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ABSTRACT

Flow patterns have been made visible in a horizontal water-cooled epitaxial
reactor by injection of TiO; particles into the gas flow. From these experi-
ments, a stagnant layer model has been developed with which the epitaxial
growth of silicon from silane can be described. In the case of a nontilted sus-
ceptor, the model predicts an appreciable nonuniformity in thickness along
the susceptor, whereas a small angle of tilting of the susceptor should yield
a much better uniformity in thickness (2% over a length of 22 cm). Experi-
ments agree very well with the theoretical predictions of the model.

Silane as source for the epitaxial growth of silicon
has several advantages over SiCly and SiHCl;: lower
deposition temperature, less autodoping from sub-
strate, less outdiffusion, and no back etching. On the
other hand, silane is rather unstable and will decom-
pose also on the hot reactor wall, This means that, as
far as the construction is concerned, reactors for SiHy
and SiCly or SiHCl; will be different. For the time be-
ing, the most popular type is the horizontal reactor.
The construction is rather simple. A large number of
slices can be grown in one charge and the reactor is
easy to load and unload. For SiH4, a water-cooled re-
actor is preferable, because otherwise silicon would
be deposited on the reactor wall, which would make
measurement of the temperature of the substrates with
an optical pyrometer impossible.

In the past, several authors have described the proc-
ess of epitaxial growth, though mostly in vertical re-
actors. Bradshaw (1) developed a boundary layer
model with which he was able to explain the growth
experiments in a vertical reactor, Here the deposition
efficiency is low, so that the decrease in concentration
of the silicon compound along the susceptor can be
neglected. Shepherd (2) described the epitaxial growth
of silicon from SiCly in a small horizontal reactor, as-
suming a parabolic gas flow in the reactor and omitting
the decrease in SiCly concentration in the length di-
rection of the reactor. For large horizontal reactors,
the deposition efficiency is found to be about 35%. This
means that the decrease in concentration of the silicon
compound along the reactor cannot be neglected. Tak-
ing this into account, Rundle (3) investigated the
epitaxial growth of silicon from SiCly and SiHCls, as-
suming that the gas flow in the reactor has a velocity
component only along the axis of the reactor and that
the whole system is at a constant temperature, ignor-
ing temperature gradients.

In this paper, it is shown that these assumptions
cannot be justified. From gas flow pattern experiments,
it is seen that there is a thermal convection in the
reactor vertically overturning the main gas flow and
resulting in complete mixing of the gas. Directly above
the heated susceptor, the temperature then drops over
a thin stagnant layer which is excluded from the
main gas flow. These experiments are discussed and a
model derived for the epitaxial growth in a horizontal
reactor is analyzed. The rate of epitaxial growth is
calculated in the case of a nontilted and tilted sus-
ceptor. It is shown that there is close agreement be-
tween the predictions derived from the model and the
experiments,

Investigation of the Flow Pattern
Experimental arrangement.—To make the flow pat-
tern in the reactor visible, TiO, particles are injected
into the gas stream by means of the equipment shown

Downloaded 06 Jan 2012 to 159.226.100.225. Redistribution subject to ECS license or copyright; see http:/

schematically in Fig. 1 (4). The horizontal reactor used
for these experiments is the same as is considered
later for the epitaxial deposition of silicon from silane.
It consists of a water-cooled quartz tube with a rec-
tangular cross section (5 x 4 cm) and a graphite sus-
ceptor, 30 cm long, 4 cm wide, 8 mm thick, positioned
in a quartz boat which fits in the reactor. In our case,
the free space between a side wall of the reactor and
the quartz boat is about 0.5 mm. The gquartz boat rests
on the floor of the reactor. The free height above the
susceptor is 2 em. Dry hydrogen and hydrogen con-
taining water vapor flows into the reactor where the
temperature of the susceptor is 1050°C. By switching
two electromagnetic valves, the dry hydrogen can be
passed over TiCl,. Mixing of the water vapor-loaded
and the TiCly-loaded hydrogen causes the formation
of TiO; particles, resulting in a white haze. The flow
pattern in the reactor can then be observed. Photo-
graphs of the gas flow patterns have been made
through the window on the right-hand end of the re-
actor (see Fig. 1) and are discussed below.

