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We have calculated the probability of OH (OD) formation and energy deposit of the reaction exothermicity
in the newly formed OH (OD), particularly in its vibrational motion, in the gas-surface reactions O(g)+
H(ad)/Sif OH(g) + Si and O(g)+ D(ad)/Sif OD(g) + Si. The reaction probabilities are about 0.10 at gas
temperature 1500 K and surface temperature 300 K. The vibrational and translational motions of product OH
share most of the reaction energy. Increasing the initial vibrational state of the adsorbate from the ground
state toV ) 1, 2, and 3 causes the vibrational energy of OH (OD) to rise nearly linearly, whereas the energies
shared by other motions vary only slightly. The product vibrational excitation is strong in both OH and OD,
leading to a population inversion. The amount of energy propagated into the bulk solid phase is about 13 %
of the reaction energy in the O(g)+ H(ad)/Si reaction, but the amount is significantly lower in O(g)+
D(ad)/Si. The dependence of reaction probabilities and energy distributions on surface temperature is found
to be weak, in the range of 0-600 K.

I. Introduction

In gas-adatom interactions taking place on a solid surface,
important reactive events involve the dissociation of the
adatom-surface bond and association of the gas atom with the
desorbing adatom. Such reactions are often highly exothermic,
so a large amount of energy is deposited in the various motions
of the product state. For example, chemisorption energies of
atoms such as hydrogen and oxygen on a close-packed metal
surface lie in the range of 2-3 eV,1,2 whereas the energy of the
bond formed between such atoms is 4-5 eV.3 Thus, the reaction
exothermicity is nearly 2 eV, which is to be distributed among
various motions of the products, including the solid phase. An
Eley-Rideal (ER) mechanism has been proposed to study such
exothermic gas-surface reactions, most involving chemisorbed
hydrogen atoms.4-12 The exothermicity is still significant in the
reactions involving a nonmetallic surface such as graphite or
silicon.13-17 In such reactions where the surface is covered either
sparsely or completely by chemisorbed hydrogen atoms, the
possible reaction pathways involve the production of diatomic
or polyatomic species depending on the nature of incident
particles. The characterization of time evolution of such reactive
events and energy disposal in the product state is important in
elucidating the mechanistic details. Furthermore, such reactions
can produce active surface sites, which can subsequently react
with incident or preadsorbed molecules or atoms. Although the
reactions taking place on a metallic surface are important in
studying catalysis, those occurring on a silicon surface are of
importance in the processing of silicon-based materials.

In the present paper, we study oxygen atom abstraction of
hydrogen chemisorbed on a silicon surface, O(g)+ H(ad)/Si
f OH(g) + Si with particular emphasis on disposal of the
reaction exothermicity in the vibrational motion of OH for a
range of initial excitations of the adatom-surface vibration.
Pathways for the distribution of reaction exothermicity as well
as energy transfer probabilities and time scales of OH formation
are quantities of particular interest in the present study. We then
compare the result with that of O(g)+ D(ad)/Sif OD(g) + Si
to study the effects of deuteration. We will use a modified
version of the London-Eyring-Polanyi-Sato (LEPS) proce-
dure, which includes additional energy terms that result from
the participation of adjacent surface sites in the oxygen-to-
surface interaction,18,19 for the potential energy surface. We
combine the reaction-zone equations of motion with the
equations of many atoms on the surface and solve these
equations20,21 for the modified LEPS potential energy. The
incorporation of surface atom dynamics enables us to determine
the flow of energy between the reaction zone and solid in an
accurate way. We consider the reaction to take place at a gas
temperature of 1500 K and surface temperature of 300 K.

II. Model

The model for the interaction of atomic oxygen with H (or
D) chemisorbed on the Si(001)-(2 × 1) surface reconstructed
by forming the dimer along the [110] direction is shown in
Figure 1. The hydrogen atom is chemisorbed on the Si atom of
the symmetric dimer structure. The adatom site, denoted by “Si”
in Figure 1, is surrounded by eight adjacent surface-layer atoms.
This atom is the first atom of theN-atom chain, i.e., a total of
N + 1 atoms, and is referred to as the zeroth atom (N ) 0) on
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which the hydrogen atom is chemisorbed (see Figure 1b). The
incident atom also interacts with bare surface-layer atoms, which
are in turn coupled to the inner atoms of each chain. The last
atom of each chain, i.e., theNth atom, is bound to the bulk
phase. Thus, the total number of Si atoms considered is 9(N +
1) of the zeroth, first, ..., ninth chains. The energies of all of
these interactions are included in constructing the potential
energy surface (PES) and used in solving the equations of
motion. The incident atom, the adatom, and all of these 9(N +
1) Si atoms belong to the primary zone, i.e., total of 2+ 9(N
+ 1) atoms. The remaining bulk solid phase can then be referred
to as the secondary zone.

When we use the coordinates defined in Figure 1, the
functional dependence of distances from the gas atom to nine
surface atoms have the formri t ri(rHSi,θ,φ,F,Z,Φ) and O(g)-
to-H(ad) distancerOH t rOH(rHSi,θ,F,Z). Here the indexi
signifies the first (or surface) atom of theith chain. The overall
interaction energy can then be denoted byU(rHSi,θ,φ,F,Z,Φ,-
{ê}), where{ê} is the collective notation for all nine chain sets
for each set of vibrational coordinates consisting of (N + 1)
atoms (ê0, ê1, ..., êN). To express the interaction energy in this
fashion, we have transformed the coordinates of the incident
gas atom (xO,yO,zO) into the cylindrical system (F,Z,Φ) and the

adatom coordinates (xH,yH,zH) into the natural system (rHSi,θ,φ).
One angle, which greatly affects the geometry of the collision
system, is the inclination angleR, which is known to be 20.6°.22

