HEAT AND MASS TRANSFER IN AN EPITAXTAL REACTOR OF THE
VERTICAL TYPE.
1. SYMMETRICAL HEATING OF THE REACTOR

V. P. Popov UDC 546.281:536.244

Results are presented from a numerical study of the distribution of the dimensionless
rate of deposition of an epitaxial layer along a reactor made in the form of a planar
vertical convergent channel which is heated symmetrically.

This article examines heat and mass transfer in an epitaxial reactor in the form of a
vertical quartz tube of rectangular cross section. Two graphite plate-type substrate holders
with substrates are located on opposing walls of the reactor [1].

If the gap between the plates h = 2r (see Fig. 1) is much less than their width, the
reactor can be represented as a plane channel formed by these plates. Heat and mass transfer
in the reactor is examined using the example of the deposition of a layer of silicon from a
mixture of silane and hydrogen. The gaseous mixture is introduced at the top of the reactor,
as shown in Fig. 1. Silicon is deposited on the surface of thin silicon plates — substrates —
and on the free surface of the substrate holders as a result of the rection

SiH, ==Si , + 2H,, (1)

activated by heating of the gas by the holders and substrates. The temperature of the de-
position surface (holders and substrates) is kept constant within the range Tg = 1323-1423 K.

In the case of laminar flow of the gas mixture, heat and mass transfer in the channel in
the boundary-layer approximation is described by the system of conservation equations:

2 i) + ~(—%— %) = 0, (2)
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with the boundary conditions
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Fig. 1. Sketch of reactor: 1) substrate;
2) substrate holder.
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The physical properties of the gas mixture were assumed to be dependent on its tempera-
ture, pressure, and local composition. They were calculated as they were in [2].

It is known that Eq. (1) is the stoichiometric equation of the complete rection. The
actual mechanism of the thermal decomposition of silane includes a large number of inter-
mediate reactions [3, 4]. At a temperature Tg > 1123 K, the greatest contribution to the
deposition of silicon is made by silicane [4] formed as a result of the homogeneous reaction

SiH, == SiH, + H,. (7

Diffusing to the deposition surface, silicane is adsorbed on it. Silicon is formed on this
surface as a result of several reactions that can be represented by the overall equation

SiH,=Si &0y -+ H,. (8)

Reaction (8) takes place without a volume change. Thus, the velocity of the Stefan flow
Vg in boundary conditions (6) can be taken equal to 0. At a temperature Tg > 1323 K, almost
no silane molecules reach the substrate, undergoing conversion to silicane in the interior of
the reactor.

Since the main product of the homogeneous reactions is silicane and since there is little
difference between silicane- and silicane-hydrogen mixtures from the viewpoint of heat and mass
transfer, the results of numerical modeling with allowance for twenty homogeneous reactions
at Tg = 1323 K and atmospheric pressure coincide with the results of the use of a simplified
model considering only reaction (1) (which is assumed to be heterogeneous, occurring in the
‘diffusion regime) and the results of experiments conducted under these conditions [4]. TFor
atmospheric pressure and Tg > 1323 K, this allows us to adjudge the simplified model adequate,
i.e., to ignore the homogeneous reactions and assume that the silicon deposition rate is
limited by the rate of transport of silane molecules to the deposition surface, i.e., c4; = 0.

In connection with the fact that hydrogen constitutes 99%Z (by vol.) of the silane-
hydrogen mixtures used in processes involving deposition from the gas phase, the mixture can
be considered diathermal. As a result, in energy equation (4) we omit terms accounting for
heat transfer by diffusion and diffusional heat conduction. Estimates show that the heat
fluxes caused by these effects are 3-4 orders of magnitude lower than the heat flux due to
normal conduction.

Results of the solution of Eqs. (2-6) are shown in Figs. 2-4. The deposition rate is
represented as being proportional to its dimensionless magnitude Nupp, which is determined
from the concentration of silane at the inlet of the reactor.

If we ignore free convection and thermodiffusion, then Nugp decreases monotonically with
an increase in the dimensionless distance &p from the front edge of the channel due to
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Fig., 2. Dependence of c and Nugp on xp, T with allow-
ance for the effect of free convection (P = 101 kPa,
Xg1 = 0.0002, Tg = 1423 X, hy = 0.06 m): T, = 293
(8-11) and 473 K (1-7); o« = 0° (1, 2, 4, 5, 7-9, 11)
and 4 (3, 6, 10); Retana=5.88 (3, 6) and 20.4 (10);
Ga/Re = 0 (2, 4, 5, 8, 9), 465 (1, 3, 6, 7), 625.8

(11) and 688.4 (10); without thermodiffusion (3, 4, 8).
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Fig. 3. Dependence of Nugp on Ga/Re for different values of h
and the temperature factor ¢ (P = 101 kPa, X,; = 0.002, Tg = 1423
K, @ = 0°, xp = 0.005); T, = 293 (1-3) and 473 K (4, 5), hy = 0.02
(3), 0.04 (2) and 0.06 m (1, 4, 5).