Experimental results—In Fig, 2, the streamline
pattern is given for the water~cooled reactor with the
susceptor at room temperature. It is seen from this
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Fig. 1. Schematic view of the equipment to make gas flow
patterns in the reactor visible.

Fig. 2. Streamline pattern above the nonheated susceptor
(Ts ~ 20°C) with water-cooling around the tube (wall temperature
approximately 10°C). Convective flow is visible under the influence
of a small vertical tempercture gradient. Rotation speed: about
1 rps.
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Fig. 3. Streamline patterns with TiQa at different gas velocities
of hydrogen {(corrected for heating up). Susceptor temperature
1050°C. Stagnant layer thickness decreases with increasing gas
velocity.

photograph that, although the vertical temperature
gradient is very small (AT = 10°C over about 2 cm),
a convection flow already exists which, combined with
the net gas flow, results in a double screw flow pattern.
When the susceptor is heated up, the vertical tem-
perature gradient increases. Due to a buoyancy force,
increased in this way, a higher rotation velocity of the
spirals results and the separate streamlines mix. This
is shown in Fig. 3 where hydrogen with different gas
velocities flows through the reactor in which the sus-
ceptor is at 1050°C. In the case of low gas velocity the
convection flow lines can be seen separately, but at
higher velocity the streamline pattern is restricted to
a region separated from the substrate by a dark layer.
The latter is indicative of a region where the gas
velocity is zero and the incoming TiO, particles will
flow only in a region separated from the susceptor by
a stagnant layer. The thickness of the stagnant layer
depends on the gas velocity, as can be seen from Fig.
4, When the linear velocity in the reactor is increased,
the stagnant layer thickness tends to decrease.

Epitaxial Growth with a Nontilted Susceptor

Calculations on the model.—From the experiments
described above, a model has been developed with
which the epitaxial growth in a horizontal reactor can
be physically described and mathematically analyzed.

In Fig. 5, a schematic diagram of a horizontal re-
actor with a nontilted susceptor is drawn with the as-
sumptions implied in the model for epitaxial growth.
They are mainly based on the gas flow pattern experi-
ments with TiOy and explicitly given below:

I. Due to vertical overturning caused by buoyancy
forces in the gas (thermal convection), the velocity,
Vm, and the temperature, T, are constant over the
height (b — &) of the reactor tube,

II. The temperature of the gas (Ty,) is taken to be
constant in the length direction of the reactor. This
assumption is valid for a water-cooled reactor.

III. In the stagnant layer, the gas velocity is zero
and the temperature increases linearly with y from T,
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Fig. 4. Dependence of the stagnant layer thickness on the mean
velocity of hydrogen in the reactor. Susceptor temperature, 1050°C.
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Fig. 5. Stagnant layer model for a horizontal reactor with a non-
tilted susceptor.

to the susceptor temperature Ts: T(y) = Ts —
(Ts — Tm) (b — y) /3.

IV. SiH, diffuses through the stagnant layer to the
susceptor. At the surface of the susceptor, the SiH,
concentration is assumed to be zero since the unstable
SiH, reaching the susceptor decomposes immediately
at the temperature considered (1050°C). Thus, the
deposition rate of silicon is diffusion controlled.

With these assumptions, the rate of epitaxial growth
in a horizontal reactor has been calculated and turns
out to be described by the following expression (see
Appendix A):

DoT<po ( DTz )
G(x) = 723 x 106 P exp ([ — —2252_ ) 13
() X RTa P ToV,bo

o

where G is the growth rate of silicon (um/min); D,,
the diffusion coefficient at 300°K of silane in hydrogen
(D, = 0.2 cm2/s); T, the susceptor temperature (°K);
T, = 300°K; p,, the partial pressure of silane (dynes/
cm? ~ 10-6 atm) at the inlet of the reactor; V,, the
mean velocity (em/s) of the gas as calculated from
the incoming gas flow and the free cross section of the
tube; R is the gas constant (8.31 x 107 erg/°K). The
free height above the susceptor is indicated by b(cm).
The only unkown variable is 8, the thickness of the
stagnant layer.

Experimental results—Experiments were carried
out on the epitaxial growth of silicon from silane in
an atmosphere of hydrogen. Figure 6 shows an outline
of the apparatus used for these experiments. Substrates
were 0.01 ohm~-ecm (N- and P-type), polished slices of
silicon single crystals. After etching the slices at
1200°C with HC], the temperature of the susceptor is
lowered to 1050°C, at which temperature the epitaxial
growth is initiated by admitting a flow of hydrogen
containing SiHs The temperature has been measured
with an optical pyrometer and corrected for the emis-
sivity of the silicon.