We take the LEPS-PES for the interactions of O to H, H to
thezeroth Si, O to thezeroth Si, and O to eight adjacent surface
atoms, all of which are considered to be exponential. We then
combine the LEPS function to the potential energy representing
the vibrational motions of theN-atom chain, which is surrounded
by eight additional chains as shown in Figure 1b. The chain
atoms are coupled to each other through the harmonic potential
energy1/2Msωej

2êj
2, whereMs is the mass of the silicon atom

andωej is the Einstein frequency. We note that the sum of solid
interaction potential energies includes cross terms such as
1/2Msωcj

2êj-1êj, 1/2Msωc,j+1
2êjêj+1, etc., whereωcj is the coupling

constant characterizing the chain. The overall potential energy,
including theθ andφ terms, is given by

where kθ and kφ are the force constants,θe and φe are the
equilibrium angles, andi ) 0-8. Note that the hydrogen atom
is chemisorbed on the zeroth Si atom of thei ) 0 chain (see
Figure 1b). The Coulombic and exchange terms are

for k ) OH or HSi andDk andak are the potential parameters.
For the O-surface (OS) interaction, the energy comprises nine
terms, including the contribution of the H to zeroth Si interaction

whereri is the distance between O and first Si atom of theith
chain. Each Coulombic or exchange term of the LEPS potential
energy contains the Sato parameter (∆). By varying their values
systematically, we obtain the parameter which best describes
the desired features of minimal barrier height and attractive well
depth in both the entrance and exit channel to be∆OH ) 0.50,
∆HSi ) -0.05,∆OS ) 0.20 for the oxygen-to-eight surface layer
Si atom interactions, and∆OS ) 0.50 for the oxygen-to-adatom
site. The attractive potential energy surface constructed with
these parameters is shown in Figure 2, where both the fine and
coarse plots are presented. In Figure 2b, we find the barrier
height of 0.53 kcal/mol for O(g)+ H(ad)/Si. The observed
activation energies for the related systems of D(g)+ H(ad)/Si

Figure 1. (a) Symmetric Si-Si dimer structure. Six dimers are shown
in the top layer. (b) Interaction model. The zeroth Si atom on which H
is chemisorbed is surrounded by eight adjacent Si atoms. TheN-atom
chain connects the H-Si vibration of the reaction zone to the heat
bath. The coordinates (rHSi,θ,φ) for H, (F,Z,Φ) for O, andê’s for theN
chain atoms are defined.R is the tilt angle,rOH is the O to H distance,
andri is the O to theith surface-layer Si distance (onlyr8 is indicated).
The zeroth and eighth chains, denoted by the vibrational coordinates
êi

(0) andêi
(8) for i ) 0, 1, ...,N, are shown.

U(rHSi,θ,φ,F,Z,Φ,{ê}) ) {QOH + QHSi + QOS -

[AOH
2 + AHSi

2 + AOS
2 - AOHAHSi - (AOH + AHSi)AOS]

1/2} +
1/2kθ(θ - θe)

2 + 1/2kφ(φ - φe)
2 + ∑

i

[∑
j

(1/2Msωej
2êj

2)i +

∑
j

(terms of type1/2Msωcj
2êj-1êj,

1/2Msωc,j+1
2êj êj+1, etc.)i]

(1)

Qk ) 1/4[Dk/(1 + ∆k)][(3 + ∆k)e
(rke-rk)/ak -

(2 + 6∆k)e
(rke-rk)/2ak] (2a)

Ak ) 1/4[Dk/(1 + ∆k)][(1 + 3∆k)e
(rke-rk)/ak -

(6 + 2∆k)e
(rke-rk)/2ak] (2b)

QOS ) 1/4[DOS/(1 + ∆OS)]∑
i)0

8

[(3 + ∆OS)e
(rie-ri)/aOS -

(2 + 6∆OS)e
(rie-ri)/2aOS] (3a)

AOS ) 1/4[DOS/(1 + ∆OS)]∑
i)0

8

[(1 + 3∆OS)e
(rie-ri)/aOS -

(6 + 2∆OS)e
(rie-ri)/2aOS] (3b)
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and H(g)+ D(ad)/Si are 1.06(0.11 and 0.55(0.05 kcal/mol,13

respectively. A positive value of∆ tends to favor the formation
of the indicated bond, and a negative value tends to promote
the dissociation. Although the above set eliminates an attractive
potential well in the product channel, it produces a very shallow
well of depth of 0.25 kcal/mol in the entrance channel. Because
of this well, there can be a finite but small probability of the
incident atom being trapped on the surface without undergoing
reaction. (We will consider this aspect in section IIIA).

To study the reactive event rigorously, we follow the time
evolution of the reaction system by integrating the equations
of dynamics, which describe the motions of the incident atom,
adatom, and 9(N + 1) chain atoms. The equations of motion
for the incident oxygen atom and adsorbed hydrogen atom are

whereµ and I are the reduced mass and moment of inertia of
the diatomic species indicated. Here,mO is the mass of the
oxygen atom replacing the reduced mass of collision for the
relative motion, which is determined by the incident gas atom.
For each (N + 1)-atom chain dynamics, we have16

In eq 5d, the adiabatic frequencyΩN determines the long-time
response of the heat bath, and the friction coefficientâN+1

governs the dissipation of energy from the primary zone to the
heat bath. The values ofâN+1 are very close toπωD/6, where
ωD is the Debye frequency.20 The Debye temperature of Si is
640 K.23 These values and those ofωe’s, ωc’s, and Ω’s are
presented elsewhere.24 The last termMsfN+1(t) is the stochastic
or random force on the primary system arising from thermal
fluctuation in the heat bath and it balances, on average, the
dissipative forceMsâN+1ê̇N(t), which removes energy from the
primary system in order that the equilibrium distribution of
energies in the primary system be restored after collision.

