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Analytical Model of Heterogeneous Atomic
Recombination on Silicalike Surfaces

Vasco Guerra

Abstract—An analytic model to describe the heterogeneous
recombination of a single atomic species on silicalike surfaces is
developed. The theoretical investigation herein presented provides
ready-to-use expressions for the surface atomic recombination
probability v obtained as a function of surface characteristics
such as the densities of adsorption sites and the activation energies
for the different elementary surface processes. The model takes
into account physisorption, chemisorption, thermal desorption,
surface diffusion, and both Eley-Rideal (E-R) and Langmuir—
Hinshelwood (L-H) recombination mechanisms. The results are
applied to the cases of nitrogen and oxygen recombination on
silica and to oxygen recombination on Pyrex. However, since the
derivation is kept in a very general form, it allows the exploration
of several distinct limit cases and provides a deeper understanding
of the underlaying surface kinetics. The dependence of the recom-
bination probability with the wall temperature and with the gas
pressure is studied in detail. It is found that v can have a complex
nonmonotonic behavior with the wall temperature, as a result of
the competition between E-R and L-H recombination processes.
The transition from first- to second-order recombinations (and
vice-versa) with pressure is studied and debated.

Index Terms— Adsorption, desorption, Eley—Rideal (E-R),
heterogeneous recombination, Langmuir-Hinshelwood (L-H),
nitrogen, oxygen, surface diffusion, surface kinetics.

I. INTRODUCTION

URFACE Kkinetics plays a crucial role in several plasma-

related systems, ranging from the gas discharges used both
for fundamental and applied research to fluid dynamics and
the study of reentry flows. In gas discharges, the concentration
of active species in the reaction chambers is often influenced,
or even controlled, by surface processes [1]-[6]. On the other
hand, in reentry conditions, heterogeneous catalysis plays a cru-
cial role to understand and design hypersonic vehicle thermal
protection [7]-[10] (the references given should be taken as
indicative examples only, as a huge list of works in the field
could be cited).

The kinetics of surfaces has been modeled by several authors
in many different ways. One popular approach is to use a meso-
scopic description in terms of the average fractional coverage of
adsorption sites, which is ruled by a set of differential equations
describing elementary reactions occurring with defined rates.
One important reference for this class of models is the paper
by Kim and Boudart [11], but many other related works are
available, such as [12]-[19]. One interesting variation on this
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kind of models is the work presented in [20], in which the basic
method is quite similar to the one in [11]; however, the set of
elementary reactions is different, the system being better suited
to study recombination in metallic surfaces.

Another possibility is to simulate the evolution of surfaces
by using a Monte Carlo technique. The formal set of reactions
can even be the same as in the previous class of models, but
Monte Carlo methods have the advantage of furnishing a more
microscopic picture of the surface. In particular, they allow an
easy treatment of probabilities depending on the local config-
uration of the surface, which may lead to spatial correlations
between the positions of the adsorbed species. Moreover, not
only the average properties are obtained but also fluctuations
are included by the very nature of the method. Information on
these methods can be found, e.g., in [21]-[27].

Yet another strategy to investigate surface kinetics has been
developed by Cacciatore and Billing [28], [29], providing dif-
ferent kind of information. They use molecular dynamics calcu-
lations and a semiclassical collision model to investigate at the
atomic level the catalytic activity of different surfaces. In this
method, the motion of gas-phase particles is treated classically
while the dynamics of the quantized lattice atom vibrations is
obtained from the time-dependent Scrodinger equation. Among
other interesting results, they are able to calculate the fraction
of the exothermic energy transferred to the internal states of the
molecules formed on the wall due to recombination.

An attractive hybrid model between molecular dynamics
and Monte Carlo has been proposed very recently [30], [31].
This scheme was not yet used in studying heterogeneous re-
combination directly, but rather to characterize the density,
temperature, heat fluxes, and stress profiles for gases in micro
and nanochannels. Nevertheless, it is worth referring to already,
as it may provide a nice way to couple the flow properties with
the gas—surface interactions.

In this paper, a different goal is attained. The basic formu-
lation closely follows the one in [11] and its variants, for the
study of recombination of a single atomic species. However,
instead of numerically solving the system of equations leading
to the determination of the heterogeneous atomic recombina-
tion probability, asymptotic analytical solutions are obtained
here, as a function of the surface characteristics—such as the
activation energies of the different elementary processes, the
densities of adsorption sites, and the wall temperature—and
the flow of atoms to the surface. These analytical solutions pro-
vide ready-to-use expressions for the recombination probability
of atoms on the surface v as well as a deep understanding of
its behavior with the wall temperature and the gas pressure,
for instance. The theoretical formulation is kept very general
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here, so that the full range of possibilities of the system under
consideration is investigated. This is not just a question of the
pure satisfaction associated with a fundamental study, with all
the physical insight it brings, but mainly justified by the large
uncertainties still existing nowadays in many rate coefficients
and probabilities associated to surface processes. Therefore, it
is advisable to predict and analyze the system in a wide range
of variation of the main quantities involved. Even though, a
practical concern is kept in mind and the theory is applied to
the specific cases of nitrogen and oxygen recombination on
silica and oxygen recombination on Pyrex. Partial results of this
investigation were recently published in [32].

The structure of this paper is the following. The general
formulation of the problem is presented in the next section.
It includes a description of how the surface is considered, the
elementary reactions taken into account and the derivation of
the equations leading to a determination of the surface occu-
pancy, and the evaluation of the heterogeneous recombination
probability. Section III details how the rate coefficients of the
different mechanisms are calculated, the system comprising
physisorption, thermal desorption, chemisorption, diffusion of
physisorbed atoms along the surface, and both Eley—Rideal
(E-R) and Langmuir-Hinshelwood (L-H) recombinations. The
analytical solutions are obtained in Section IV, a particular
attention being given to the dependence of  with the wall tem-
perature and with the gas pressure. The application of the model
to realistic cases is performed in Section V, where an attempt
has been made to cover several different possible behaviors of
the recombination probability. Finally, Section VI summarizes
the main conclusions of the present investigation and discusses
possible extensions of the analysis developed here.

II. GENERAL FORMULATION
A. System Under Analysis

The surface is considered to be fully covered by a series
of adsorption sites, which can hold atoms either reversibly or
irreversibly. Adsorption in reversible sites is associated with
physisorption, in which the bond between the gas atoms and
the surface is due to van der Waals forces. Due to their rela-
tively low-energy bonds, physisorbed atoms can diffuse along
the surface and/or desorb back to the gas phase. Essentially,
physisorption can occur at any place on the surface. On the
other hand, irreversible adsorption is identified with chemisorp-
tion, where a true chemical bond exists between the adsorbed
atom and the surface. It is assumed that a chemisorbed atom
can only leave the surface after recombination, i.e., as part of a
molecule leaving the surface into the gas phase. The limitation
of not considering desorption of chemisorbed atoms, which
can be important at high surface temperatures, is addressed in
Section III-D.

Note that in reality, it is possible for an atom to physisorb on
the top of a chemisorption site, physisorption being in this case
a percursor step for chemisorption [33]. Although this is com-
mon for metallic surfaces [20], this possibility is not considered
in this paper. Note that on silica chemisorption does not occur
on a regular crystalline lattice, but rather as a consequence
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of impurities and defects of the surface. This implies that the
density of chemisorption sites is much lower than the one of
physisorption sites (see Section III-A below), physisorption on
the top of the chemisorption sites being, thus, negligible.

