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The issue of uniform deposition of a substance for the two-stage kinetics of a heterogeneous chemical reaction
is investigated based on the molecular-kinetic approach.

Problems concerning the uniform course of a heterogeneous chemical reaction which leads to the deposition
of reactant molecules (or their parts) on the internal surfaces of the system, in particular, in the case of flow of a re-
actant gas in porous media and individual channels, arise in many chemical-engineering problems. They include both
problems connected with the manufacture of different elements of microelectronic devices [1], for which the condition
of uniformity of the film formed on the surface is of importance, and problems in which the deposition of a layer of
a substance on the channel walls (or on the pore walls in the case of a porous body) as a result of the chemical re-
action is undesirable, for example, the problems of filtration of gases through finely porous bodies. In the latter case,
the deposition of a substance on the walls of the pores can lead to their clogging, which results in deterioration of the
technological process. We note that in the isothermal case the channels (pores) will be clogged more intensely near the
ends facing the gas phase with reactant molecules, which can lead to totally blocked channels. A uniform deposition
along the entire channel length can be realized on creation of an assigned temperature distribution along the channel
wall. Some questions of uniform deposition of a substance in cylindrical channels with free-molecular gas flow have
been considered in [2]. However, in [2], a one-stage scheme of deposition was used (disregarding the fact that the re-
actant molecules were in the intermediate state of physical adsorption). In the work proposed, we consider chemical
deposition for internal problems with a two-stage scheme of a heterogeneous chemical reaction. It is shown that the
temperature distribution which is necessary for a uniform deposition of molecules along the channel surface substan-
tially depends on the relation between the energy of activation of the heterogeneous chemical reaction and the energy
of desorption of the unreacted molecules of the reactant from the channel (pore) surface.

Let us consider chemical deposition from the gas phase in accordance with the scheme of [3]. This scheme
assumes that in collision of a molecule of the reactant gas ABχ with the surface we have a reaction resulting in the
transition of one reaction product (A) to a bound state (c) and in the formation of gas molecules (B) desorbed from
the surface:

ABχ (g) → A (c) + χB (g) . (1)

The thickness distribution of the layer of a substance, which is assumed to be solid, along the channel is de-
termined by the resultant flux of the molecules deposited on the channel wall. The problem is considered in the qua-
sistationary approximation. Next we assume that by the beginning of the desorption process the entire internal surface
of the channel is already coated with the substance layer consisting of the deposited particles. The film thickness is
considered to be much smaller than the channel radius throughout the process, so that a change in the probability of
molecular transition from one element of the channel surface to another due to the growth in the thickness of the de-
posited layer can be neglected. The molecules entering the channel and leaving the surface are assumed to be distrib-
uted according to the cosine law. The rate of growth of the deposited-film thickness is determined as

v = 
dh
dt

 = n
−1

J . (2)
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Here J is the density of the resultant flux of the deposited molecules into the film, which can be represented in the
form

J = J1 + J2 − jA , (3)

where jA is the flux density of the evaporating particles of the component A, which is determined by the expression

jA = GA exp 



− 

QA

RgT



 ; (4)

QA is the heat of evaporation of the component A.
The values of J1 and J2 for the case of the free-molecular regime of gas flow in a cylindrical capillary are

found from the equations

J1 = γ 






 ∫ 
0

1

Ir K1 ( x − x′)  dx′ + Nr (0) K (x) + Nr (1) K (1 − x)    






 , (5)

Ir = (1 − γ) 






 ∫ 

0

1

Ir K1 ( x − x′)  dx′ + Nr (0) K (x) + Nr (1) K (1 − x)    






 , (6)

J2 = αA 






 ∫ 
0

1

( jA + IA) K1 ( x − x′)  dx′






 , (7)

IA = (1 − αA) 






 ∫ 
0

1

( jA + IA) K1 ( x − x′)  dx′






 , (8)

where x is the dimensionless coordinate directed along the channel axis (x = X/L) and the functions K and K1 describe
the probabilities of transition of a particle from one element of the channel surface to another. For a cylindrical chan-
nel they have the form [4, 5]

K (x) = 
l
2
x

2
 + 2

2 (l2x
2
 + 4)1 ⁄ 2

 − 
l

2
 x ,   K1 (x) = − 

dK (x)

dx
 ,   l = 

L

R
 . (9)

The values Nr(0) and Nr(1) are the flux densities of the reactant molecules entering the channel through its ends at x
= 0 and x = 1; Ir and IA are the flux densities of the molecules of the reactant and the component A which are elas-
tically reflected from the channel wall; αA is the condensation coefficient of the particles of the component A.