The growth rate, G, is obtained by measuring both
the time of growth and the thickness of the deposited
silicon layer. It has been verified that the growth rate,
G, is a constant over the time of growth. The accuracy
in the growth rate is affected by the accuracy with
which the time of switching can be measured and by
the accuracy of the thickness measurement method.
The accuracy in time measurement amounts to +0.2%.
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Fig. 6. Outline of the epitaxial growth equipment

The thickness has been measured by infrared multi-
ple interference with a Hitachi EPI-G2 spectro-
photometer. The data obtained allow for a final ac-
curacy in thickness of +0.5%. The evaluation tech-
nique used will be described by Severin (5).

According to Eq. [1]1, the growth rate is linearly de-
pendent on the concentration of SiH4 in the carrier
gas. This was verified up to 10—1 vol % SiH, in a series
of growth experiments. In each experiment, the slice
was positioned at the same place in the reactor. The
results of these experiments are given in Fig. 7. It is
clear from this figure that growth rate varies linearly
with the SiH, concentration.

Another series of experiments has been carried out
to study the dependence of growth rate, G, on position
x along the axis of the reactor. A typical result of
these experiments is given in Fig. 8. It can be seen that,
as required by Eq. [1] derived from the model, log G
indeed decreases linearly with x.

Calculated and experimental values for the thick-
ness of the stagnant layer—From the slope of the line
in Fig. 8 as well as from the value of G at x = 0 the
thickness of the stagnant layer, 8, can be calculated.
In Fig. 9, these values are given for gas flow rates
(V1) between 50 and 500 em/s corresponding to V,
between 20 and 200 cm/s. This figure also shows the
thickness of the stagnant layer as found by direct ob-
servation in gas flow pattern experiments with TiO, as
shown in Fig. 3. Good agreement exists between these
measured values of the stagnant layer thickness and
the values of & derived from G(0). The values ob-
tained from the slope turn out to be at variance. In
order to proceed with the theory, a simple formal re-
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Fig. 7. Dependence of the growth rate on the partial pressure of
silane (103 dynes/cm? relates to 0.1 vol % SiH4).
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Fig. 8. Growth rate vs. position along the susceptor for V, =
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Fig. 9. Dependence of the stagnant layer thickness on the mean
gas velocity in the reactor (corrected for heating up): A, from flow
pattern experiments using TiOs, |+ from the slope of the log G(x)-x
curve; @, from the growth rate at x = 0.

lation between & and the velocity, V, is needed. A
number of relationships have been tried but the rela-
tion:
A
VVr
with A = 7 cm3/2 §1/2 and B = 0.2 cm appears to be
the best compromise.

Theoretically and experimentally, the growth rate,
G, decreases with increasing values of the position pa-
rameter, x. The magnitude of this effect depends on
the gas flow rate. When Eq. [2] is inserted into Eq.
[1], it follows that the slope of the log G vs. x curve
as a function of V, shows a rather flat minimum. This
can be seen in Fig. 10. Some experimental data regard-
ing this effect are also presented in this figure. It ap-
pears that the same trend is found in the experimental
and in the calculated course of the slope of the log
G vs. x curve as a function of the mean velocity, V.
The differences in actual value of d log G/dx are due
to the inaccuracies introduced by Eq. [2].

Increasing the gas flow rate from 9 to 34 cm/s re-
sults in a decrease of the slope of the log G vs. x curve.
However, a further increase of the gas flow rate has no
influence on the slope of the growth curve.

From these experiments and calculations, it is clear
that it is impossible to get the same deposition rate in
all positions on the susceptor. A smaller gradient in
the thickness of deposited silicon should be obtain-
able with a stagnant layer thickness decreasing in the
length direction of the reactor to compensate the effect
of decreasing partial pressure of SiHy. A gradually de-
creasing stagnant layer can be achieved by tilting the
susceptor, as is dealt with below.