The elementary processes taken into account to describe
the surface kinetics are the same as proposed in [11] and [15]
to describe nitrogen or oxygen recombination on silica.
Nevertheless, the theory is left very general in this paper, so
that it can be directly applied to other cases.

Let A denote a gas phase atom of a generic species, Ay and
Ag a physisorbed and a chemisorbed atom of the same species,
respectively, F,, a vacant physisorption site, and S, a vacant
chemisorption site. Hence, the mechanisms of physisorption,
thermal desorption from physisorption sites, chemisorption,
E-R recombination, occupation of chemisorption sites by
diffusing physisorbed atoms, and L-H recombination, can be
schematically described by reactions (1)—(6), respectively:

A+ F, — As )]

A — A+ F, 2
A+ S, — A (3)
A+ As— Ay + S, 4)
A+ 8, — A+ F 5
Af+ Ay — Ay + F, + S, (6)

Observe that E-R recombination involves the arrival of a
gas phase atom to an occupied chemisorption site, whereas
L-H recombination arises when a physisorbed atom diffuses
to a filled chemisorption site. Moreover, no recombination is
considered in physisorption sites. This question, which may be
of importance for low surface temperatures (and consequently
a large occupancy of physisorption sites), is briefly discussed in
Sections III-E and G.

B. Fractional Coverage of Adsorption Sites

In order to calculate the heterogeneous recombination prob-
ability, it is necessary to know the steady-state occupancy of
both physisorption and chemisorption sites. Therefore, one has
first to write down the equations ruling the occupation of these
adsorption sites. In addition to providing the required steady-
state conditions, these equations give the time evolution of the
surface state, as well as information on the relative importance
of the processes actually taking place at the surface.

Let [/1] denote the number of atoms in the gas phase in the
considered volume, which is given and assumed to be constant.
In particular, the flow of A atoms to the surface is considered
not to change along time. Moreover, an homogeneous gas phase
system is considered for the purpose of the evaluation of the
atomic flow to the surface. That being so, the surface kinetics is
investigated here decoupled from the volume kinetics. A self-
consistent treatment of both kinetics is certainly of importance
for a complete modeling of plasma reactors, but it is irrelevant
for the purpose of this paper. Note that no interaction between
the gas molecules and the surface is taken into account.

Similarly, let [A] and [A,] denote the number of physorbed
and chemisorbed atoms on the surface considered, respectively,
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and [F,] and [S,] the number of vacant physisorption and
chemisorption sites on the surface, respectively. Hence, [ﬁ'] =
[Fy] + [Af] is the total number of physisorption sites,
whereas [S] = [Sy] + [Aq] is the total number of chemisorption
sites. [F] and [S] are surface characteristics and assumed to
be known.

The time evolution of the number of physisorbed and
chemisorbed atoms on the surface resulting from processes
(1)—(6) is given by the solution to the coupled equations

As it should be clear, k; is the adsorption rate per atom and per
physisorption site, ko is the desorption rate per physisorption
site, 1}3 is the rate of adsorption per atom and per chemisorption
site, k4 is the rate of E-R recombination per chemisorption site,
ks is the rate of occupancy of chemisorption sites due to
diffusion per physisorbed atom and per chemisorption site, and
ke is the L-H recombination rate per physisorbed atom and per
chemisorption site.

It is convenient to define [A¢], [As], [Fy], [Sv], [F], and [S]
per unit area, and [A] per unit volume. For instance, considering
a cylindrical tube of radius R; and length L (modification to
apply the model to other geometries is immediate), one has

_ A _[A]]
[Af] = m, [As] = @rlD) ©)
_ R _[Ad]
[Fy] = (rR,L)’ [As] = (@rR,L) (10)
_ A
[A] = ("R2L) (11)
and [F] = [Fy] + [A4¢] and [S] = [Sy] + [As]. Substituting in

(7) and (8), results

d

priciie

[AllFv]ky — [A¢]ka — [Af][Sv]ks — [A¢][As]ke

12)

and

d

1A = [A][S\]ks — [4]]4

slka + [A¢][Sv]ks — [Ar][As]ke
(13)

where the rate coefficients ki = (’/TRQL)kl, ko = ko, ks =
(TR2L)ks, ks = (TR?L)ks, ks = (27R,L)ks, and ke =
(2mR: L )k:g have been defined. ki, k3, and k4 are given in
m? - s, ks, and kg in m? - s7!, and ky in s~!. Introducing the

different reaction rates (s~ !)r; — rg as

[A]klv
[A]kq, Ts =

T2 = k?;

[Flks,

(14)
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dividing (12) by [F] and (13) by [S], and defining the
fractional coverage of physisorption and chemisorption sites,
respectively, by

_ [Ad [As]
0 = 7] and 65 = s (15)
it results
do S S
ditf = (1= 0¢)r1 — Oz — 0¢(1 — GS)HT5 - HfQS[[F]]rG
(16)
and
dbs
= (1= 0s)rs — Ogrs + 0p(1 — O)r5 — OOsr6.  (17)

dt

The final form of the equations to be solved is the one
presented in (16) and (17). Section II-C details how to obtain
the recombination probability from these equations, while
the expressions for the reaction rates r; — rg are derived in
Section III.

C. Recombination Probability

1) Basic Derivation: It is not difficult to obtain the value of
the atomic recombination probability on the surface v under the
present formulation. For a surface kinetics described by the set
or reactions (1)—(6), the rate of loss of A atoms from the volume
due to the processes occurring at the wall is given by

(%) - _([A] [F)kr — [Agks

+ [A][Sy]ks +

A[AJks) . (18)

Using expressions (9)—(11) and the definitions of the different
coefficients k;, one gets

+ [A][Sv]ks + [A][As]ks)
_ {va)y
=~ an, A 1

where the factor (2/R;) appearing in the formula is no more
than the area-to-volume ratio, and

8kT,
TMp

<UA> = (20)
with Ty and M4 denoting the gas temperature and the mass of
A atoms, respectively, is the thermal speed of gas phase atoms.

Note that the apparent recombination probability 4 is ob-
tained correcting ~y with the roughness factor ¢ > 1 correspond-
ing to the ratio of the real surface area to the geometric area
2nRyL, ypo = €. For instance, in [11], a value € ~ 2.4 is
reported for nitrogen recombination in silica.
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Using the flow of atoms to the surface (m—2 - s™1)

1
oA = 1<UA>[A} (21)
and the rates (14), v can be calculated from
1
v = ¢7A ([Fv]r1 — [Ag]ra + [Sv]rs + [As]ra) - (22)

This last expression can be simplified by noting that, in
steady state, the fractional coverages 6; and 6, have to be
constant in time. Therefore, from (12) and (13)

[Fylre — [As]ra = [Ad][Svlks + [Ad][As]ke - (23)
and

[Svlrs = [As]ra — [A¢][Sv]ks + [Af][As]ks. (24
Substituting in (22) and noting that ¢ = [F')kg, it finally results

Q[As] (T‘4 + 9f7"6)

7= oA
=P At (25)
WE—R _ 2[Ag]r4 26)
A
and
,YL—H _ 2[A5]9f7“6 @7
A

are the contributions of the E-R and L-H recombination mech-
anisms to the total recombination probability. Evidently, recom-
bination proceeds essentially via an E-R process if 74 > 6¢ryg,
and via an L-H one in the opposite case.

