride (SiN).

Jet Penetration Length (P): the distance that a jet of gas will
penetrate into a bed of particles. For upwardly pointed jets
the jet penetration length is calculated as a ratio with the
orifice diameter as

PID =52-10g10(1t,p;*2)-98.046 @

where

P=jet penetration length [=] cm

D_=orifice diameter [=] cm

u_=orifice velocity [=] cm/s

p,=inlet gas density [=] g/cm®.
The above equation was curve fit from FIG. 30 in Zenz, F.
A., Fluidization and Fluid Particle Systems, Vol. Il Draft,
Pemm-Corp Publications (Nelsonville, N.Y., 1989) p. 148.
Kinetic Power: kinetic energy expended per unit time. For a
gas stream the kinetic power can be described mathemati-
cally for grinding as

P=Gv?[2 @)

where
P,=kinetic power [=] mass-length*/time>
G=mass flow rate through an orifice=p-Q [=] mass/time
p=gas density [=] mass/length®
Q=volumetric flow rate through an orifice [=] length®/
time
v=gas velocity through the same orifice [=] length/time.
The gas velocity, v, is related to the volumetric flow as

v=0/§ ©)

where

S=cross-sectional area of the orifice [=] length®.
Gas density can be described by the ideal gas equation
modified for compressibility

p=M-P/Z-RT @

where
Ma=molecular weight [=] mass/mole
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P=absolute pressure [=] force/length®

Z=compressibility [=] dimensionless

R=gas constant [=] units consistent to equation, e.g.,
82.057 cm*-atm/(g-mol-K)

T=absolute temperature [=] temperature, and cross-
sectional area of the orifice can be described in terms of
orifice diameter as

S=(w/4)-D,* )

where

D_=orifice diameter [=] length.
Substituting equations 3, 4, and 5 into equation 2

P=8-(R/n)*(T/P)*(Z/M)>G*/D . (6)

The first terms are constants. Temperature and pressure are
under the control of the operator. An increase in temperature
will increase the kinetic power while an increase in pressure
will decrease the kinetic power. Compressibility and
molecular weight are properties of the gas stream selected..
Compressibility gains in importance as operating conditions
approach critical temperature and pressure for the gas. Mass
flow rate is proportional as a cubed term. Orifice diameter is
a strong function, being inversely proportional to the fourth
power. Major process changes, such as changing the silicon-
bearing gas, can be compensated by changing orifice diam-
eter.

Minimum Fluidization Velocity (u,): the superficial gas
velocity through a bed of particles below which the bed stays
fixed, that is, the particles in the bed do not move, and above
which the bed is at incipient fluidization, that is, the particles
in the bed just barely begin to move about as bubbles begin
to form. The minimum fluidization velocity is calculated
using the properties of the gas and the solid, and particularly
by the diameter of the solid particles per the following
equation:

U O [€/(1-€) [ { g/ 181 (p,=pg)ite] ™

where
v, ~minimum fluidization velocity [=] cm/s
d,=particle diameter [=] cm
¢=particle sphericity [=] dimensionless
e=bed voidage [=] dimensionless
g=acceleration of gravity=980 cm/s*
pp=particle density [=] g/cm?
p,=gas density [=] g/cm®
U =gas viscosity [=] g/em/s=P.
Particle Reynolds Number (Re,): a dimensionless group

describing the ratio of inertial forces to viscous forces,
computed mathematically (in consistent units) as

Rep=pgugdpip ®

where

Re,=Reynolds number [=] dimensionless

p=gas density [=] mass/length

u=superficial gas velocity [=] length/time

d,=particle diameter [=] length

H,=gas viscosity [=] mass/length/time.
Polycrystalline Silicon: solid silicon composed of atoms
arranged in a three-dimensionally periodic pattern in which
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the periodic pattern is interrupted at boundaries. Also
described as a solid formed by many small crystals, namely,
grains, with different orientations.

Popcorning: a term used in crystal pulling to describe the
undesirable phenomenon of small explosions of unmelted
solids as they melt in the liquid bath, spattering solid
fragments and some liquid. This spatter can land on the
single crystal ingot, potentially causing crystal defects.
Silicon-bearing Gas: any of the group consisting of silane
(SiH,), disilane (Si,Hy), dichlorosilane (SiH,Cl,), trichlo-
rosilane (SiHCL,), silicon tetrachloride (SiCl,), dibromosi-
lane (SiH,Br,), tribromosilane (SiHBry), silicon tetrabro-
mide (SiBr,), diiodosilane (SiH,l,), triiodosilane (SiHI;),
silicon tetraiodide (Sil,), and mixtures thereof.
Slip-coating Powder: any of the group consisting of silica
(Si0,), silicon carbide (SiC), silicon nitride (SiN), alumina
(Al,0,), carbon (C), and mixtures thereof.

Submerged Spouted Bed: a mass of solid particles expanded
and suspended by an upwardly directed jet of gas such that
the mass or bed of particles exhibits many properties of a
liquid. The jet forms a dilute phase in which particles are
entrained and rapidly directed upward but do not leave the
surface of the emulsion, or dense phase, surrounding the jet
(typical of spouted beds) due to the depth of the bed of
particles above the jet. The particles typically migrate slowly
in the downward direction in the emulsion to be re-entrained
and again lifted rapidly by the jet. While this phenomenon
may be present for entrance jets in all gas distribution grids,
it is usually small and ignored and applies best when there
is a single upwardly directed entrance jet of gas.
Tammann Temperature: the temperature at which the surface
of a solid shows a marked change in activity, for example,
surface reaction rates typically increase significantly and
silicon beads become sticky. The Tammann temperature can
be approximated mathematically as 52% of the absolute
melting temperature of the material.

Tapered Zone: a portion of a fluidized bed reactor in which
the wall of the vessel is constructed such that the vessel
diameter increases with increasing height to allow dense
phase segregation within the enclosed fluidized bed.
Transport Disengaging Height (TDH): the distance from the
surface of a fluidized bed of solids above which particle
entrainment no longer decreases and the gas velocity profile
has stabilized and the effective superficial velocity can be
taken as the volumetric gas flow leaving the bed surface
divided by the bed cross-sectional area. The TDH can be
calculated using the method of Zenz and Weil found in Zenz,
F. A, Weil, N. A, A.L.ChEJ. 4, 472 (1958) and frequently
cited in fluidization texts and articles.

SUMMARY OF THE INVENTION

In order to achieve a specific end instead of just starting
with that which has been done before and making marginal
improvements, a definition of the desired product and pro-
cess is presented here. The product polycrystalline silicon in
granular form should have an average particle size as large
as possible, somewhere between 1 mm and 3 mm, with as
narrow a particle size distribution as possible, most advan-
tageously skewed toward the larger sizes. The beads should
be round (spherical), shiny (high crystallinity), free of dust,
meet the same acceptor/donor, metals, and carbon require-
ments as chunk polycrystalline silicon, and have low hydro-
gen content to avoid popcorning in the crystal puller. The
process should be cost effective, energy efficient, robust,
easy to operate, easy to automate, easy to control, self-
correcting, introduce no impurities, and take place in a
single reactor, if possible. More specifically, the process
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