Fig. 4. Dependence of c and Nugp on % and Xp in the absence of
the effect of free convection (P = 101 kPa; Xy, = 0.002, Tg = 1423
K, h, = 0.06 m): T, = 293 (3-5, 7, 10, 11, 15), 373 (2, 8) and
473 K (1, 6, 9, 12-14); o = 0° (1-9), 2° (10-13) and 4° (14, 15);
Re tana=0 (1-9); 2.94 (12), 4.09 (10, 4.41 (13), 5.88 (14), 6.13
(11) and 20.4 (15); without thermodiffusion (5, 6).

depletion of silane from the gas phase (see curves 4 and 8 in Fig. 2). Allowing for thermo-
diffusion and free convection leads to the formation of a maximum on this relation. The
presence of the maximum can be attribute to the effect of these two factors on deposition
rate as the gas is heated (Fig. 2).

When the gas mixture is fed into the top of the reactor and flows downward, as shown in
Fig. 1, free convection lowers the flow rate near the substrates and thereby reduces silicon
deposition rate as well. The effect of free convection is manifest in the region of small
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xr. It changes little in the range x7 < 0.015 and nearly ceases upon attainment of the
values XT % 0.5=0.55, which corresponds to the end of the thermal initial section of the
symmetrically heated plane channel [5]. An increase in the temperature factor ¢ = Ts/T, is
accompanied by a decrease in the value of ¥T at which the effect of free convection on

Nugp can be ignored (Fig. 2). This decrease corresponds to shortening of the thermal initial
section with an increase in ¢. A similar dependence ot this length on ¥ in the case of
circular tubes was reported in [6].

It follows from Eq. (3) that the contribution of free convection to heat and mass trans-
fer is characterized by the ratio Ga/Re. This criterion was also adopted in [5, 6].

A single straight line (see Fig. 3) in the coordinates Nugp—Ga/Re satisfactorily general-
izes the value of Nugp obtained at constant ¢ but different h, i.e., different Ga and Re.
The dependence of Nugp(Ga/Re) weakens with an increase in y. At Ga/Re = 700 and Tg = 1423 K,
the number Nupp decreases by 307 when T, = 473 K and by 207 when T, = 293 K compared to the
case of the absence of free convection.

Reverse flow develops with an increase in Ga/Re to a certain limit. The distance from
the channel inlet over which recirculation begins increases with a decrease in Ga/Re. This
distance cannot exceed the length of the thermal initial section. Thus, at values of Ga/Re
which are less than a certain critical value (Ga/Re)qp, recirculation does not develop at any
distance from the inlet.

Since Eqs. (2-5) are invalid in the region Ga/Re > (Ga/Re).,, the resulting values of
(Ga/Re)cr are understated and very approximate. As the critical Ga/Re, we took the minimum
value of this complex at which the iteration diverges in the determination of the longitudinal
pressure gradient in the channel, i.e., when 3p/3% changes sign during the iteration.

The value of (Ga/Re)., increases with an increase in the temperature factor. The value
of (Ga/Re)or = 760 at § = 3, while (Ga/Re)., increases to 1000 at ¢ = 4.86.

The convergence of the channel increases (Ga/Re).r. This effect is reinforced with an
increase in the product Re tan o. It is known that the velocity profile becomes fuller with
an increase in Re tan o, which prevents the occurrence of recirculation. At low Re tan «,
the curve Nugp(xp) has the same character as at a = 0. The effect of free convection on Nugp
decreases with an increase in a (see curves 5 and 6 in Fig. 2).

Due to the very low concentration of silane in the gas mixture, the effect of concentra-
tional convection on deposition rate is negligible. A change in the molar fraction of silane
at the reactor inlet from 1-10°3 to 3-10”2 at h = 0.06 m, T, = 293 K, Tg = 1423 K, and uq =
0.7 m/sec- increases Ga/Re from 496 to 497.8. ' With fixed values of Xy, the values of Nugp
differ by no more than 1.5%.

The reduction in Nugp due to free convection does not exceed 57 at Ga/Re less than 115
and 165 when ¢ = 3 and 4.86, respectively (see Fig. 3). Thus, at Ga/Re < 100, the effect
of free convection can be ignored.

The condition Ga/Re < 100 is not very restrictive. It may be frequently encountered in
practice. For example, at atmospheric pressure, hgy = 0.03, and a molar fraction of silane
‘equal to 0.002, the value Ga/Re < 100 is reached when u, > 0.86 m/sec if T, = 293 K and when
u, > 0.236 m/sec if T, = 473 K. The value of u, was calculated for 293 K in both cases.

Since the value of Ga/Re is proportional to the square of the pressure, at reduced pres-
sures in the reactor it is possible to ignore free convection in nearly any case encountered
in practice. »

Thermodiffusion significantly reduces Nugp on the thermal initial section of the channel,
as is evident from a comparison of curves 5 and 7, as well as 6 and 9, in Fig. 4.