Take note that, in principle, the right-hand side of (19) and
(21) can be used only for a homogenous gas phase system. In
the general case, the profile of A atoms is not flat and the flow of
atoms to the surface is no longer given by (21) [34], expressions
(19) and (21) being only valid in the limit v < 1. Nevertheless,
for the purpose of calculating the recombination probability one
can assume a homogeneous system. Evidently, if the surface
kinetics is to be coupled with the volume one, then the correct
expression for the atomic flow to the surface, which can be
found in [34] and [35], has to be used. It subsequently leads
to corrected expressions for the loss term (d[A]/dt)wan. One
possible correction, relying on a different assumption regarding
the profile of the colliding species, is presented, for example, in
[36] and [37].

2) Alternative Deductions of (25): It is worth to take the
time to obtain the main result of this section, namely the
expression for the recombination probability (25), in a slightly
different way. Although in the end all derivations are equivalent,
of course, the underlaying philosophy of each of them is a bit
different and it is enlightening and meritory to go through them.
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If the flow of atoms to the surface is ¢, = ¢a, from the
very notion of recombination probability the flow of atoms
coming from the surface is

¢0ut = ¢in - ’Y¢in-

Thus, the probability of atomic recombination on the surface
can be calculated from
. ¢0ut

(bin .

(28)

y=1 (29)

As outlined in [38], the flow of atoms from the surface has
two terms. The first one corresponds to the atoms that return to
the gas phase as a result of thermal desorption from the surface.
The number of atoms leaving the wall due to desorption, per
second and per unit area is just [A¢]ke. The second term
describes the atoms arriving at the surface that are reflected, i.e.,
those which are neither adsorbed nor recombining via the E-R
mechanism. Always per unit area and per second, the number
of physisorbed atoms is [FY|[A]k1, the number of chemisorbed
atoms is [Sy|[A]ks, and the number of recombining atoms
is [A][As]k4. Accordingly, the second component of ¢y is
oa — [FV][Alk1 — [Sv][A]ks — [A][As]kq, so that

—[FV][A]ky + [Ag]ka — [SV][A]ks — [A] [AS]k4.
A

This equation is precisely the same as (19), subsequently
leading to (25).

Yet an alternative and equivalent way of obtaining the prob-
ability v is by noting that, as each molecule resulting from
recombination carries two atoms

¢in = ¢out + 2¢A2

where ¢ 4, is the number of molecules coming from the surface
as a result of heterogeneous recombination. Therefore, from
(28) and ¢in = Pa

y = (30)

€1y

_ 204,
¥ = ™ . (32)
Since
¢A2 = [As] [ANC;; + [As] [Af]kﬁ = [As]r4 + [As]efrfj (33)

(25) is recovered directly from (32) and (33).

III. RATE COEFFICIENTS OF THE ELEMENTARY PROCESSES

The solution of (16) and (17), describing the time evolution
of the occupancy of physisorption and chemisorption sites,
requires the knowledge of the different rates (1)—(6). The same
is true in what concerns the analysis of expression (25) for
the heterogeneous recombination probability. These rates are
derived below, together with a brief discussion on how the
densities of adsorption sites are considered in this paper.

Nitrogen recombination on silica according to the study in
[11] provides the reference case to this paper. Nevertheless,
other cases are studied as well, and the full range of possibil-
ities offered by the kinetic scheme (1)—(6) is explored along
this paper.
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A. Densities of Adsorption Sites

Both physisorption and chemisorption sites are treated as
having radii a. Moreover, it is assumed that the surface is fully
covered with adsorption sites. In other words, the total area
occupied by the adsorption sites is equal to the total area of the
surface. Hence, the distance between sites is 2a and the area
occupied by the adsorption sites in a unit surface is equal to one

([F] + [S]) ma® = 1. (34)

In principle, the chemisorption sites occupy only a small
fraction of the surface. Let 2b denote the distance between
two chemisorption sites. The fraction of the surface covered by
chemisorption sites is then

[9] a?

T E S G

As typical values to serve as basis for the present investi-
gation, we take a ~ 1 A, consequently [F] ~ 1016 ¢cm~2, in
accordance with [15]. We further consider ¢ = 2 x 1073 [11].
That being s0, b ~ ¢~ /2a ~ 2 x 1077 cm.

Evidently, other values are perfectly reasonable. For instance,
in [39] the distance between adsorption sites 2a is suggested to
be of the order of 3 A, which leads to [F] ~ 1.4 x 10'®> cm~2.
This value is in agreement with the densities employed in [17]
and [20], of 10'® and 2 x 10'® cm~2, respectively. In what con-
cerns ¢, the values ¢ = 3 x 1073 and 4 x 1073 are considered
in [15] for two independent systems of chemisorption sites,
the much larger value ¢ = 2.5 x 10! is used in [17], whereas
6 x 1072 is used in [19] for Pyrex.

Currently, the dispersion in the values of ¢ is not completely
understood. On the one hand, the active chemisorption sites are
believed to correspond, essentially, to the presence of impurities
on the surface. This makes it reasonable to admit some variation
on their number depending on the precise manufacturing condi-
tions. On the other hand, it is well known that the recombination
probability is quite different under discharge and postdischarge
conditions. An important change in the recombination proba-
bility of O atoms has also been observed in the afterglow if the
surface was previously treated either by an oxygen or a nitrogen
discharge [40], [41]. An explanation for this phenomenon is that
the discharge vacates the active sites [19]. Moreover, it has been
suggested that the presence of charged particles may create new
active sites [15].

B. Physisorption

Let kY denote the sticking probability for physisorption sites,
i.e., the probability that a gas phase atom impinging on an
empty physisorption site becomes adsorbed. In general, this
probability can be written as

B
k()l — kO _
1 1 €Xp 7RTW

where kY is a steric factor and F is the activation energy for
physisorption, R is the gas constant, and 75, is the gas tem-
perature very close to the wall, taken here as equal to the wall

(36)

1401

temperature. Following [11], the values kY =1 and E;f =0
are chosen for the base calculations. Hence, k?’ = 1, meaning
that any gas phase atom arriving from the surface at an empty
physisorption site is indeed adsorbed. Note that a possible
dependence of the sticking probability with the energy of the
impinging atoms is not taken into account. The same applies
to all the probabilities herein considered. This approximation
should break down as the gas temperature becomes higher.
Since the surface does not consist solely of physisorption
sites, the probability that a gas phase atom impinging on the
empty surface becomes physisorbed, k7, is obtained from (36)
upon correction by the fraction of the surface covered by
physisorption sites 1 — ¢ = [F]/([F] + [S])
K= k(1= @), (37)
On the other hand, by definition, &/ is the ratio of the number
of physisorbed atoms per unit area and per second to the flow
of atoms to the surface, in the case where all physisorption sites
are free. Therefore

N][Fk
p - AL )
Finally, the rate r; is given by
/
r1 = [N]k = k[lf(ff (site) 's™. 39)

C. Thermal Desorption

The rate for thermal desorption from physisorption sites is
readily calculated from the standard expression for ko

—1 Ed
r9 = ko =T] = vgexp “mr )

In this equation, vq4 is the frequency factor for vibration of
physisorbed atoms in the direction perpendicular to the surface,
typically vq ~ 10'® s71, and Fjy is the activation energy for
desorption, Fq = 51 kJ - mol ! [11] for the reference case of
this paper. A value of Eq = 33.3 kJ - mol ! is used in studying
oxygen recombination on silica in [15].