Reactor efficiency.—At this stage, it is interesting to
consider the reactor efficiency, n, defined as the fraction

0 = — B [21
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Fig. 10. Calculated values of the slope of the log G(x)-x curve
from Eq. [1] and Eq. [2] at different values of the gas velocity
(V,). Some experimental values are also inserted into this figure
(dotted line).

of the incoming SiH; decomposed on the hot susceptor.
The reactor efficiency, », can be expressed by

L
cf. Jy(x)dx
n= _f°_).'___ - 100% [31
noVobd

where L is the length of the susceptor, ¢ the width of
the susceptor, d the width of the reactor, Jy(x) the
molecular flux in the y-direction as a function of x,
and 1, = po/kT,.

Integrating Eq. [3] yields

I ( Do T. L ) 100%  [4]
M= — —exp| — —— .
d PA™ Bvar, } o 1

From Eq. [2] and Eq. [4], the dependence of the
reactor efficiency, n, on the gas flow rate can be cal-
cplated. This is shown in Fig. 11. At low V,, the effi-
ciency, n, decreases with increasing V, and flattens up
to_ the upper limit of the range of validity of Eq. [2].
Figure 11 also gives the experimental values of n,
mea§ured by gas chromatographic analysis of the in-
coming and outgoing gas. The experimental values are
close to the calculated ones. As predicted, n decreases
with increasing V, and tends to be constant at the
right value of about 35%.
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Fig. 11. Dependence of the reactor efficiency, 1, on the mean gas
velocity (V).
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Epitaxial Growth of Silicon in a Horizontal Reactor
with a Tilted Susceptor

Calculations on the model.—In Fig. 12, a schematic
view is given of a horizontal reactor with a tilted sus-
ceptor. The assumptions for this model are the same
as used for the nontilted susceptor. However, the de-
crease in stagnant layer thickness along the axis due
to increasing gas velocity is taken into account. For
this we use Eq. [2], which was found as a result of
the experiments in a horizontal reactor with a non-
tilted susceptor. In the case of a tilted susceptor, the
gas velocity is a function of x because of decreasing
cross section of the free space above the susceptor

Vr(x) VoD Tm [5a]
X)) =
B (b—xtany) T, 2

Of course, it has been avoided that the gas streams
around and under the susceptor by filling up the space
under and adjacent to the susceptor. The stagnant
layer thickness, 8, and the temperature decay in the
stagnant layer are supposed to be determined by the
local velocity only and, hence, Eq. [2] and assumption
III are modified to be a function of x

7
5(x) = —————102 [5b]
VVr(x)
and
Ts — Tm —b t
T(xy) =Ts + ¢ AL + xtany) [5¢c]
d(x)

With these relations, the growth rate (um/min) in a
horizontal reactor with a tilted susceptor is found to
be

D,T
G(x) — 7.23 x 106 ——°—2°

————ex
RT25(x) P

2D TsTm
{ (6(0) —8(x) +02In

8(0)
—-— [61]
4gT .2 tan ¢ d(x)
This formula is derived in Appendix B.

Experimental results—With Eq. [6], calculations
have been carried out for a fixed angle of tilling of
2.9° and different gas velocities of 10-70 em/s. This is
shown in Fig. 13. It is seen that at low gas velocity
(Vo = 10 cm/s) the growth rate decreases in the
length direction, while at a high gas velocity (V, > 40
cm/s) even an increase in growth rate is found. Be-
tween these two values, a region should exist where
the growth rate is nearly independent of position x.
Experiments carried out under the same conditions
as those for which these curves have been calculated
show a very good agreement with the calculations, as
can be seen in Fig. 14. With a gas velocity V, = 18
em/s a decrease in growth rate along the axis is found,
while at 48.7 cm/s an increase in growth rate is ob-
tained. With a gas velocity of 34 cm/s, the growth rate
is constant within 2% over a region of 22 cm (~80%
of the susceptor length). Not only the predicted
trends in the deposition rates are found experiment-
ally, but also the experimental value of the growth
rate in the case of nearly even deposition is close to
the calculated value. As can be seen from Fig. 13, we
obtain for p, = 1000 dynes/cm2 and V, = 34 cm/s a
growth rate G = 0.43 um/min. This implies for p, =

V>

)T T—> T
T

Fig. 12. Stagnant layer mode! for a horizontal reactor with a
tilted susceptor.
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Fig. 13. Calculated values of the growth rate vs. position along
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cm?, Dy = 0.2 cm?/s.

