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The reaction probability and product-state energy distribution in the Eley-Rideal reaction of gas-phase atomic
chlorine with hydrogen atoms chemisorbed on a silicon surface are studied by use of the classical trajectory
approach. Our model for study is based on reaction zone atoms interacting with a finite number of primary-
system silicon atoms, which are coupled to the heat bath. At a gas temperature of 1500 K and a surface
temperature of 300 K, all reactive events occur on a subpicosecond time scale as a result of efficient energy
flow from the gas atom to the adatom-surface bond. These events are localized around the adatom site on
the surface. Most of the reaction exothermicity is deposited into the translational and vibrational motions of
HCl, producing a non-Boltzmann distribution. The reaction probability increases rapidly as the gas temperature
is raised from 300 to 1000 K, above which it remains nearly constant at about 0.18. All product molecules
leaving the surface undergo a cartwheel-like rotation.

I. Introduction

The chemisorption of hydrogen atoms on a silicon surface
occurs during gas-surface reactions, such as chemical vapor
deposition from silane, and the reactivity of these adatoms is
of major importance in understanding silicon-surface-assisted
processes.1-7 One such process is the abstraction of adatoms
by incident gas atoms, such as hydrogen or halogen atoms, in
which case the reaction probability and product energy distribu-
tion are among the important problems to be studied. The
problem of chlorine atoms interacting with chemisorbed hy-
drogen atoms is particularly important, since these atoms are
involved in etching processes. In such gas-adatom interactions,
the reaction is initiated by the incidence of gas-phase atoms,
which are initially not in equilibrium with the surface. Therefore,
the resulting reactive events in this collision-induced process
may follow the Eley-Rideal (ER) mechanism. The ER mech-
anism has been considered to be much less common than the
Langmuir-Hinshelwood (LH) type,8 but recent experi-
ments2-4,7-12 and calculations13-24 show evidence of a number
of gas atom-adatom reactions occurring through the ER
mechanism. A mechanism that is between these classic types
is the hot precursor mechanism in which gas atoms are trapped
in the neighborhood of the surface but have not thermalized.25,26

In the Cl(g)+ H(ad)/Si reaction, the H-Cl bond energy is about
4.4 eV. The adsorption energy of an H atom on Si(001) is 3.5
eV, and the adsorption energy of a Cl atom with Si(001) is 3.7
eV. Thus, the exothermicity suggests that the HCl formation is
likely to follow the ER mechanism. On the other hand, the LH
step can play an important role in a reaction where the sum of
adsorption energies is close to but less than the bond energy.
For example, in H(g)+ Cl(ad)/Au(111), the Cl-Au and H-Au
adsorption energies are about 2 eV.27,28 In this case, the LH
reaction of HCl is approximately thermoneutral and its contribu-
tion to the overall reaction can be important.28

The purpose of this paper is to study the ER reaction of gas-
phase atomic chlorine with chemisorbed hydrogen atoms on
silicon (001)-(2 × 1) with particular reference to the problem
of product energy distribution. For this purpose, we shall
determine the extent of reaction by following the time evolution
of the pertinent coordinates and conjugate momenta of each
trajectory on a potential energy surface constructed with many-
body interactions operating between all atoms of the reaction
system. The time evolution will be determined by solution of
the equations of motion formulated by uniting gas-surface
dynamics procedure and generalized Langevin theory for the
solid phase.22,29,30In this collision-induced process, the dynamics
of energy flow between the gas atom and the adatom-surface
vibration is a problem of fundamental importance in understand-
ing the details of reactive events that follow, thus determining
the extent of reaction and product energy distribution. We
consider the reaction, which takes place at a gas temperature
of 1500 K and a surface temperature of 300 K. A brief
discussion of the temperature dependence of reaction will be
presented.