A crude classical estimate of v4 is the number of attempted
escapes per second from the adsorption well, vq ~ hv/2, where
v is the frequency of atom oscillations in the well. However, v4
cannot be accurately estimated in this way [42], because for
physisorption the ratio of the statistical weights for escaping
and trapping molecules is usually large [39], [42]. Typical
values for v4 are in the range 10'* — 106 s~1. The very large
value 102° s~ was suggested in [19] for oxygen recombination
on Pyrex, a value that looks rather difficult to justify at present
on physical grounds.

(40)

D. Chemisorption

The evaluation of the rate of chemisorption r3 is similar to
the one of physisorption 7.

Following the development in Section III-B, let k% represent
the probability that an atom arriving from the gas phase to an
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empty surface becomes chemisorbed, and let k3’ denote the
sticking probability for chemisorption sites

Eq
kY = kS exp (— BT )

E being the activation energy for chemisorption. Following
[11], the reference model assumes kg =1, Es = 0 and, there-
fore, kY = 1, the same as kY'.

Since k% is the ratio of the number of chemisorbed atoms per
unit area and per second to the flow of atoms to the surface, in
the case where all the chemisorption sites are free

(41)

[V][S]ks
da
Moreover, as the probability for an atom arriving from the gas

phase to impinge on a chemisorption site is just the fraction of
the surface covered by chemisorption sites, ¢

ks = (42)

ky = k3'p. (43)
Finally
r3 = [N]ks = ki‘%‘“ (site) 's7t. (44)

Note that r3/r; = kY /kY'. That being so, if kY = k¥, i.e.,
if the sticking probabilities are the same for both types of
adsorption sites, then r3 = 71, as expected, since the rates are
per adsorption site.

1) On the Thermal Desorption From Chemisorption Sites:
In the present description, it is assumed that a chemisorbed
atom can only leave the surface by recombination. This approx-
imation imposes a limit in the wall temperature for the applica-
bility of the model. According to the study in [11] and [43],
the activation energy for an exothermic process AB + C —
A+ BC is 0.055 D(A — B), where D(A — B) is the dis-
sociation energy of AB. Using an activation energy for re-
combination of 16 kJ/mol (see Section III-E), the binding
energy between a chemisorbed atom A and the wall (*) can
be estimated to be of the order of D(A — x) = 16/0.055 =
290 kJ/mol. This value is the same as given by [16] and close
to the 250 kJ/mol suggested in [43]. On the other hand, a
value of the order of 500 kJ/mol for the O-Si bond is given
in [13], but the desorption energy from chemisorption sites is
considered to be half of the bond ~ 250 kJ/mol. If it turns
out to be of importance, desorption from chemisorption sites
can be taken into account using an expression similar to (40),
with an exponential in D(A — x)/RT,,. Take note that for the
higher values of Ty, considered in this paper (T3, = 2000 K),
desorption from chemisorption sites can already be possible.

E. E-R Recombination

The E-R recombination rate is readily calculated from r3. As
a matter of fact, let k), denote the probability for an atom arriv-
ing at an occupied chemisorption site to recombine. Then, the
E-R recombination rate per occupied chemisorption site and
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per second is no more than the rate of adsorption in chemisorp-
tion sites (which is assumed to be the same as if the site were
vacant) multiplied by the recombination probability &

T4 = [A]]@; = 7‘31621. (45)

On the other hand

K, = kS exp (— R]?v) (46)
where k{ is a steric factor and E is the activation energy for
recombination. In the base case, k:g =1 and E, = 14 kJ/mol,
as proposed in [11] for nitrogen and oxygen recombination on
silica. Other values from the literature include F, = 20 kJ/mol
[13], [15], E, = 15 kJ/mol [43], E; ~ 24 kJ/mol [14].

Note still that no E-R recombination is considered to occur
on physisorption sites. However, the bond between physisorbed
atoms and the surface is relatively weak, so that recombination
involving a physisorbed atom can be relatively easy (in partic-
ular for the case of L-H recombination). On the other hand,
physisorbed atoms may be removed from the surface by the
impingement of gas phase atoms, without recombining, partic-
ularly if the kinetic energy of the atoms arriving to the surface
is relatively big. None of these processes are taken into account
here, and atoms arriving from the gas phase to an occupied
physisorption site are assumed simply to be reflected, as in the
standard treatment of the adsorption—desorption equilibrium.

FE. Surface Diffusion

A physisorbed atom may be lost by thermal desorption,
diffusion to a chemisorption site or L-H recombination. The
first mechanism takes place with a rate ko per second and per
physisorbed atom; the second one occurs with rate [S’v]f% =
[Sy]ks per second and per physisorbed atom; the rate of the
third process is kg[As] per second and per physisorbed atom.
Therefore, the probability that a physisorbed atom reaches a
vacant chemisorption site as a consequence of diffusion and
becomes chemisorbed kf is

r_ k5[SV] _
5 ko + ks[Sy] + ke[As] Fo[S]7a “7)
where
A = (ko + ks[Sy] + ke[As]) " (48)

is the lifetime of a physisorbed atom on the surface. Evidently,
kL does depend on the state of the wall. For instance, if
all chemisorption sites are occupied, [Sy] = 0 and kf = 0. In
the opposite case, [As] = 0, if there is no thermal desorption
(k2 = 0), then kf = 1, meaning that a physisorbed atom will
always be able to reach a chemisorption site. Typically, for
T > 300 K the average time spent by a physisorbed atom on
the surface is controlled by thermal desorption 7o ~ k.

At this point, an expression for & is required. Let 7 desig-
nate the mean time between “hops” from one physisorbed site
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to a neighboring one due to diffusion. The diffusion coefficient
Dy is easily obtained [39] and is given by

l2

Dy (49)

- 41 D
where | = 2a is the distance between two physisorbed sites
(cf., Section III-A). Now, if in a certain time interval ¢, a
physisorbed atom hops N times due to diffusion, its total
displacement is

AF = 7(t) = 7(0) = > 7. (50)

=1
Therefore, since in each jump a physisorbed atom moves a
distance [/, the average distance traveled during the time interval
t, AD, 18

N
t t
AL = (A =) (r})y=Nrl=—r7=—0* (51
b= (1A =3 () = Nrf = b= % 6D
Hence, A% = (t/7p)l? = 4Dgt, and
Ap = (4Dgt)Y/2. (52)

The average time between hops is given by an expression
similar to (40) [11]

™ = 1/]51 exp (RE;W) (53)
where vp is the frequency of vibration of a physisorbed atom in
the direction parallel to the surface, vp ~ 102 — 10'3 s~1 and
Ep is the energy barrier for diffusion. Expression (53) simply
means that for each vibration there is a probability of tunneling
through the barrier Ep. For the reference case, it is assumed
Ep/Eq =0.5]11].

In summary, the average distance that a physisorbed atom
travels on the surface, considering only thermal desorption, is

Ap = (4Dy7q)'/? (54)

with

2 Ep 2 1
Ds=a uDexp( RTw>m -8 (55)
and 74 given by (40).

Note that everything happens as if there were collection
zones of radius Ap around each active (chemisorption) site,
as shown in Fig. 1. Only atoms impinging the surface and
becoming physisorbed within the collection zones may arrive at
a chemisorption site. The probability that physisorption occurs
within a collection zone is

1, if Ap > b
2 2
K =920 ifa<Ap<b (56)
0, ifAp <a

where b was defined in Section III-A. 7(A2 —a?) is the
physisorption area of the collection zone, 7(b? — a?) is the total
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@ active sites

Fig. 1. Schematic representation of the surface, with scattered chemisorption
sites and their respective collection zones.

physisorption area. However, for Ap < b, only 1/4 of the atoms
arriving to the collection zone reach the chemisorption site, the
remaining 3/4 traveling in a “wrong” direction and migrating
to farther distances. Thus, the probability k[, that a physisorbed
atom arrives at a chemisorption site (vacant or occupied) by
diffusion is, fora < Ap < b

1, 1 AL —a?