The initial conditions needed to solve the equations of motion
given by eq 4 and 5 are given in ref 18. The numerical
procedures include the use of Monte Carlo routines to generate
random numbers for the initial conditions. The first step is to
sample collision energiesE from a Maxwell distribution at gas
temperatureTg and to weight the initial energy of H-Si and all
chain atom vibrations by a Boltzmann distribution at surface
temperatureTs. The normal component of the incident energy
is thenE cos2 θinc, which will be used in solving the equations
of motion, whereθinc ) tan-1 (F/z) andz ) Z - rHSi cos(R +
θ). In sampling impact parameters, we take the flat range of 0
< b < bmax, wherebmax ) (3.057+ 1/25.153) Å ) 5.633 Å.
Here 3.057 Å is the horizontal distance between the equilibrium
position of H(ad) and the surface normal axis through third Si,
2.524 Å + 1.514 Å sinR, and 5.153 Å is the nearest Si-Si
distance between two different strands (i.e., zeroth and seventh
Si).22 This wide range ofb will enable us to treat all trajectories,
including those approaching the third Si from the left-hand side,
important in the reaction. Also sampled are the initial values of
θ, φ, andΦ. Thus, each trajectory is generated with the set (E,
b, EHSi

0 , θ0, φ0, Φ0, {ê}n0), whereEHSi
0 represents the initial

energy of the HSi vibration, and{ê}n0 stands for the initial
values of (ê0, ê1, ..., êN)n for n ) 0-8. A typical number of
trajectories used for each calculation is 30 000. We follow each
trajectory for 50 ps, which is a sufficiently long time for OH-
(g) to recede from the influence of surface interaction, to confirm
the occurrence of a reactive event forming OH. Furthermore,
we confirm that each trajectory can be successfully back-
integrated in the numerical procedure. We take the lengthN )
9 for each chain.16 That is, 9(N + 1) ) 90 Si atoms are included

Figure 2. Attractive potential energy surfaces in (a) coarse scale and (b) fine scale in the direction ofθ ) φ ) Φ ) 0° for the b ) 0 collision.
In b, the position of the barrier is indicated by “×” at -3.622 eV. The asterisk indicates the position of the potential minimum (-3.656 eV) in the
entrance channel. The labeled contours are in eV; they are in (a) 0.25 eV intervals and (b) 0.010 eV intervals.

mOZ̈(t) ) -∂U(rHSi,θ,φ,F,Z,Φ,{ê})/∂Z (4a)

µOHF̈(t) ) -∂U(rHSi,θ,φ,F,Z,Φ,{ê})/∂F (4b)

IOHΦ̈(t) ) -∂U(rHSi,θ,φ,F,Z,Φ,{ê})/∂Φ (4c)

µHSir̈HSi(t) ) -∂U(rHSi,θ,φ,F,Z,Φ,{ê})/∂rHSi (4d)

IHSiθ̈(t) ) -∂U(rHSi,θ,φ,F,Z,Φ,{ê})/∂θ (4e)

IHSiφ̈(t) ) -∂U(rHSi,θ,φ,F,Z,Φ,{ê})/∂φ (4f)

Msê̈0(t) ) -Msωe,0
2ê0(t) + Msωc,1

2ê1(t)-
∂U(rHSi,θ,φ,F,Z,Φ,{ê})/∂ê0 (5a)

Msê̈1(t) ) -Msωe,1
2ê1(t) + Msωc,1

2ê0(t) + Msωc,2
2ê2(t) (5b)

Msê̈0(t) ) -Msωe,j
2êj(t) + Msωc,j

2êj-1(t) + Msωc,j+1
2êj+1(t),

j ) 1, 2, ...,N - 1 (5c)

Msê̈N(t) ) -MsΩN
2êN(t) + Msωc,N

2êN-1(t) - MsâN+1ê̇N(t) +
MsfN+1(t) (5d)
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in the model. The pertinent potential and spectroscopic
constants14,25-31used in the calculation are listed in Table 1.

III. Results and Discussion

We first consider the probabilities of OH (OD) formation
and amounts of energy deposited in the vibrational motion of
OH (OD). Calculation of the energy deposited in OH (OD) from
the computer output is straightforward. The translational energy
is Etrans,OH) 1/2mOH(Ż - γH cosθinc r̆OH)2, wheremOH ) (mO

+ mH) andγH ) mH/(mH + mO). The rotational energy isErot,OH

) LOH
2/2µOHrOH

2, whereLOH is the angular momentumµOH(zF̆
- Fz̆) corresponding to the quantum numberJOH ) LOH/p. The
expression for the OH vibrational energy takes the usual form

wherea is the interaction range parameter for the OH bond
and rOH,e is the equilibrium value ofrOH. The expression for
the energy propagated from the reaction zone into the solid bulk
phase through the (N+1)-atom chain is18

We average all these energies over the ensemble of reactive
trajectories to obtain the quantities〈Etrans,OH〉, 〈Erot,OH〉, 〈Evib,OH〉,
and〈Es,OH〉 . We use similar expressions for O(g)+ D(ad)/Si.

A. Reaction Probabilities. The reaction probability of the
OH formation, O(g)+ H(ad)/Si f OH(g) + Si, for the HSi
vibration in the ground state is 0.106, which is calculated as
the ratio of the number of reactive trajectories forming OH to
the total number of trajectories sampled. As shown in Figure
3, the probability of OH formation increases linearly with
increasing initial excitation of the HSi vibration. For example,
when the initial HSi vibrational level is raised to the energy
corresponding to the vibrational levelVHSi ) 3, the probability
of OH formation increases to 0.163. The dependence of the OH
probability on the initial energy of the HSi vibration can best
be represented by the linear equationPOH ) 0.1022 +

0.0196VHSi. For the deuterated system, O(g)+ D(ad)/Sif OD-
(g) + Si, the reaction probabilityPOD for VDSi ) 0 is 0.0940,
which is somewhat smaller thanPOH, but for VDSi ) 3, it is
only 0.115, which is significantly less than the corresponding
POH. This result indicates that it is difficult for the incident atom
to dislodge a heavier adatom from the surface and combine with
it to form OD.