II. Interaction Model and Energies

The interaction model and numerical procedures have already
been reported in ref 24. We recapitulate the essential aspects
of the interaction on the silicon (001)-(2 × 1) surface
reconstructed by forming dimers along the [110] direction
(Figure 1a). For ready reference we have displayed the collision
model in Figure 1b, which is the same as that in ref 24 except
that the hydrogen and chlorine atoms are interchanged. The H
atom is chemisorbed on the Si atom of the symmetric dimer
structure. This Si atom is the 0th member of the (N + 1)-atom
chain that links the reaction zone to the heat bath, providing a
simple quasiphysical picture of energy flow between the reaction
zone and the chain atoms and, in turn, between the chain and
the heat bath. (Here,N + 1 signifies the 0th Si atom plusN
atoms of the chain.) Through this coupling, the heat bath exerts
systematic dissipative and random (or stochastic) forces on the
primary system composed of the reaction zone atoms and the
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N-chain atoms. The reaction zone atoms are the 0th Si atom,
the adatom, and the incident Cl gas atom. We consider that
these reaction zone atoms and theN-chain atoms constitute the
primary system. We then designate the remaining infinite
number of solid atoms as secondary atoms.

The reaction occurs through the strong interaction of the
chlorine atom with the adatom, forming a loosely bound
complex Cl‚‚‚H-Si during the collision, and the essential aspect
of the reactive event can be described in terms of the interactions
of these (N + 1) + 2 atoms. Although the energy of these
interactions is of primary importance in determining the extent
of reaction, the potential energies resulting from the nearby Si
atoms that surround the 0th Si atom can affect the outcome of
the collision event. These nearby surface-layer atoms can
enhance the attraction of the gas atom to the surface site through
their long-range attractive forces and can then form a repulsive
wall when the gas atom approaches too close to the surface.
Consideration of such interactions is appropriate for the inter-
action of surface atoms with the gas atom, which is loosely
bound to the adatom. Furthermore, such a model is also an
appropriate procedure in describing the surface fully covered
with adatoms. Thus, in the present model, the surface-layer
atoms can steer the loosely bound gas atom to remain in the
neighborhood of the adatom during the reaction, thus affecting
the outcome of collision. In the model, we consider the 0th Si
atom of the chain to be surrounded by eight nearby Si atoms of
the symmetric dimer strands,24 and we include the resulting
interactions between them and the gas atom in constructing the
potential energy surface (PES). In this model, we consider only
one hydrogen atom on top of the 0th Si atom, the state that has
been shown to be of major importance over the dihydrogenated

or trihydrogenated cases.4,31 The initial state is chosen to be
that of the gas atom incident normal to the surface with the
initial collision energyE and impact parameterb.

A total of six degrees of freedom is needed to describe the
motions of Cl and H atoms above the surface. Although it is
straightforward to transform these coordinates to the center-of-
mass and relative coordinate systems, we find it convenient to
describe the collision system including surface atoms in terms
of the atomic coordinates H(xH,yH,zH) and Cl(xCl,yCl,zCl). The
H coordinates are

and

Prior to dissociation, the adatom tilted at an angle ofR ) 20.6° 32

undergoes hindered motions alongθ andφ. For the position of
Cl with respect to the reference axis along the adatom, the Cl-H
interatomic distancerHCl is (F2 + z2)1/2, whereF is the distance
between Cl and the H-surface normal axis andz is the vertical
distance from Cl to the horizontal line determining the position
of H. Note that the initial (t f -∞) value ofF is the impact
parameterb. The projection ofrHCl on the surface plane is
oriented by the angleΦ from theX axis. Thus, the coordinate
(xCl,yCl,zCl) can be transformed into the cylindrical system
(F,Z,Φ), where Z is the Cl-to-surface distance. The vertical
distancez is then

Thus, the occurrence of reactive events can be determined by
studying the time evolution of the H-Si bond distancerHSi and
the Cl-to-H distancerHCl ) (F2 + z2)1/2 for the ensemble of gas
atoms approaching the surface from all directions. Any rigorous
form of the interaction potential should include all those
interactions mentioned above. For the overall interaction energy,
we combine a modified form of the London-Eyring-Polanyi-
Sato (LEPS) potential energy surface24 for the interactions of
Cl to H, H to Si, and Cl to nine surface-layer atoms, all of which
are considered to be exponential, with theθ- andφ-hindered
rotational motions and the harmonic motions of the (N + 1)-
chain atoms:

wherekθ andkφ are force constants,θe andφe are the equilibrium
angles,Ms is the mass of the silicon atom,ωej is the Einstein
frequency, andωcj is the coupling frequency characterizing the
chain. The explicit forms of the Coulomb term (Q’s) and
exchange terms (A’s) for HCl, HSi, and ClSi are given in ref
24. Sinceri ≡ ri(rHSi,θ,φ,F,Z,Φ) andrHCl ≡ rHCl(rHSi,θ,F,Z), the
potential energy surface has the functional dependence of
U(rHSi,θ,φ,F,Z,Φ,{ê}), where {ê} ) (ê0, ê1, ..., êN) for the
vibrational coordinates of the (N + 1)-chain atoms.

Figure 1. (a) Symmetric Si-Si dimer surface. (b) Interaction model
showing the H atom adsorbed on the surface adsorption site indicated
by “Si”, the 0th atom, which is coupled to theN-atom chain. TheNth
atom of the chain is coupled to the heat bath. The position of H is
described by (rHSi,θ,φ), and the position of Cl by (F,Z,Φ). R is the tilt
angle. The Cl to H is denoted byrHCl and the Cl-to-the-ith surface-
layer Si atom byri. The coordinates of the (N + 1) chain atoms
including the 0th atom are denoted byê0, ê1, ..., êN.

xH ) rHSi sin(R + θ) cosφ

yH ) rHSi sin(R + θ) sinφ

zH ) rHSi cos(R + θ), i.e., H(xH,yH,zH) ) H(rHSi,θ,φ)
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The potential and spectroscopic constants for the H-Cl and
H-Si interactions are33 D0,HCl

0 ) 4.434 eV, D0,HSi
0 ) 3.50

eV,34,35aHCl ) 0.268 Å,aHSi ) 0.334 Å,ωHCl/(2πc) ) 2990.95
cm-1, andωHSi/(2πc) ) 2093 cm-1,15,36 wherea’s are expo-
nential range parameters determined from the relationa ) (Di/
(2µi))1/2/ωi for i ) HCl or HSi.24 The well-depth constants that
enter in the Coulomb and exchange terms for H-Cl and H-Si
are determined asDHCl ) D0,HCl

0 + (1/2)pωHCl and DHSi )
D0,HSi

0 + (1/2)pωHSi, respectively. The equilibrium distances
(d) of the H-Cl and H-Si bonds are 1.274 and 1.514 Å,
respectively. For thex- and y-directions, vibrational energies
pωHSi,x andpωHSi,y of the H atom chemisorbed on Si are 645
cm-1, whereas thez-direction vibrational energy is 2093
cm-1.15,36 The force constant describing the hindered motion
in the x (or y) direction is determined ask ) µHSi(ωHSi,xdHSi)2

) 3.537 eV.
During the collision, the incident gas atom becomes loosely

bound to the adatom (i.e., Cl‚‚‚H-Si) in the Cl(pz)-H(s)
bonding state and experiences the interaction coming from
nearby surface-layer atoms. The overlap of the px or py orbital
of Cl with the atomic orbitals of adjacent Si atoms is not
efficient. This nonbonding character of px or py leads to Pauli
repulsion for the back-wall of the physisorption interaction, with
van der Waals energy representing the attractive branch. Then
the interaction between the Cl and the surface-layer atoms can
be characterized by a small value of well depth and can be
include in theQClSi andAClSi of the LEPS potential. There is
no data on the interaction of such a bound gas atom with the Si
surface, but the well depth is not expected to be significantly
different from 100 meV.37-39 We can estimate it assuming the
ratioDdiatom/surface/Datom/surface) 1.2.37 For a number of diatomic
and small polyatomic molecules on the related system of the
graphite surface, the well depth is in the range 100-150 meV.37

We assume the value ofDdiatom/surfaceto fall in this range and
take its value to be 125 meV; thus, the energy termDatom/surface

can be estimated as 104 meV. We also takeaClSi ) 0.35 Å to
reflect the characteristics of physisorption. The determination
of the equilibrium distances between Cl and the adjacent surface
atoms is tedious but is straightforward. For example, forb ) 0
the distance between Cl and the 0th Si atom is 2.74 Å. The
distance between Cl and the nearest atom (3rd in Figure 1b) is
4.07 Å, the distance between Cl and the next-nearest atom (2nd
or 4th) is 4.50 Å, the distance between Cl and the next-next-
nearest atom (1st or 5th) is 4.74 Å, etc.