J—

I e G

Substituting Ap, Ds, and 74, and noting that a?/(b? — a?) =

[S]/[F]
o= {7 [re (P™) 1)

Next, the probability that a physisorbed atom arrives at a
vacant chemisorption site as a result of diffusion is

(58)

ks = hp o (59)
with
1, if Ap>b
Bo=4 [ exp (Bt ) 3], ifa<An<b. (60)
0, if Ap<a

From (47), it finally results

ki k!
ks = 2 = —2 61
T B 7alS) ©b
and
_ kp [F]
r5 = [Flks am (62)

with k[, given by (60).

G. L-H Recombination

By the same procedure leading to (47), the probability that a
physisorbed atom reaches an occupied chemisorption site and
recombines there is

k_l kﬁ [AS}

= = k' AS .
6 k2 + k5[Sv] + k6 [As} 6[ ]TA

(63)

Clearly, in the case where all chemisorption sites are occu-
pied, [Sy] = 0, and if there is no desorption, k2 = 0, it comes
kg = 1, i.e., a physisorbed atom always finishes to reach an oc-
cupied chemisorption site and to recombine. Moreover, if there
is no desorption, kg = 0, kf + kg = (ks[Syv] + ke[As])Ta = 1,
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which means that a physisorbed atom finishes to either occupy
a free chemisorption site or to recombine via the L-H process.
The probability kg is readily obtained following the deriva-
tion of k4. As a matter of fact, the probability that an atom
reaches and occupied chemisorption site due to diffusion is

(64)

Thus, the probability that a diffusing physisorbed atom arrives
at an occupied chemisorption site and recombines there is then

kg = k(K (65)
where it was assumed that the probability for recombination is
the same for the L-H and the E-R mechanisms, k. In other
words, when two atoms meet at the surface, recombination
depends only on the binding energy of the chemisorbed atom
and it does not matter if the second atom arrives at the occupied
chemisorption site from the gas phase or as a consequence of

diffusion along the surface.
Thus, the last rate needed to solve (16), (17), and (25) is

ko _ kpky [F]

[AS]TA = - E = k47’5.

As for the case of the E-R mechanism, no L-H recombina-
tion is considered between two physisorbed atoms. Neverthe-
less, two physisorption atoms meeting at a physisorption site
are indeed likely to recombine and form a molecule desorbing
to the gas phase. Hence, this process may affect the results of
this paper in the limit of high fractional coverage of physisorp-
tion sites, as pointed out in Section III-E. From the analysis in
[27], it can be inferred that, for the base system herein under
analysis, the interactions between physisorbed atoms may start
to affect the coverage of physisorption sites at about 0y ~ 1072,

Take note that it is possible to eliminate 7o from the
expressions for 75 and 7¢

1 % [Sv] JY [As]
— = kg + ks [Sy] + ko[A] = ko + 2 D'
TA 2 5[ ] 6[ ] 2 TA [S] TA [S}
6
so that
Y — 0 —
Lok 0) — kpke, )

ko

Since k) <1, 7o is maximum for 65 =1,
(1 — kpk))/k2, and minimum for 6s =0,
(1 — k) /ko. Typically, 7a ~ ky*.

It is still worth referring that it is desirable to define 75
and 7 as [F)ks and [Fkg, respectively, and not as [S]ks and
[S]ke, since the former scheme corresponds to higher rates
and, consequently, smaller characteristic times for the processes
involved. This helps in the choice of the time-step used in the
numeric solution to (16) and (17).

7a (max) =
7a (min) =
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IV. ANALYTICAL SOLUTIONS
A. E-R Recombination

It is interesting to start with a system that does not exhibit
surface diffusion nor, consequently, L-H recombination. In
the present formulation, these constraints are equivalent to the
condition 5 = rg = 0. In this case, (16) and (17) are decoupled
and the systems of physisorption and chemisorption sites are in-
dependent. Moreover, they have immediate analytical solutions

1 L1
0¢(t) = + | O —
f() T+ 7o (fo 1+ 7o

r T
05 (t) = 2 + 95(] - 2
r3+ 1y r3 4Ty

> e (mtrat (69)

> e~ (ratrat —(70)

where 6 and 64 are, respectively, the fractional coverages of
physisorption and chemisorption sites at ¢ = 0. These expres-
sions simply describe the evolution to physisorption—desorption
and chemisorption—-recombination equilibria.

The steady-state occupancies of adsorption sites are given by

T1

0 = 71

. (71)
T3

0 = . 72

r3+ T4 72)

The recombination probability is given by (26). Using (72)
and expressions (43)—(46)

0/1.0 B,
o 20ky kY exp (— RTW)
1 —I—kgexp (_RETr )

Note that the E-R recombination probability is independent
of the pressure (independent of [A]) and follows an exponential
behavior with T,

E
E-R _ b
v exp ( RTW)

except for the case of very high values for the wall temperature
T, when the condition exp(—E, /RT,,) < 1 is no longer valid
and vF~F starts to saturate close to 1.

v

(73)

(74)

B. L-H Recombination

Consider now all processes (1)—(6) and assume that the wall
temperature is not extremelly high, in particular, that the con-
dition k) = k{ exp(—E,/RT,) < 1 holds. It is not difficult
to obtain the steady-state values for the fractional coverages
0¢ and 6.

As a matter of fact, from (17), in steady state

b = r3 + 7'23:_9?;’;1 07 7

Since rg = kjyrs and ry = kjjr3
O (15 +16) = 0515 (1 + ky) =~ Oprs (76)
r3+ry =r3(1+Kk)) ~rs. (77
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Therefore

r3 + 075

s 78
T3 + 9f1"5 ( )

i.e., nearly all chemisorption sites are occupied.

In what concerns the occupation of physisorption sites, its
steady-state value is obtained from (16) with the left-hand side
equal to zero. Noting that
5] [5]

[5] [5]

. - - . - — - - — / ~ - -
Qf 95 [F] Ts Gfﬂs [F] T6 0f05 [F] Trs (]. k4) ~ 0f05 [F] Ts
(79)
expression (16) can be rewritten as
o (1 — 0V — B — Be(1 — 015
0~ (]. 0{)7’1 afTQ gf(l 95) [F] Ts5. (80)
Substituting
kp [F] o, [F]
= == ~ knro— 81
NG ®D
it comes
0~ (1 — 9f)’l"1 — O¢rg — Gfk:brg(l — 93)
:(1 — 9f)7'1 — 0f7”2 [1 + kb(l — 95)]
~ (1 — 0)r1 — Ogra (82)

where the condition 65 ~ 1 has been used. That being so, the
fractional coverage of physisorption sites can be evaluated from

1

O ~ (83)

1+ T2
precisely the same value given by (71), corresponding to the
case of no diffusion studied in Section I'V-A.
Using (83), (66), and 7p >~ 75 L the L-H recombination
probability (27) can be approximated by

2
P = Tk [F]

~ 84
oA T+ T2 (&4)

and, substituting (39)
A o op 2 g

85
1+ 1o (85)

This is the final expression for the L-H recombination proba-
bility, which provides an immediate result for v~ if the acti-
vation energies and the steric factors of the different elementary
processes (1)—(6) are known.