Let us consider the physical meaning of the members of system (5)–(8) using Eq. (5) as an example. The
quantity J1 characterizes the flux density of the reactant molecules reacting on the channel surface. Under the specified
assumptions, it is equal to the flux density of the particles deposited on the surface. The member in the square brack-
ets in (5) determines the flux density of the reactant molecules incident on the surface element in the vicinity of the
point x. The above flux consists of the reactant molecules which come to the given element of the surface both from
the remainder of the channel surface after elastic reflection (which is assumed to be diffuse) and through the channel
ends (without intermediate collision with the channel surface).

The coefficient γ characterizes a part of collisions of the reactant molecule with the surface that lead to a het-
erogeneous chemical reaction as a result of which a molecule (an atom) is built into the condensed phase. In the case
of the two-stage scheme of the chemical reaction which accounts for the reactant molecule being in the intermediate
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state of physical adsorption, to determine the value of γ in the heterogeneous chemical reaction of first order within
the framework of the Langmuir absorption theory we can write the expressions

γNr = βNr 



1 − 

na

n0
 − 

nb

n0




 − kdna , (10)

γNr = krna , (11)

where na and nb are the number concentrations of the adsorbed molecules of the reactant and the buffer (or admixture)
gas respectively and kr and kd are the rate constants of the chemical reaction and the desorption of the reactant mole-
cules, which have the form

kr = kr0 exp 


− Qr

 ⁄ RgT


 , (12)

kd = kd0 exp 


− Qd

 ⁄ RgT


 . (13)

In the case of a rather low concentrations of the adsorbed molecules na and nb, (10) and (11) yield an ex-
pression for γ which coincides with the expression used in [6]:

γ = 
β

1 + 
kd

kr

 = 
β

1 + 
kd0

kr0
 exp 



− (Qd − Qr) ⁄ RgT




 . (14)

The problem of uniform deposition in a channel in the free-molecular regime of flow lies in obtaining the
temperature distribution for which a constant value of the quantity J (J = J0) is realized.

It should be noted that in a number of cases the reevaporation of deposited molecules is very low in chemical
deposition and it can be neglected. Let us consider this case. It corresponds to the conditions J2 = JA = jA = 0 and
J1 = J. From (5)–(8) we obtain

J + Ir = ∫ 

0

1

IrK1 ( x − x′)  dx′ + Nr (0) K (x) + Nr (1) K (1 − x) . (15)

Approximating K1 and K by exponential functions [4], differentiating (15) twice, and combining the obtained expres-
sion with the initial one, we have

d
2
Ir

dx
2  = l

2
J − 

d
2
J

dx
2 . (16)

The solution of (16) has the form

Ir = l
2
 ∫ 

∫ J (x) dx
 dx − J + ax + b . (17)

The constants a and b are found by substitution of (17) into (15).
Let us consider the case which is symmetric relative to the reactant gas (Nr(0) = Nr(1) = Nr). Here, with ac-

count for (12)–(14) and the above assumptions, we obtain the following temperature distribution T(x) along the chan-
nel, resulting in a uniform deposition of the substance on the channel wall (which corresponds to the condition J =
J0 = const):
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T (x) = 
Qr − Qd

Rg ln 




kr0
kd0
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l
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


 − 1




 




 . (18)

Figure 1 presents the distributions of the dimensionless temperature T′ = 
T(x)

 Qr − Qd  ⁄ Rg
 along the channel;

they lead to a uniform chemical deposition for the cases Qr < Qd and Qr > Qd. For Qr < Qd we have taken the values

of the parameters kd0
 ⁄ kr0 and β used in [6] for the initial stage of the reaction of SiH2Cl2 decomposition on the sur-

face of Si, which results in the chemisorption of SiCl molecules: kd0
 ⁄ kr0 = 600 and β = 0.36 (in [6], the value of

Qd − Qr was set equal to 3.8 kcal/mole). For the case Qr > Qd we have taken the following values of the parameters:

kd0
 ⁄ kr0 = 1 and β = 1. It is seen in Fig. 1 that the function T′(x) has a maximum at the center of the channel for

Qr > Qd and a minimum for Qr < Qd.