639 dynes/cm? that G = 0.27 ym/min which agrees
well with the experimental value G = 0.26 um/min
given in Fig. 14.

The decrease in growth rate at the end of the sus-
ceptor, as observed experimentally, is due to geo-
metrical properties of the system where the flow and
the temperature should match boundary conditions.

The uniformity in growth rate across the susceptor
depends on how well the susceptor fits into the re-
actor. Variations in growth rate across the susceptor
smaller than 5% have been found.

Discussion

From the experiments described in this paper, it is
clear that the epitaxial growth of silicon from silane in
a horizontal reactor can be adequately explained with
a stagnant layer model. According to this model, above
the heated susceptor a layer of stagnant gas is present
in which the temperature gradient is very high
(>100°C/mm). Above the stagnant layer the gas is
vertically mixed by the high convection. When the
vertical temperature gradient is small, the streamlines
have been seen individually with a haze of TiO; and
the rotation speed of the convection flow increases with
the vertical temperature gradient. The experiment to
which Fig. 2 refers yields for 5°C/cm a rotation speed
of about 1 rps, as has also been calculated using an
elementary theory in Appendix C. However, in the
case of a heated susceptor, this temperature gradient
is rather high resulting in so high a rotation speed that
separate streamlines mix and that only a very small
temperature gradient is left in the convective layer.
In fact, we assume the temperature is uniform within
this upper layer. This justifies the model as a whole.

The interpretation of the results presented in the
sections on the experiments are based only on the
equations of conservation of mass, which is expressed
in the upper, convective, layer by the equation of con-
tinuity and in the lower, stagnant, layer by equating
the silane diffusion flow to the growth rate of the sili-

—» Fosition x along the susceptor (cm)

Fig. 14. Growth rate vs. position along the susceptor for an
angle of tilting of 2.9° and V, = 18, 34 and 48.7 cm/s, b = 2.05
cm, Ts = 1350°K.

con epitaxial layer, as shown in Appendixes A and B.
The reactive species involved is supposed to be SiH,.

We realize that a number of simplifying assumptions
have been made in deriving the above results, particu-
larly as regards the diffusion process. The diffusion
of silane to the susceptor is rather complicated be-
cause several effects combine, which results in an ef-
fective diffusion coefficient of silane in hydrogen of
0.2 cm2/s at room temperature. In general, the tem-
perature dependence of the diffusion coefficient is
given by D = Do(T/T,)m with 176 = m = 2. For
mathematical convenience (see Appendix A), a value
of m = 2 is used. However, a value of m = 175
would have been more reasonable because most gases
diffuse in hydrogen with this m value (8). To obtain
the same diffusion coefficient at high temperature
(~1000°C), it is clear that the D, value must be higher
when m = 1.75 is used instead of m = 2.

Normally, thermal diffusion is neglected. In the
case of a stagnant layer with a temperature gradient
above 100°C/mm, this diffusion should be taken into
account, as has been found by Bloem (7). Thermal dif-
fusion results in a mass transport from the susceptor
to the main gas flow and this diffusion flow is to be
subtracted from the diffusion flow to the susceptor
caused by a concentration gradient. The diffusion co-
efficient of silane in hydrogen due to a concentration
gradient is not known, but on the basis of molecular
weight a value of D, = 0.6 cm?/s seems reasonable
(2). The value of D, = 0.2 cm2/s, with which the re-
sults described in this paper can be explained, should
be considered as incorporating a correction for ne-
glected thermal diffusion and the mathematically sim-
plified temperature dependence of D.

APPENDIX A

As can be seen from Fig. 5, the space above the
susceptor is divided into a convective and a stagnant
layer. The derivation involves the equation of con-
tinuity in the convective layer and the diffusion equa-
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tion in the stagnant layer. The solutions are coupled
at the common boundary.

In an arbitrarily chosen point in the convective layer
the equation of continuity should be satisfied, which
reads, since only the stationary state is being con-
sidered and no decomposition of silane in the gas phase

is assumed
aJz(x) + ady(x,y)

ox ay

Here, J, is not a function of y, because due to con-
vection all parameters concerned—temperature, T,
density, n; partial pressure of silane, p; velocity, V—
are uniform over the convective part of the cross sec-
tion of the tube.