Unfortunately, at present many surface characteristics and
parameters and poorly known for real systems. It is therefore
interesting to look in detail to (85) and explore its different
limiting cases. In particular, it is useful to understand how =~ H
can vary with temperature and pressure.

1) L-H Recombination at High T,: At high values of
the wall temperature thermal desorption is very efficient and
the collection zones do not overlap, i.e., kb < 1. This also
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corresponds to a low fractional coverage of physisorption sites
0r so that

O ~r1/(r1 +1r2) =11 /19 (86)
since 6y < 1 just means ro > ry.
Thus, from (85)
AU~ 2B R K = 2KY (1 — @)K k). 87)

Replacing ¢ from (35) and kf, from (60), one finally obtains

AP H ~ 2]{:?@%/@2 exp (W) . (89)
As the collection zones start to expand as 7T,, decreases, it
could be expected that L-H recombination would become more
effective when T, goes down. This is indeed what occurs when
E4q — Ep — E,. > 0. However, if recombination is too difficult
and FE, is large, the numerator of the exponential is negative,
Eq — Ep — ERr < 0; as a consequence, 'yL’H decreases with
(T) ™1, in spite of the enlargement of the collection zones. In
this case, the latter effect is not enough to compensate for the
decrease of the recombination probability k) when two atoms
meet at a chemisorption site.
The relative importance of E-R and L-H recombination
mechanisms is readily obtained to be

v Mg (Fa-Fo (89)
VER TRV o vy P\ RT,
where (26) has been approximated by
2[8
en o 28I o e (90)
ON

That being so, the E-R mechanisms gains importance as T,
increases, as expected.

We can still define 7§ ™ as the E-R recombination probabil-
ity in the case where all adsorption sites are chemisorption sites.
Similarly, V(I;’H corresponds to an ideal L-H recombination
probability where all the surface is covered with physisorption
sites (hence some of them on the top of the chemisorption sites,
where L-H recombination takes place) and k, = 1, so that all
physisorbed atoms arrive at a chemisorption site. In the present

situation of high temperatures

o 2Kk 1)
and
ot e 2k9K). (92)
Clearly
v=kp(l = e " (93)

an expression with a straightforward physical meaning, recall-
ing that (1 — ¢) and ¢ are the fractions of the surface covered
by physisorption and chemisorption sites, respectively. The
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L-H mechanism becomes dominant over the E-R one when
kp(l =) = ¢.

2) L-H Recombination at Intermediate T,: The region of
intermediate temperatures is characterized by large enough
collection zones, so that kb = 1, but the fractional coverage of
physisorption sites remains relatively low, so that 6 ~ 11 /7,
as in the previous case. y*~H is then given by (87), with
kp = 1, whereas ny’R can still be obtained from (90).

A few properties are interesting to note. First, the relative
importance of both mechanisms is expressed by

Tt 1ok

PR o kY

(94)

In the case where the sticking probabilities for physisorption
and chemisorption sites are the same k?’ = kY, this ratio re-
duces to the fraction of the surface covered by physisorption
sites over the fraction of the surface covered by adsorption sites.
This is an immediate result, as, in this case, where kb =1, all
physisorbed atoms arrive at occupied chemisorption sites. Since
the activation energy for recombination has been assumed to be
the same for both processes, v ~H /yE~R is just the probability
that an atom impinges the surface on a physisorption site over
the probability it does so on a chemisorption site.
Second, note that

Y=o e = (1 9)2kY Ky + 02k K.
(95)

Again, if kY = kY, it simply results

v~ 2kYE. (96)
Recall that this expression is only valid if k) < 1 [cf., the
denominator in (26)]; otherwise, the probability vy given above
could have values larger than one.

Finally, and very interesting but not surprising, in this
situation of intermediate temperatures

v o< Ky o< exp <_RE£W) ) 97
That being so, the dependence of the recombination probability
with the wall temperature is the same as for the pure E-R
mechanism. In this case, it makes no difference if an atom is
adsorbed in a physisorption or a chemisorption site, since all
physisorbed atoms diffuse to chemisorption sites.

3) L-H Recombination at Low T,,: Looking at expression
(84), when kjy =1

2 r
L-H 1 /
~ — ——roky[F]. 98
Y ¢A7’1+7‘224[ ] (98)
The domain of low temperatures corresponds to k& = 1 and
1
Of ~ — 1. 99
. 99)
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Therefore

2
L-H /
~ ~ o
d)A "2 k4 [ ] RT,,

(100)

2 E, + E,
?[F]kgyd exp (— dt ) .
A

Thus, the dependence of y“~H with the wall temperature is

given by
Eq+ E;
VL_H X exp (— dt ) .

TTW (101)

It can be concluded that v~ decreases with 7,1 faster
than v*~R. As a consequence, at very low temperatures only
the E-R recombination mechanism is efficient (like at very
high temperatures!). What happens, in this case, is that, since
0¢ ~ 1, almost none of the atoms arriving at the surface be-
comes physisorbed (the atoms arriving from the gas phase at
physisorption sites are indeed reflected), and consequently, the
L-H mechanism stops to work.

Howeyver, take note that in this limit, the interaction between
physisorbed atoms may play an important role, as well as the
removal of physisorption atoms due to the impingement of
gas phase ones. These mechanisms are not taken into account
in the present formulation, as emphasized in Sections III-E
and G. Consequently, it would be no surprise if the results
corresponding to this low-temperature case, which, from (99),
can be defined, approximately, by the condition

ry > T (102)

would not describe accurately the surface kinetics in some
real systems. Note that some authors do not consider this
region of low Ty,, using always an expression close to (95) if

5 = 1 [11], [19]. It is possible that such approach may give
more realistic results in some cases. Nonetheless, this is not
completely clear (cf., Fig. 8 and its discussion), and formally,
it cannot be justified under the present simplified formulation,
as (implicitly) it requires the removal of physisorbed atoms
in recombination with gas phase ones and/or a multilayer
physisorpion description.

C. Pressure Dependence

In the present section, asymptotic analytical solutions for
the E-R and the L-H recombination probabilities have been
obtained. A particular attention was given to their dependencies
with the wall temperature 73, in Sections IV-A and B. The
analysis of the dependence of these probabilities with pressure
is now straightforward.

The recombination probability for the E-R process is given
by (73). It is immediate to verify that its value is independent
of the flow of [A] atoms to the surface. Accordingly, v*~F
is independent of pressure, and consequently, the loss term in
(19) is just proportional to the gas phase density [A], i.e., E-R
recombination is always a first-order process.

In what concerns the recombination probability due to the
L-H mechanism, it can exhibit either a first-order or a second-
order behavior with pressure. As a matter of fact, using (85),
and noting that ¢  [A], 71 < ¢a and that ro, k[, and & are
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1000/T,, (K™

Fig. 2. Nitrogen recombination on silica according to the study in [11].
Asymptotic analytical solutions for (---) yE=R, (= =) 4%=H and (—)

~E-R 4 4L=H. 5 numerical solution.

independent of [A], it follows that the pressure dependence of
L-H

0% is contained in the expression
L-H 2 1

_ 103
PATLH T2 (103

v

As a consequence, ’yL’H is first or second order
(Y2 H[A] = cte) if O ~ r1/(r1 + 72) ~ 71 /72 Or ~ 1, respec-
tively. The former case corresponds to the situations of high
and intermediate temperatures discussed above, whereas the
latter one represents the low-temperature limit. As a simple
estimation, the transition from a first-order to a second-order
process occurs at

(104)

rH =To.