The total reaction cross section calculated using the impact
parameter-dependent probability functionP(b), the opacity
function, in the expression 2π∫0

bmax P(b) b db is 2.54 Å2 for
the OH formation reaction whenVHSi ) 0. It rises to 4.45 Å2

whenVHSi is increased to 3. Similarly, for the deuterated reaction,
the total reaction cross section of OD formation increases from
1.81 Å2 at VDSi ) 0 to 2.63 Å2 at VDSi ) 3, indicating that OD
formation tends to occur at smaller impact parameters than in
the OH case. Although the main goal of the present work is to
study the OH (OD) formation, it is important to note that the
major reaction in this collision system is the oxygen-hydrogen
exchange reaction, O(g)+ H(ad)/Sif O(ad)/Si+ H(g), with
reaction probability as large as 0.802 forVHSi ) 0. For this
efficient pathway, the total reaction cross section is 92.0 Å2,
representing the dominance of large-b collisions in which the
incident atom strongly interacts with adjacent surface sites. The
nearly identical value of 93.7 Å2 is found for the deuterated
system. Such an efficient atom-atom exchange reaction is also
known to take place in the related reaction D(g)+ H(ad)/Sif
D(ad)/Si+ H(g).32

In Figure 4, we show the dependence of the opacity function
P(b) on the impact parameter for the OH/OD formation. In each
collision system, we consider HSi (DSi) initially to have
vibrational energy corresponding toVHSi ) 0 or 3 (see Figure
4, parts a and b, for OH and Figure 4, parts c and d, for OD).
Thisb dependence provides useful information about the region
where OH formation occurs. For the adatom-surface vibration
initially in the ground state, the OH/OD formation occurs in
small b collisions (0< b < 1.5 Å), whereP(b) rises rapidly
from a small value atb ) 0 to the maximum value of≈0.6 at
b ) 0.65 Å for OH (see Figure 4a). For OD, the maximum
occurs at smaller value ofb (Figure 4c), but the general variation
of P(b) on b is similar to the OH case. Because the adatom is

TABLE 1: Potential and Spectroscopic Constants

(a) O(g)+ H(ad)/Sif OH(g) + Si

interaction (i) O-H H-Si O-surface

D0,i
0 (eV)a 4.392 3.50 3.82

ωi (cm-1)b 3738 2093 972
di (Å)c 0.9697 1.514 1.709
ai (Å)d 0.2178 0.334 0.185

(b) O(g)+ D(ad)/Sif OD(g) + Si

interaction (i) O-D D-Si O-surface

D0,i
0 (eV)a 4.453 3.50 3.82

ωi (cm-1)b 2720 1481 972
di (Å)c 0.9697 1.514 1.709
ai (Å)d 0.2178 0.334 0.185

a Di ) D0,i
0 + 1/2pωi (ref 25 for O-H; refs 26 and 27 for H-Si; ref

28 for O-Si). b Reference 25 for O-H; refs 14 and 29 for H-Si; ref
28 for O-Si. Here the H-Si value 2093 cm-1 is the z direction
vibrational frequencyωHSi,z. For thex andy directions, the vibrational
frequencies areωHSi,x ) ωHSi,y ) 645 cm-1. The O-Si value 972 cm-1

is the average of the observed values lying between 965 and 980 cm-1

(refs 30 and 31).c Reference 25 for O-H; ref 22 for H-Si; ref 28 for
O-Si. d ai ) (Di/2µi)1/2(1/ωi).

Figure 3. Probabilities of OH and OD formation as a function of the
initial vibrational state of the adsorbate. The upper line is for the OH
formation and the lower is for the OD formation.

Evib,OH ) 1/2µOHr̆OH
2 + DOH[1 - e(rOH,e-rOH)/2a]2 (6)

Es,OH ) ∑
i)0

8

[1/2Ms∑
j)0

N

ê̇j
2(t)+1/2Ms∑

j)0

N-1

ωe,j
2êj

2(t) +

1/2MsΩN
2êN

2(t) + Ms∑
j)0

N-1

ωc,j+1
2êj(t)êj+1(t)] i (7)
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tilted, theb ) 0 collision in a three-dimensional collision does
not represent the collinear configuration of O‚‚‚H-Si. Therefore,
the b ) 0 collision is not the most efficient configuration for
flow of energy between the loosely bound O‚‚‚H bond and H-Si
bond in the short-lived O‚‚‚H-Si collision complex. The
narrowness of the impact parameter range indicates that,
especially for theVHSi ) 0 case, OH formation is localized in
the neighborhood of the adatom site. Because the HSi bond is
tilted, the incident atom hitting H(ad) head-on atθinc ) 0 is
(1.514 Å)(sin 20.6°) ) 0.533 Å away from the axis normal to
the zeroth Si atom. Thus, for example, if we assume the O-to-H
distance to be 0.97 Å, the normal OH bond distance, the three
atom (O, H, Si) in the OH formation reaction can align almost
collinearly inΦ ) 0° direction when the incident atom reaches
the distance whereb ≈ 0.34 Å. In the(10% range of the normal
OH bond distance, the collinear configuration occurs when the
impact parameter lies in the range of 0.31-0.38 Å. In the OD
case, the maximum of the opacity function shifts toward a
smallerb. WhenVHSi ) 3, Figure 4b shows the OH probability
maximum with a broad peak to be nearb ) 1.5 Å. A similar
shift of the maximum toward a smallerb is seen forVDSi ) 3
in Figure 4d. In OD formation, a larger contribution comes from
b ≈ 0 collisions compared to the OH case.