The second pertinent equation describes the dif-
fusion process in the stagnant layer from the top sur-
face to the substrate surface

=0 [Al]

an(x,y)

oy

According to elementary transport theory, D ~ T1/2/
n(T) and a relation D ~ T3/2 would be a reasonable
assumption. Experimental evidence, however, is in
favor of a D ~ Tm relationship with 1.75 =m = 2. We
shall use here m = 2 for mathematical convenience so
that D = D T2/T2.

Finally, we need the equation of state which, for
the highly diluted silane, can be given by

Jy(x) = ~D [A2]

p = nkT [A3]

where the temperature lapse rate in the stagnant layer
is given by
T=Ts— (Ts — Tm) (b — y)/d [A4]

and T = Ty, in the convective part of the tube.
By straightforward calculation, it can be shown that
Eq. [A2], [A3], and [A4] can be combined to give

iz
Jy(x) To2k6/Do(Ts - Tm) = —Tzw— [A5]
which can be integrated between p = p(x,b — 9),
T = Tyand p(x,b) = 0, T = T to give
p(x) = Jy(x) kTo20/D,Ty [A6]

An alternative relation between p(x) and Jy(x)
can be obtained by integrating Eq. [A1] over the cross
section 0 < y < (b — &) and unit width, which yields,
because J; has a finite value only at the convective
layer bottom surface and V and T are constant

—(b—®V 3 )
KTwm ozl

When V, which is related to the inside parameters
(b — 8) and Ty, is expressed in the corresponding out-
side parameters b and T, as

Jy(x) = [AT]

V = VobTu/(b — 8) T, [A8]
Eq. [A7] can be written as
@ =222 L [A9]
kT, dx

Eliminating p(x) from the two solutions [A6] and
[A9], we find

0 DoTsJ,(x)
—_Jy(x) 2
ox bV,Tod
which, with the boundary condition derived from [A6]
Jy(0)kT,20
0) = ———— Al0
P DT, [A10]
has the solution DT DT
Poldol's ol sX
Jy(x) = —ex (—-—————) All
Y KTz P bV T, [ALL]

Using the density of silicon (2.33 g/cm3) and the gas
constant R instead of k, the growth rate of silicon in
microns per minute can now easily be found to be
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D.T Do Tsx
G(x) = 7.23 - 106 —>*P° exp( - _L_) [A12]
RT 25 bV,d8T,

APPENDIX B

As has been made clear in the text, tilting the sus-
ceptor over a small angle, ¢, can be helpful to produce
uniform thickness along the length of the reactor. As
shown schematically in Fig. 12, the cross section varies
both because of the tilting and because of the x-depen-
dent stagnant layer thickness, 8(x). Equation [A8]
should be written now as

Vob Tm
b—6(x) —xtany T,

where V (x) is the velocity at high temperature in the
reactor. From the experiments with a nontilted sus-
ceptor, the thickness of the stagnant layer, 8, has been
found and plotted in Fig. 9 as a function of Vr where

now
Vi@) = — 0T [B2]
T = (b —xtany)T,

and assuming a quasi-stationary state

Vix) = [B1]

A
() =———B [B3]
VVr(x)
The temperature in the stagnant layer can be written
as
Ty — Tw)(y — b+ xtany)
T(ay) = Ty 4 o T W [B4]

8 (x)

It can easily be verified that, apart from T being a
function of x and y instead of y only, Eq. [A2], when
combined with Eq. [A3] and [B4], yields the same
Eq. [A5] and the same solution [A6]

Jy(x) 8 () kT2
= B5
p(x) DT, [B5]

Under the actual conditions of the experiments,
there is no decomposition on the wall, This means that
the equation of continuity over the convective part of
the cross section of the tube can be written as

Jy(x,b — xtany — 8(x))

= — —d— (b — 8(x) —axtany)J, [B6]
dx :

which yields for Eq. [B6] applying Eq. [A3]
d (p(x)V(x)(b— 8(x) —xtany)
dx kTm
= Jy(x,b —xtany — d8(x)) [BT7]

or applying Eq. [B1]

Vob dp(x)
Jy(@) = — —— T
y(®) kT, dx

Eliminating Jy(xz) from Eq. [B5] and [B7a], it is
found that

[B7a]

d DTsp(x
o (x) - oTsp () (B8]
dx T,Vobd (x)
which has the solution
(x) = p(0) [ Dol fx d ] [B9]
X)) = e _
P plo) exp TVob Yo o(z)
Hence, in terms of J,(x) from Eq. [B5]
D,Tsp(0) [ DT fz d. ]
Jy(x) = ——————ex _— [B10]
v(®) KT () ToVob Yo 8(x)

It can easily be verified that for constant 8 Eq. [B10]
is equal to Eq. [A11], as it should be.