V. APPLICATION AND DISCUSSION

The general formulation herein presented can now be ex-
ploited and applied to the analysis of heterogeneous recombi-
nation of real systems.

The starting point of this investigation is the recombination
of atomic nitrogen in silica, according to the study in [11]. The
different surface parameters required to the application of the
analytical expressions of this paper were given along the text,
and are repeated here: [F] = 1016 cm™2, o =2 x 1073, B4 =
51 kJ/mol, E, = 14kJ/mol, Ep = 0.5E4,vq = 10 s~ vp =
10* s71, and kY = kY = kQ = 1. The recombination prob-
ability is shown in Fig. 2. The calculations from the model
were made assuming a nitrogen gas density [N] = 101° cm 3.
The short dashes (---) represent 72 R as given by (73),
the long dashes (— —) depict v“~H calculated from (85), the
full curve corresponds to the total recombination probability,
vE~R 4 4L=H The open circles o give the total recombination
probability, obtained from (25) after the numerical solution
of (16) and (17). The validity of the proposed analytical as-
ymptotic solutions is immediately confirmed from the excellent
agreement they exhibit with the exact numerical solutions. All
domains of temperature are clearly identified. At very high tem-
peratures, there is a region dominated by E-R recombination.
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Fig. 3.
in Fig. 2: (= —) asymptotic analytical solution; o numerical solution.

Fractional coverage of physisorption sites, for the same conditions as

Then, as temperature starts to decrease L—H recombination
becomes increasingly important, as a consequence of the expan-
sion of the collection zones; since Fqy — Ep — E, > 0, the total
recombination probability increases when T\, decreases, when
L-H becomes dominant. At about T ~ 280 K (1000/T}, ~
3.6) the collection zones completely overlap, so that kp, be-
comes 1 and the region of intermediate temperatures is reached.
This point is clearly seen in the figure. The transition to the
region of low temperatures, with a steepest decrease of v with
T, ! is also evident in the figure. This example shows well how
a relatively simple surface kinetic scheme, described by reac-
tions (1)—(6), can manifest a very complex nonmonotonic be-
havior for the recombination probability with the temperature.

Fig. 3 presents the steady-state occupancy of physisorption
sites O¢, given by the approximate solution (83) (dashed curves)
and by the numerical solution to the coupled (16) and (17), for
the same conditions as in Fig. 2. Once more, the agreement
between the analytical solutions derived in this paper and the
exact solutions is extremely good.

The dependence of v with pressure is shown in Figs. 4
and 5, corresponding to Ty, = 220 and 330 K, respectively,
with the same notation as in Fig. 2. As debated previously,
~E~R is independent of pressure, whereas v~ has a transition
from first order (y*~! constant with [N]) to second order
(v* ™ is a straight line in log x log scale) at about 7| = rs.
For the situation represented in Fig. 4, ro ~ 7.8 X 1072 g1
and 71 ~ 1.4 x 10712[N] s71, with [N] in cm~3. Condition
(104) coincides then with [N] ~ 5.4 x 10 cm~3. Inspection
of the figure confirms the position of the transition from a first
to a second-order process. Moreover, the correctness of the
analytical solutions is once more confirmed. Finally, note that
at atomic densities above ~10'® cm~3 the total recombination
probability is again first order, in spite of the increase in pres-
sure, because for those densities the first-order E-R mechanism
becomes dominant. That being so, the total recombination
probability has a first-order behavior both at very high and very
low pressures, due to the E-R and L—-H processes, respectively.

The higher temperature case depicted in Fig. 5 is quite
similar to the previous one. However, as the temperature is
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Fig. 4. Nitrogen recombination on silica according to the study in [11].
Asymptotic analytical solutions for (- --) yF=R, (—=-) 4L=H and (—)

~E-R 4 4L=H. 5 numerical solution.
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Fig. 5. Nitrogen recombination on silica according to the study in [11].

Asymptotic analytical solutions for (- --) yE~R, (==) yF=H and (—)
~E-R 4 4L—H. 5 numerical solution.

higher now, r1/(ry + r2) =~ r1/ry for the default conditions of
the analysis. Accordingly, v presents a first-order dependence
practically over the all range of gas phase atomic densities
considered. The transition to a second-order mechanism corre-
sponding to r; = 7o takes place only at [N] ~ 4 x 10*® cm~3.

The next system studied is again nitrogen recombination on
silica, but now as specified in [15]. The surface characteristics
are the same as in Fig. 2, with the exception of the activation
energy for recombination, which is set to E, = 20 kJ/mol.
The results are shown in Fig. 6. The theoretical results in
[15] are also plotted in the figure (x) for comparison. Note
that the theoretical results in [15] are compared well with
the experimental data in [11], [44]-[48], not reproduced here
(cf., in [15, Fig. 6]). The general trend is very similar to the
one in Fig. 2, the main difference being the magnitude of the
calculated recombination probability.

Fig. 7 shows a completely different case. It describes oxy-
gen recombination in silica according to the study in [15].
In this reference, not all surface characteristics are speci-
fied, as in some cases, only the product of two quantities is
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Fig. 6. Nitrogen recombination on silica according to the study in [15].
Asymptotic analytical solutions for (---) y2~R, (- =) yF=H and (—)

'yE*R + WL*H; o numerical solution; (X ) theoretical results in [15].
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Fig. 7. Oxygen recombination on silica according to the study in [15].
Asymptotic analytical solutions for (- --) yB~R, (- =) yF=H and (—)

~E~R 4 ~L=H: o numerical solution; (x ) theoretical results in [15].

given. One possible solution corresponds to Ey = 33.3 kJ/mol,
Ep = 0.5Ey, E, = 25.5kJ/mol, and vp = vg = 10%° s~1. The
remaining properties remain as in Fig. 2. This system reveals
a very efficient diffusion of physisorbed atoms on the surface,
as Fp is lower and vp is higher than before. As stated in
[39], one should not be surprised by examples which exhibit
“anomalous” values of vp, which differ substantially from the
typical 1013 s~ !: nevertheless, the new value of vp, when
compared to the case of nitrogen, seems somewhat difficult
to justify in physical terms. Since Eq — Ep — E; < 0, in the
high-temperature region v~ decreases with T,, in spite
of the enlargement of the collection zones, as explained in
Section IV-B1. In any case, even with this decrease, the L-H
mechanism is dominant in the domain of temperatures consid-
ered. The agreement with the theoretical calculations in [15] is
quite good, and the validity of the asymptotic analytical solu-
tions is again corroborated. It is worth noting that the theoretical
results in [15] are in good agreement with the experimental data
reported in [11], [49], and [50], for example (see [15, Fig. 5]).
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Fig. 8. Oxygen recombination on Pyrex. Asymptotic analytical solutions
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solution; (X ) experimental results in [19]; (- - -) model results using the surface
data proposed in [19].

Oxygen recombination on Pyrex was investigated in [19],
both experimentally and using the model in [11]. The surface
parameters used in [19] to explain the experimental results are
©=16x10"2, Eq =57.9 kJ/mol, E, = 7.72 kJ/mol, Ep =
0.5E,4, vg = 1020 s~ and vp = 1013 s~ 1, fora postdischarge
at T, = 300 K and p =1 torr. These values were obtained
essentially from the fitting of the model results to the experi-
mental data. The very high value obtained for 14 is particularly
striking and quite difficult to justify. In this paper, this case
was studied first by keeping the frequency factor for desorption
to the its default value v4 = 10'® s~!. On the other hand,
the activation energies were chosen as E); = 8.5 kJ/mol and
FEq4 = 20 kJ/mol, whereas the value proposed in [19] for the
fraction of the surface covered with chemisorption sites was
used. The results are shown in Fig. 8. Once more, a non-
monotonic behavior of v with the wall temperature is found,
due to the competition between the L-H and E-R recombi-
nation mechanisms. As in all the previous cases studied, the
analytical asymptotic solutions are very accurate and reproduce
the numerical ones. Moreover, the theoretical results are very
close to the experimental data.