For comparison, we plot the opacity function for the O-H
exchange reaction O(g)+ H(ad)/Sif O(ad)/Si+ H(g) in Figure
4 (see open circles). It is very close to unity in large-b collisions
(b > 1.5 Å for VHSi/DSi ) 0 andb > 2.5 Å for VHSi/DSi ) 3),
where the incident atom approaches close to adjacent surface
atoms. In the neighborhood ofb ) 1.5 or 2.5 Å, the opacity
function for the OH (OD) formation and O-H (O-D) exchange
reaction varies in opposite directions as the impact parameter
changes. At the impact parameter below this value, the exchange
reaction for HSi (DSi) initially in the ground state is less efficient

because the incident atom has a greater tendency to react directly
with the adatom. For HSi (DSi) initially in the excited state,
both OH (OD) formation and O-H (O-D) exchange reactions
are comparable in small-b collisions, especially in the OD case
(see Figure 4, parts b and d). We note that in a small-b collision
the exchange reaction tends to occur at the zeroth Si site (i.e.,
a direct exchange step), whereas in large-b collisions, the
exchange step occurs when O(g) adsorbs on one of eight
adjacent sites as H(ad) desorbs from the zeroth site, a concerted
mechanism.

The formation of OH (OD) for HSi (DSi) initially in the
ground state occurs in a small-b direct collision on a subpico-
second time scale. In Figure 5, we show the distribution of
reaction times on the angleΦ, the azimuthal angle for O(g) on
the surface plane. Reactive events are highly concentrated in
the region of reaction times less than 0.3 ps. Such a short time
scale supports the occurrence of OH formation in a direct
collision-induced pathway via an Eley-Rideal (ER) mechanism.
The distribution also shows no particular preference in the
direction of approach of O(g) to the surface in producing a
reactive event. Although its number is not large, there is an
important group of reactive events, which occur at a much longer
reaction time (g1 ps). Such reactive events undergo a complex-
mode collision, in which O(g) forms a loosely bound complex
with the adatom for a lifetime ofg1 ps before receding as OH-
(g).

Before closing this section, we briefly comment on the fate
of the remaining trajectories. ForVHSi ) 0 in O(g)+ H(ad)/Si,
the probability of trapping the oxygen atom on an adjacent site
without dissociating the adatom, i.e., O(g)+ H(ad)/Sif O(ad)/
Si + H(ad)/Si, is 0.0066. Another pathway is the collision-
induced dissociation of the adatom without forming OH or
causing adsorption of O, O(g)+ H(ad)/Sif O(g) + H(g) +
Si, for which the reaction probability is as small as 0.0008. In
O(g)+ D(ad)/Si, these two probabilities are 0.0062 and 0.0008,
respectively, which are essentially identical to the former case.
The trapping pathway is the outcome of the PES having a
shallow attractive well in the entrance channel. When we attempt
to remove the potential well by varying the Sato parameters
from the chosen set (0.50,-0.05, 0.20, 0.50), there is a
significant rise in the barrier height, thus making the OH (OD)
formation inefficient. For (0.50,-0.05, 0.20, 0.45), the well
depth is still 0.30 kcal/mol, but the barrier height rises to 1.15
kcal/mol. When the Sato parameter for the O-to-N) 0 Si atom
is changed from 0.45 to 0.40 while holding all others unchanged
in the previous set, the well depth reduces to 0.21 kcal/mol,

Figure 4. Dependence of the OH (OD) formation on the impact
parameter for the initial vibrational state of the adsorbate 0 and 3 (filled
circles). Parts a and b are for OH, and parts c and d are for OD. Also
plotted for comparison is theb dependence of the opacity function for
the O-H (O-D) exchange reaction (open circles).

Figure 5. Distribution of reaction times. Plotted are reaction times of
all OH forming events as a function ofΦ. TheΦ ) 0° line measures
the direction from zeroth Si to seventh Si, see Figure 1b.
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but the barrier height is now 2.55 kcal/mol. We note that, for
(0.50, -0.05, 0.20, 0.30), the well disappears, but the barrier
height is as high as 5.06 kcal/mol, which is too high for the
present H-atom attraction reaction to occur. The variation of
other Sato parameters produces a similar trend. For example,
when we change the Sato parameter for the H-Si interaction
from -0.05 to-0.15 to the above-mentioned∆OS ) 0.40 case
such that the (0.50,-0.15, 0.20, 0.40), the well depth is 0.14
kcal/mol, but the barrier height is as high as 3.24 kcal/mol. The
set (0.50,-0.05, 0.20, 0.50) used in the present study has been
selected after systematically varying the values of∆’s within a
physically reasonable range.

B. Dependence of OH Formation on Surface Temperature.
Dependence of the OH formation on the surface temperature is
not very strong. The probabilities for HSi initially in the ground
state atTs ) 0, 300, and 600 K, with the gas temperature fixed
at 1500 K, are 0.087, 0.107, and 0.111, respectively, a weak
temperature dependence which is characteristic of the ER
mechanism. For OD formation withVDSi ) 0, the probabilities
are 0.085, 0.094, and 0.098, respectively, at the corresponding
surface temperatures. Thus, OD formation, which involves the
dissociation of a heavier atom from the surface, is less efficient
than OH formation. The difference is negligible at 0 K, but it
is about 10% at the higher temperatures.