The ratio of the mass flows of silane calculated with and without allowance for thermo-
diffusion (j; and j,', respectively) is equal to

: (1 -
i1 raxle o;X; (1 — X)) OT] 6X1=1+KTD, (9)

i |ag 7 oy oy
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where
_ e X (=X oT 4 ax,
v A (10)

P

To obtain an approximate value of Kyp, we taken X; << 1, Xg1 =0,

X, = Xb1+‘X%1 _ Xy 0X, _ Xor or
2 2 gy 6, " oy
_ o To—=Ts 7 TotTs
S, ’ 9 . (11)

It is known that the ratio of the thickness of the thermal and concentration boundary
layers is equal to

b, Pr,

= . (12)
81_) Pr
Inserting (11) and (12) into (10), we obtain
a,(1—Tg)Pr (13)

P U+ TgPr,

This estimate of Kyp turns out to be fairly exact. At xr < 0.012, the ratio of the mass
flows j;/ji' calculated from Eqs. (9), (13) differ by 3-5% from the ratio obtained by numeri-
cally solving Egs. (2-5).

The value of Nupp is nearly independent of the temperature of the gas phase at the
reactor inlet if Xp < 0.02-0.025. 1In the range xp = 0.02-0.2, an increase in T, is accom-
panied by a decrease in Nugp (Fig. 4).

The temperature of the deposition surface Tg also has little effect on Nugp. This effect
increases somewhat with an increase in xp. The ratio of Nupp at Tg = 1423 K to this number
at 1273 K changes from 1.018 to 1.088 with an increase in xp from 0.004 to 0.0215.

If the reaction has the form of a convergent channel which converges with the angle a
(see Fig. 1), then for the governing linear dimension in the determination of Nugp it is con-
venient to take not the inlet value of h but the running value between the substrate holders,
equal to h = hy — X tan o,

With such a definition of the Nusselt number, in the absence of free convection the rela-
tion Nugp(Xp) is a single curve for all « in the investigated range Re tan a = 0-6 on the
channel section Xpy < 0.03-0.04. This section contracts with an increase in y and Re tan a.

Figure 2a and Fig. 4 show the change in the mass concentration of silane averaged over
the cross section of the reactor. In most actual cases of deposition from the gas phase, Xp
does not exceed 0.02-0.03. Here, no more than 20-30% of the silane introduced into the reac-
tor is used.

In the absence of thermodiffusion and free convection, the curves Nugp(xp) have a simple
form (see Figs. 2 and 4) and can be approximated by expressions convenient for rough calcula-
tions. These expressions can be represented in the form

Nu,, = 4x5" ' (14)
at xp < 0.03 and
- Nu,, = Bexp (— mx,) (15)
at xp > 0.03.

The values of A, n, B, and m depend on X and the temperature factor § = Tg/T,. The
following values of these quantities wre obtained from a numerical solution at Tg = 1423 K and
T, = 293 and 473 K (¢ = 3 and 4.86):
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0,0005 < xp, < 0,003, A= 0,28y + 0,11, n = 0,459 — 0,0263¥;

0,003<C %, << 0,03, A= 0,344¢ + 0,42, n= 0,372 — 0,0215; (16)
0,03 %, < 0,14, B= 1,93y + 0,67, m = 3,76y + 1,67

The deviation of the results of approximate calculations by Eqs. (14-16) from the numerical
solution without allowance for thermodiffusion and free convection is no greater than 37%. The
effect of thermodiffusion and free convection can be evaluated from Eqs. (9-13) and Figs. 2-4.

NOTATION

¢, mass concentration; c,, isobaric heat capacity; D, coefficient of diffusion of silane
in hydrogen; j;, mass flux of silane; H, enthalpy; P, pressure,; T, temperature; ay, thermo-
diffusion ratio; p, density; u, absolute viscosity; A, thermal conductivity; x, y, h, r, yg,
o, space coordinates and geometric dimensions of the reactor (see Fig. 1); u, v, veloc1ty
components in the x and y d1rect1ons, respectlvely, v = Tg/T,, temperature factor, ep = ep/epn:

D= D/D,, H=H/[H,, —(Po gPo)_/(Oouo) T= T/To, p="0/p0. *=A/ho, Z:u/uo, v_vRe/uo, J_y/"m x= x{(Re k),
Y =x/(Re'ry’) Fa=xtg (@/2)/ro, Re=uohopy/tho, Re' = uropo/io, Pr = necpo/ho, Prp = ho/(0eDg), Ga’' = gré Pé/ﬂé,
Ga= gh'a'p%/.u'é =8Ga’, Nuyp := 2j1r/(Co106D0), Xp=%/Pr, xp=1x/Prp . Indices: 0, at reactor inlet; s, on

deposition surface; 1, silane; 2, hydrogen,
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