The theoretical results from the present model using the
surface parameters proposed in [19] are also shown in the
figure (dotted line) for comparison. They manifest one unusual
particularity worth referring to. Although L-H recombination
is always given by expression (85), in this situation, it does not
exhibit a region of “intermediate” temperatures as defined in
Section IV-B2. This is a consequence of the extremely high
value of v4, leading to the fulfillment of condition (104) for
higher values of T}, than required to have kf, = 1. It can be seen
immediately that the experimental results are not adequately
described for Ty, < 200 K. This discrepancy does not show
up in the calculations in [19], because the low-temperature
region is treated in a different way there, by simply using an
exponential dependence as given by (95).

Two remarks have to be made at this point. The first one is
that the present model, despite its possible limitations regarding
the description of the low-temperature region discussed in
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Sections III-E, G and IV-B3, leads to a good comparison with
the experimental data and to values for the surface charac-
teristics that seem more realistic than those proposed in [19].
The second one is that, at present, due to the unknowns in the
elementary data required for modeling, a large number of ex-
perimental data in different temperature and pressure conditions
are required in order to determine accurately the surface char-
acteristics from modeling; likewise, any fitting procedure has
to be made with care, as not to make it arbitrary and incorrect.
This latter observation shows by itself the relevance of more
fundamental studies such as the one developed in this paper.

Finally, Fig. 9 illustrates a more academic case, where the
density of chemisorption sites is increased in respect to the
conditions of Fig. 2, ¢ =2 x 1071, a value close to the one
used in [17] for the study of oxygen recombination in silica. All
other surface characteristics and conditions remain the same as
in Fig. 2. The main interest of this figure is the extended and
well-defined region of intermediate temperatures, where (97)
holds and, thus, v, v, and v®~R have the same exponential
dependence with T,.

VI. CONCLUSION AND FUTURE WORK

In this investigation, analytical approximate solutions for the
heterogeneous recombination probability of a single atomic
species on silicalike surfaces were obtained [expressions (73)
and (85)]. The surface was assumed to be covered with
physisorption and chemisorption sites, recombination taking
place on the latter. Physisorbed atoms can diffuse along the
surface, and both E-R and L-H mechanisms have been taken
into account. The analytical solutions provide ready-to-use ex-
pressions for the recombination probability, as a function of the
surface (activation energies, densities of sites, wall temperature,
...) and gas (flow of atoms to the surface) characteristics.
The validity of the asymptotic analytical solutions was firmly
established, form their comparison with the exact numerical
solution of the system of equations describing the surface
kinetics of the system, in several very different conditions.

It was shown that the recombination probability v can have
a rather complex behavior with the wall temperature 73, as a



1410

result of the competition between the E-R and L-H recombina-
tion mechanisms. E-R recombination decreases exponentially
when T3, decreases. It is dominant at high temperatures, as
the physisorbed atoms quickly desorb back to the gas phase
and cannot reach the active chemisorption sites. As the tem-
perature decreases, the collection zones—i.e., regions around
the chemisorption sites where a physisorbed atom stays long
enough to be able to reach the active site by diffusion before
it desorbs—start to increase and the L-H recombination prob-
ability may [or may not (see Section IV-B1)] increase. When
the collection zones start to overlap, the L-H mechanism can
no longer improve its efficiency, and the L-H recombination
probability goes down quickly, until the E-R process becomes
again dominant.

Regarding the pressure dependence, the E-R mechanism is
always first order, whereas the L—H one has a transition from
first to second order when the pressure increases. Therefore, ~y
is first order at low pressures. In the model investigated, -y is first
order as well at very high pressures, since L-H recombination
stops to work then and, consequently, the E-R process becomes
dominant.

This paper brings physical insight into the elementary
processes ruling surface kinetics in a relatively simple system.
Evidently, several improvements can be made, allowing the
development of similar models applicable for processes on a
surface of real plasma-chemical reactors. One refinement re-
lates to the treatment of physisorbed atoms, with a direct impact
on the low-temperature results. First, recombination attempts in
several chemisorption sites can be considered when the distance
they travel on the surface is large enough (see the Appendix).
Next, the removal of physisorbed atoms from the surface due
to the impingement of gas phase atoms and recombination
between two physisorbed atoms can be included. Another re-
search path to continue this study is to abandon the monolayer
description. For instance, the surface can be considered to be
fully covered with chemisorption sites with physisorption sites
on the top of them. This specification is particularly appropriate
to study recombination in metallic surfaces. Finally, the model
can be easily extended to study heterogeneous recombination
in gas mixtures.

APPENDIX
IMPROVED TREATMENT OF L-H RECOMBINATION

The treatment of L-H recombination in this paper is not
fully consistent, in particular because nothing is said about
what happens to a physisorbed atom that arrives at an occupied
chemisorption site and does not recombine, even if it may reach
a second chemisorption site.

The inconsistency can be verified as follows. As discussed
below (63), for a system with no desorption one should have
kL + ki = 1. In this case of no desorption, and assuming dif-
fusion continues to be possible, Ap = 400 and so k‘b =1.
However, from (59) and (65), with kj, = 1

c o (1] AN
k5+k6—([5]+[5]>k47€1.

(105)
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This issue, with no importance in practice, can be easily
corrected to achieve a more satisfactory formal formulation.
Suppose a physisorbed atom reaches a chemisorption site as
a result of diffusion. It will recombine with a probability &
and fail recombination with probability (1 — k}). However, if
this atom can travel a distance large enough to reach a second
chemisorption site, it can attempt recombination a second time.
In this case, kg should be corrected as

c AL A A
kg = 5] ky + 5] (1-ky) 5] ky. (106)
Of course k% should also be corrected in this case, to
o 1S [A] iy 1SV
ke = + 1—-k . 107

Similarly, if the distance the atoms travels is large enough to
permit it attempts recombination in three chemisorption sites,
one should still correct kf with an additional factor of

[As]
[5]

A

[As]
5]

(1= Ky) k)

whereas for &, this additional term should be

[[f;] (1— k) [[f;] (1— k) [év]].
For Ap = +o0, we should in fact write
o3 1-6
ks = (1- 99; 60— K" = Ty (10®)
and
R O,k
ko = aska;) [0 (1= K)]" = Tﬁ_m (109)

Now, the equations are formally correct, as kf + kg is indeed 1
in the case of no desorption. In conclusion, the formulas for £
and kg should be corrected as Ap increases beyond 2b, 4b, etc.,
and the physisorbed atoms start to be able to meet more than
one chemisorption site during their diffusion along the surface.

Another simple way to solve this problem is with the trunca-
tion on the first site suggested in [27], by assuming that when
a physisorbed atom arrives to a chemisorption site and fails
recombination, it desorbs back to the gas phase. This process
can be schematically written as Ny + Ny — Ng + F,, + N.The
probability for a physisorbed atom to arrive at an occupied
chemisorption site and failing recombination is

[As]
[5]

K= 51— k) K, (110)

Using this truncation, kf + kg + k% = kp, always, so that the
problem does not exist.
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