The results of the present calculation can be compared with
other studies on related gas-surface reaction.13 The variation
of the probability of OH formation with increasing surface
temperature and initial excitation of the adatom-surface vibra-
tion in the present study is similar to that of the ER-type
hydrogen recombination on a silicon surface. For H(g)+H-
(ad)/Si, the adatom-surface bond is the same as that in the
present study and the H-to-H interaction energyD0

0 ) 4.478
eV25 is very close to the present O-to-H interaction energyD0

0

) 4.392 eV. In the present study, the ratio of the OH formation
probability atTs ) 600 K to that at 300 K forVHSi ) 0 is 0.111/
0.106 ) 1.05, which compares well with the ratio of 0.112/
0.109) 1.03 for the reaction H(g)+ H(ad)/Sif H2(g) + Si.13

Here we assumed the HSi vibration to be at surface temperature
300 K. Because the vibrational quantum of HSi is 0.259 eV,
the fraction of HSi in excited vibrational states is only 4.36×
10-5 at 300 K. Even if the vibrational motion maintains the
gas temperature of 1500 K, the fraction of HSi vibration in the
ground state is still as large as 0.866. Thus, the contribution
from initially excited vibrational states to the net probability in
the present system is not important. It should be noted that, in
ref 13, the incident atom energy is 0.030 eV, but we have used
incident energies determined from the Maxwellian sampling at
Tg ) 1500 K. Because the reaction exothermicity is largely
determined by the bond energies given above, however, the two
reaction systems are energetically similar. In O(g)+ D(ad)/Si
with VDSi ) 0, the ratio of the probability atTs ) 600 K to that
at 300 K is 0.0979/0.0936) 1.05, compared with the ratio of
0.062/0.057) 1.09 for the H(g)+ D(ad)/Si reaction studied in
ref 13. Another comparison is the dependence of the probability
of OH formation on the initial state of the adsorbate vibration.
Raising the initial vibrational state of the adsorbate fromVHSi

) 0 to 1 increases the probability of OH formation in the present
reaction from 0.106 to 0.116, an increase by≈10%, as a result
of increased energy in the reaction coordinate. The probability
increases to 0.142 and 0.163 when the initial vibrational state
is raised toVHSi ) 2 and 3. For H(g)+ H(ad)/Si, also atTs )
300 K butE ) 0.030 eV, the probability ratio forVHSi ) 1 to
0 is known to be 0.182/0.109) 1.67.13 For two different
reactions with similar reaction energetics, the effect of the

initial vibrational state of the adsorbate on the gas-surface
recombination reaction is qualitatively similar.

C. Product Energy Distribution. The energy available for
OH and the surface in O(g)+ H(ad)/Si is (∆D0

0 + EHSi
0 + E),

whereEHSi
0 is the initial energy of the adatom-surface vibra-

tion and E is the oxygen atom kinetic energy. The reaction
exothermicity∆D0

0 is the difference between the HSi dissocia-
tion energy and OH dissociation energy. From the dissociation
energies listed in Table 1, we find∆D0

0 ) 0.892 eV for this
exothermic reaction, which is characterized by an attractive PES
shown in Figure 2. In Table 2, we summarize the ensemble-
averaged values of energies deposited in the translational,
rotational and vibrational motions of OH (OD) as well as that
propagated into the solid forVHSi(VDSi) ) 0, 1, 2, and 3. For
VHSi ) 0, the energies deposited in the translational, rotational
and vibrational motions of OH in O(g)+ H(ad)/Sif OH(g) +
Si are〈Etrans,OH〉 ) 0.367,〈Erot,OH〉 ) 0.145, and〈Evib,OH〉 ) 0.378
eV. The amount of energy propagated into the solid in this
reaction is〈Es,OH〉 ) 0.130 eV. Here we use the notation with
OH, i.e., 〈Es,OH〉, simply to signify energy propagation to the
solid in the OH forming reaction. Thus, the gas-phase product
OH carries away the majority of the reaction exothermicity. In
particular, nearly 75% of the reaction energy is deposited in
the vibrational and translational motions. This type of product
energy distribution with a major portion depositing in translation
and vibration is characteristic of an ER mechanism.15,33 Only
about 13% of the reaction energy is propagated into the bulk
solid phase. Increasing the initial vibrational state of the
adsorbate vibration fromVHSi ) 0 to 1, 2, and 3 changes the
OH translational energy, as well as the surface energy, only
slightly. However, we did find a large increase in the vibrational
energy with increasingVHSi, indicating the occurrence of strong
product vibrational excitation. The combined effect of a weak
dependence of〈Es,OH〉 and strong dependence of〈Evib,OH〉 on
VHSi is interesting, because it indicates that the additional energy
resulting from initial H-Si vibrational excitation preferentially
flows toward the O‚‚‚H bond in the short-lived O‚‚‚H-Si
complex and eventually deposits in the vibration. In the O(g)
+ D(ad)/Si reaction, where a heavier adatom is involved, the
dependence of〈Etrans,OD〉 and 〈Es,OD〉, even including〈Erot,OD〉,
on VDSi is particularly weak. TheVDSi dependence of〈Evib,OD〉
is very similar to the OH case.

The vibrational energy-to-impact parameter relation for all
OH forming events plotted in Figure 6 shows a gradual increase
of the vibrational energy of OH as the initial vibrational
excitation of HSi expressed byVHSi, increases. Reactive events
are bound betweenb ) 0 and ≈2 Å, but the upper bound
increases toward≈3 Å as the initial excitation increases. In

TABLE 2: Distribution of the Reaction Exothermicity at
1500 and 300 Ka

(a) O(g)+ H(ad)/Sif OH(g) + Si

VHSi 〈Evib,OH〉 〈Erot,OH〉 〈Etrans,OH〉 〈Es,OH〉
0 0.378 0.145 0.367 0.130
1 0.566 0.142 0.388 0.109
2 0.745 0.168 0.384 0.103
3 0.941 0.199 0.378 0.106

(b) O(g)+ D(ad)/Sif OD(g) + Si

VDSi 〈Evib,OD〉 〈Erot,OD〉 〈Etrans,OD〉 〈Es,OD〉
0 0.373 0.188 0.340 0.103
1 0.525 0.187 0.361 0.095
2 0.670 0.184 0.356 0.093
3 0.789 0.189 0.363 0.097

a The ensemble-averaged energies are in eV.
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particular, the events become concentrated at higher vibrational
energies and smaller impact parameters asVHSi increases. The
dominance of such small-b collisions leads to OH rotation
sharing a smaller amount of the reaction energy. Although it is
not shown, we find a very similar distribution of the four
energies for the OD case.