Integrating the exponent in Eq. [B10] with Eq. [B2]
and [B3] yields the following rather cumbersome ex-
pression
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Ju(2) D,Tspo [ 2D,TsTr 5, stagnant llayer g]licl}g;less, gﬁm . 0
o otste o __Slelsim ] "
v T2 (2) P AT 2 tan v 5(.7:), :;Z%relg?gr’agfn(ir ickness at position x on the

5(0)
(6(0) — 3(x) + Bln )] [B11]
d(x)

Using the density of silicon (2.33 g/cm3) and the gas
constant R instead of k, the growth rate of silicon in
microns per minute can now easily be found to be

D, Tsp,
G(x) =723 - 106 ————exp
RT 25 (x)
[ 25 (4o + 50 22 )]
AT 2 tan 0) — ot + nG(XJ [B12]

APPENDIX C

In the experiments with small vertical temperature
gradient (see Fig. 2), the TiO, particles were visibly
moving upward along streamlines. This is a basic phe-

nomenon in meteorclogy (8). The velocity y of the
rising lump of gas can be assessed in the following
way.

Denoting the vertical coordinate by y and the ac-
celeration of gravity by g, the force experienced by a
given parcel of gas, primed if not in equilibrium with
the environment, increases with the deviation from
hydrostatic equilibrium. This yields in a first order of
approximation a force proportional to this deviation,
or, since the unprimed quantities refer to equilibrium

. p— 7 AT
V=—9——=-97 [C1]
Integrating this equation, it is found that
gATt2
Yo— Y= o7 [C2]

which yields, when the height of the tube is b and the
characteristic time to traverse this distance is t

2bT \1/2
1= ( ) [C3]
ATg

Numerically, this fits well: b = 2 cm, AT ~ 10°K|
T = 300°K, g = 103 cm/sec? yields v = 1/3 sec, which
means, taking into account the lateral and downward
motion, 1 rps. This has been observed experimentally.

NOMENCLATURE

x, position on the susceptor

Y, position above the susceptor

G(x), growth rate at position x on the susceptor,
wm min—1

Jz(x,y), molecular flux of SiH,; in the x-direction as
a function of x and y, cm—2s—1

molecular flux of SiHy in the y-direction as
a function of x and y,cm—2 g—1

Jy (x:y) ’

d(0), stagnant layer thickness at x = 0,cm

c, width of the susceptor, cm

d, width of the reactor, cm

b, free height of the reactor at x = 0, cm

L, length of the susceptor, cm

Tm, temperature of the gas in the convective part
of the reactor, °K

T, susceptor temperature, °K

T(x,y), temperature of the gas in the stagnant layer
as a function of x and y

To, 300°K

plx), partial pressure of silane at the position x,

dynes ecm—2 ) .
Do, partial pressure of silane at the inlet of the
reactor, dynes cm—2

V(x,y), linear gas velocity in the reactor as a func-
tion of x and y, cm s—1

Vos mean gas velocity in the case of a nonheated
susceptor cm s—1

Vo, linear gas velocity in convective part of the
reactor, cm s—1

Vr(x), mean gas velocity in reactor as a function of
x (corrected for heating up), cm s—1

R, gas constant (= 8.31 x 107 erg °’K—1)

k, Boltzmann constant (= 1.3 x 1018 erg
oK—])

PR gas density, g cm—3

n, num‘]}oer of silane molecules per unit volume,
cm—

Dy, diffusion coefficient for silane at 300°K (cor-
reclt)ed value for thermodiffusion: 0.2 cm?
i

n, deposition efficiency, %

s time, s

¥, angle of tilting of the susceptor

d, acceleration of gravity, cm s—2

1, characteristic time for convective flow, s

Manuscript submitted Dec. 8, 1969; revised manu-
script received ca. April 1, 1970, This was a Recent
News Paper presented at the New York Meeting,
May 4-9, 1969.

Any discussion of this paper will appear in a Dis-
cussion Section fo be published in the June 1971

JOURNAL.
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