We note that the effective coefficient γe determined by the ratio of the number of reactant molecules reacted
on the channel wall in a unit time to the number of reactant molecules entering the channel in a unit time for the case
of a uniform heterogeneous chemical reaction along the channel length has the form (when Nr(0) = Nr(1) = Nr)

γe = 
LJ0

RNr
 . (19)

It follows from (19) that the quantity γe is proportional to the factor l = L ⁄ R.
The foregoing shows that the temperature distribution which is necessary for a uniform chemical deposition of

the substance in the channel substantially depends on the relation between the activation energy of the heterogeneous
chemical reaction and the desorption energy of the unreacted molecules of the reactant. In the one-stage approach
(without considering the molecule being in the intermediate state of physical adsorption), the temperature distribution
leading to a uniform chemical deposition along the channel is characterized by the maximum at the center of the chan-
nel [2]. It should be noted that, with allowance for [7], the results obtained for a single channel can quite simply be
applied to a porous body described by the dusty-gas model.

This work was partially supported by the Grant Agency of the Academy of Sciences of the Czech Republic
(GAASCR), project No. IAA4072205.

Fig. 1. Dimensionless-temperature distributions which are necessary for a uni-
form chemical deposition in a cylindrical channel for l = 10 and different re-
lations between Qr and Qd. Curves 1 and 2 correspond to Qr > Qd, kd0

 ⁄ kr0 =
1, and β = 1; curves 3 and 4 correspond to Qr < Qd, kd0

 ⁄ kr0 = 600, and β =
0.36; curves 1 and 4 correspond to Nr

 ⁄ J0 = 30; curves 2 and 3 correspond to
Nr

 ⁄ J0 = 50.
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NOTATION

T, temperature; n0, number of adsorption centers per unit surface; L, length of the channel; R, radius of the
channel; l = L ⁄ R; t, time; h, thickness of the film; v, rate of growth of the film thickness; J0, flux density of reacting
(chemisorbed) molecules in uniform chemical deposition; GA, kd0, and kr0, preexponential factors which are assumed
to be constant quantities; Qd and Qr, heats of desorption of reactant molecules and of the heterogeneous chemical re-
action respectively; n, number of molecules per unit volume of the condensate; β, sticking coefficient of reactant mole-
cules; Nr, flux density of reactant molecules incident on the surface; na and nb, number concentrations of the adsorbed
molecules of the reactant and the buffer (admixture) gas respectively; Rg, gas constant. Subscripts: d, desorption; r, re-
action; a, adsorbed; b, buffer; A, component; p, particle; g, gas; e, effective.

REFERENCES

1. S. M. Gates, Chem. Rev., 96, 1519–1532 (1996).
2. V. V. Levdanskii, Zh. Fiz. Khim., 68, No. 8, 1528–1529 (1994).
3. D. C. Skouby and K. F. Jensen, J. Appl. Phys., 63, 198–206 (1988).
4. Yu. N. Lyubitov, Calculation of the Interaction between Molecular Flows and Vessels Surrounding Them [in

Russian], Moscow (1964).
5. N. V. Pavlyukevich, G. E. Gorelik, V. V. Levdanskii, V. G. Leitsina, and G. I. Rudin, Physical Kinetics and

Transfer Processes in Phase Transitions [in Russian], Minsk (1980).
6. P. A. Coon, P. Gupta, M. L. Wise, and S. M. George, J. Vac. Sci. Technol. A, 10, 324–333 (1992).
7. V. V. Levdansky and Hoang Van Viet, in: Proc. II Minsk Int. Forum "Heat and Mass Transfer–MIF-92" [in

Russian], Vol. 7, 18–22 May 1992, Minsk (1992), pp. 82–87.

172