When the initial vibrational state of the adsorbate is raised
from VHSi ) 0 to 1, corresponding to the increase of initial
vibrational energy by 0.256 eV, the ensemble-averaged energy
deposited in the OH vibration increases from〈Evib,OH〉 ) 0.378
to 0.566 eV, an increase of 0.179 eV, whereas the energies of
other motions change slightly as noted above. A similar increase
is seen whenVHSi rises from 1 to 2 and 2 to 3. There are other
sources of energy, which can contribute to the newly formed
OH bond, but the main contributor to the vibrational energy of
OH is HSi through the Vf V energy transfer pathway. Thus,
nearly three-quarters of the energy initially deposited in the HSi
vibration transfers to the nascent OH vibration. This efficient
flow of energy occurs at close range during O(g)-to-H(ad)/Si
interaction. At this range where the incident oxygen atom moves
along the reaction coordinate, it becomes loosely bound to the
adatom, forming a short-lived collision complex (O‚‚‚H-Si),
in which “intramolecular” VV coupling occurs. This coupling
promotes the asymmetric stretching vibration of the three-atom
configuration causing the O‚‚‚H bond to strengthen as the H-Si
bond weakens in a concerted mechanism. As the reaction
progresses in the complex state, the vibrational motion of O‚‚
‚H starts with low frequency and increases toward the final OH
frequency (ωe ) 3738 cm-1)25 passing through the vibrational
frequency of the H-Si bond (ωe ) 2093 cm-1).26 Near and at
this frequency, “intramolecular” flow of vibrational energy from
H-Si to O‚‚‚H, the V f V process, takes place efficiently.
Such near-resonant or resonant energy transfer is known to be
the principal energy flow pathway in molecular collisions,
ranging from intermolecular diatom-diatom collisions to in-
tramolecular processes in polyatomic molecules.34,35 We note
that the incident atom carries a significant amount of the
collision energy, but its transfer to the nascent vibration is not
efficient, i.e., a collision-induced Tf V energy transfer process
in this gas-surface reaction is inefficient.

The dependence of the ensemble-averaged vibrational energy
〈Evib,OD〉 on the initial state of adatom-surface vibration is very
similar to the OH case. We find a large portion of the D-Si
vibrational energy transferring to the O‚‚‚D bond during the
brief residency of O(g) on the adatom in the O‚‚‚D-Si
configuration.

We can recast the results present in Figure 6 in the vibrational
population as shown in Figure 7, where the population distribu-
tion is prepared by assigning the quantum numberVOH deter-
mined asVOH ) int[Evib,OH/Evib(vOH)], the integer nearest to the
ratio Evib,OH/Evib(VOH). HereEvib(VOH) is the vibrational energy
determined from the eigenvalue expressionEvib(VOH) ) ωe(V
+ 1/2) - ωexe(V + 1/2)2 with ωe ) 3737.76 cm-1 andωexe )
84.881 cm-1.25 For the initial vibrational energy of HSi
corresponding toVHSi ) 0, the intensity of the vibrational
population for theVOH ) 1 level is as large as 0.340 compared
with 0.637 forVOH ) 0, which represents the occurrence of a
strong vibrational excitation (see Figure 7a). At gas temperature
1500 K, the Boltzmann distribution gives the fractionsf(VOH )
0) ) 1 - e-pω/kT ) 0.972 andf(VOH ) 1) ) (1 - e-pω/kT)e-pω/kT

) 0.027, so the ratiof(VOH ) 1)/f(VOH ) 0) is only 0.028; thus,
the present result shown in Figure 7a givingf(VOH ) 1)/f(VOH

) 0) ) 0.534 seriously deviates from the prediction of the
Boltzmann distribution law. The deviation becomes even larger
whenVHSi is raised. For example, forVHSi ) 1 shown in Figure
7b, the population intensity ofVOH ) 1 is now greater than that
of VOH ) 0, a population inversion.12,36 As shown in Figure 7,
parts c and d, the inversion becomes stronger as we raise the
initial excitation to theVHSi ) 2 and 3 states. ForVHSi ) 3, the
intensities are 0.180, 0.265, 0.307, and 0.196 forVOH ) 0, 1, 2,
and 3, respectively (see Figure 7d). For this initial excitation,
we find OH forming even in an excited state as high asVOH )
5, although the population intensity is only 0.0035 (not shown
in Figure 7d). The vibrational population distributions for OD
shown in Figure 7e-h are similar to those of the OH case. In
O(g) + D(ad)/Si, where the vibrational energy levels of DSi
are narrower than those of HSi, the extent of vibrational
excitation is larger. ForVDSi ) 0, f(VOD ) 1)/f(VOD ) 0) ) 0.826,
which is significantly larger than 0.534 in the OH case. The
high vibrational excitation of OH (OD) reported here is
characteristic of the ER mechanism. In the Langmuir-Hinshel-
wood mechanism, where the product molecules thermally
equilibrate with the surface before desorbing, vibrational excita-
tion is generally not significant.

Before closing this section, we briefly comment on the
dependence of product energy distributions on the surface
temperature; see Table 3. Here the gas temperature is fixed at
1500 K as in Table 2 and the values forTs ) 300 K are
reproduced from Table 2. The principal qualitative feature of
the data is the weak temperature dependence for all cases
considered. That is, the variation of surface temperature is of
little consequence in determining the energies of gas-phase

Figure 6. Distribution of the OH vibrational energy as a function of the impact parameter for the initial vibrational states of the adsorbate from
VHSi ) 0 to 3.
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product OH (OD). Furthermore, the energy propagated into the
bulk surface is essentially independent of Ts for the OD case,
in which the adsorbate atom is heavier, although the dependence
is somewhat significant in the OH case. In the latter case,〈Es,-
OH〉 increases from 0.118 eV atTs ) 0 K to 0.130 eV atTs )
300 K and then to 0.141 eV atTs ) 600 K.

D. Tunneling Effects. In the H abstraction reaction, a
correction for reaction coordinate motion must be included to
account for tunneling effects. The dissociating H can combine
with the oxygen atom by tunneling through the barrier. To
correct for tunneling, we use the WKB expression for the
probability of tunneling through the barrier given by37

whereV(R) is the potential energy barrier function along the
reaction path determined numerically from the computed
LEPS-PES given in Figure 2b, andR1 andR2 define the width
of the barrier at the kinetic energy of dissociating H,V(R) )
EH, the kinetic energy of H. For convenience, we have chosen
the direction of reaction from left to right so the reaction
coordinate varies from negative to positive with respect to the
barrier, which is taken to be the origin of the plot; i.e.,R ) 0
(see Figure 8, parts a and b). Also shown in Figure 8a are the

energetically accessible vibrational levels of product OH at the
threshold. This profile is very similar to a well-known exother-
mic reaction F+ H2 f HF + H.38 For the incident atom
approaching the surface from infinity, the portion of the product-
side potential profile measured below the potential minimum
has no effect on tunneling. The best-fit function to the potential
energy in the barrier region including the entrance level shown

Figure 7. OH (OD) vibrational population distribution. The upper four graphs (a-d) are for OH, and lower four graphs (e-h) are for OD.

TABLE 3: Dependence of the Product Energy Distribution
on the Surface Temperaturea

(a) O(g)+ H(ad)/Sif OH(g) + Si; VHSi ) 0

Ts (K) 〈Evib,OH〉 〈Erot,OH〉 〈Etrans,OH〉 〈Es,OH〉
0 0.371 0.153 0.358 0.118

300 0.378 0.145 0.367 0.130
600 0.381 0.141 0.379 0.141

(b) O(g)+ D(ad)/Sif OD(g) + Si; VDSi ) 0

Ts (K) 〈Evib,OD〉 〈Erot,OD〉 〈Etrans,OD〉 〈Es,OD〉
0 0.397 0.177 0.364 0.112

300 0.373 0.188 0.340 0.103
600 0.395 0.187 0.341 0.105

a The gas temperature is maintained at 1500 K. Ensemble-averaged
energies are in eV.

Figure 8. (a) Potential energy profile along the reaction coordinate
for O‚‚‚H-Si based on the potential energy surface given in Figure 2.
Also shown are the energetically accessible vibrational levels of OH
product at the threshold. (b) Potential energy profile in the barrier region.
The dotted curve is the best fit to the calculated value (see the text).

G(EH) ) exp[-(2/p) ∫R1

R2{2mH[V(R) - EH]}1/2 dR] (8)
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in Figure 8b is the polynomialV(R) ) - 3.6210-0.001536R
- 0.4075R2 - 0.8835R3 - 0.7526R4 - 0.2410R5 in eV.

The tunneling correction is the Maxwell-Boltzmann average
of eq 839-41

whereVo is the barrier height. Because H is adsorbed on the
surface, which is maintained at 300 K, it is reasonable to
evaluate the tunneling correction at this temperature. The
numerical evaluation of eq 9 forG(EH) at 300 K is 0.0437 for
OH and 0.0290 for OD. Because the barrier height is low, the
temperature dependence ofΓ(T) is not expected to be significant.
For example, at temperature as high as the gas-phase value of
1500 K,Γ(T) values for OH and OD formation slightly increase
to 0.0510 and 0.0363, respectively. Thus, the quantum tunneling
effect can increase the probability of OH (OD) formation
calculated in the classical trajectory procedure by a few percent
at most with a larger effect on the lighter-atom system.

IV. Concluding Comments

Calculations of the O(g)+ H(ad)/Si reaction using classical
trajectory procedures show a modest extent of OH (OD)
formation. The incident gas atom is modeled to interact with
the adatom on the surface composed of 90 Si atoms of nine
10-atom chains. The end atom of each chain is coupled to the
bulk phase. At gas temperature 1500 K and surface temperature
300 K, about 10% of the total trajectories sampled lead to OH
(OD) formation. The product OH (OD) is ejected from the
surface on a subpicosecond time scale in a small impact-
parameter collision before thermal equilibration can occur. A
major portion of the reaction exothermicity deposits in the
vibrational and translational motions of OH (OD), whereas a
much smaller amount transfers to the rotational motion. The
amount of energy propagated into the surface is only about 10%
of the available energy. The dependence of the probability of
OH formation and product energy distribution on the surface
temperature between 0 and 600 K is found to be weak.

The energy initially stored in the adatom-surface vibration
preferentially transfers to the vibrational motion of OH (OD),
representing an efficient intramolecular vibration-to-vibration
energy flow in the short-lived collision complex O‚‚‚H-Si or
O‚‚‚D-Si on the surface. Thus, the amount of energy deposited
in the product vibration varies strongly with the initial vibrational
state of the adsorbate. Such dependence is absent in the energies
of all other motions including the energy transferred to the
surface. Vibrational population does not follow the Boltzmann
distribution, exhibiting a population inversion. The inversion
becomes particularly strong when the initial vibrational energy
of the adsorbate increases.

When the effect of barrier penetration of H is included, the
probability of OH formation increases by about 4% over the
classical trajectory result. The increase in OD formation is about
3%.
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p
∫0

∞
G(EH)e-EH/kT dEH (9)
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