By varying values of∆’s systematically, we find the set of
Sato parameters best describing the desired features minimizing
barrier height and attractive well in the product channel to be
∆ClH ) 0.30,∆HSi ) -0.10,∆ClS ) 0.40 for the reaction zone
Si atom (i.e., the Cl to 0th Si atom) and∆ClS ) 0.20 for the Cl
to remaining eight surface-layer Si atoms. For this reaction, the
activation energy is known to be only 2.1( 0.2 kcal/mol.2,18

III. Calculations and Discussion

Once the PES is determined, we can follow the time evolution
of the primary system by integrating the equations, which
describe the motions of the reaction-zone atoms andN-chain
atoms included in the model. We expect that this PES will
enable us to understand how gas atoms with given initial
conditions react with chemisorbed atoms and then desorb from
the surface. An intuitive way to treat the dynamics of the
reaction involving many surface atoms is to solve a united set
of equations of motion for the reaction-zone atoms and the
Langevin equation forN-chain atoms, which couples the primary
system to the heat bath. The gas-adatom part of the resulting

equations aremiQ̈i(t) ) -∂U/∂Qi, whereQ1 ) Z, Q2 ) F, Q3 )
Φ, Q4 ) zHSi, Q5 ) θ, andQ6 ) φ, with m1 ) µCl, m2 ) µHCl,
m3 ) IHCl, the moment of inertia,m4 ) µHSi, andm5 ) m6 )
IHSi. Here, µi is the reduced mass of the interaction system
indicated. For the (N + 1)-atom chain, which includes the 0th
Si atom, the equations are24,29

Equation 2a is for the vibration of the 0th chain atom on which
the H atom is chemisorbed. In this equation, we only take the
ê0 derivative of the LEPS part (i.e., the first part) of eq 1, since
the derivatives of the harmonic and coupling terms appearing
in the sums are already given by the first two terms of eq 2a.
Equation 2c is for the vibration of theNth atom, which is bound
to the bulk phase. In this equation,ΩN is the adiabatic frequency.
That is, at short times thejth oscillator responds like an isolated
harmonic oscillator with frequencyωej, whereasΩN determines
the long-time response of the heat bath. The friction coefficient
âN+1 is very close toπωD/6, whereωD is the Debye frequency,
and governs the dissipation of energy from the primary zone to
the heat bath. All values ofâ and those ofωe, ωc, andΩ are
presented elsewhere.21 The quantityMsfN+1(t) is the random
force on the primary system arising from thermal fluctuation
in the heat bath. This force balances, on average, the dissipative
force, MsâN+1ê̇N(t), which removes energy from the primary
system in order that the equilibrium distribution of energies in
the primary system can be restored after collision. The random
force term is white noise, whose fluctuations are governed by
a Markovian fluctuation-dissipation theorem〈fN+1(t)fN+1(0)〉 )
(6kTs/Ms)âN+1δ(t).29 Short-time reactive events are not affected
by these long-time response and dissipation terms. Thus, if we
ignore these dissipation and stochastic terms and replaceΩN

by ωeN in eq 2c, we have a set of equations for studying the
typical short-time processes of the interaction between the
incident atom and an atom bound to an (N + 1)-atom cluster.

The computational procedures include an extensive use of
Monte Carlo routines to generate random numbers for initial
conditions. The first of them is to sample collision energiesE
from a Maxwell distribution at the gas temperatureTg. We
sample 30 000 values ofE. In sampling impact parametersb,
we note that the distance between the hydrogen atoms adsorbed
on the nearest Si sites is 3.59 Å. Thus, we take the halfway
distance so that the flat sampling range is 0e b e 1.80 Å (i.e.,
bmax ) 1.80 Å). In the collision withb > 1.80 Å, the gas atom
is now in the interaction range of the adjacent surface site. If
this site is covered, the gas atom is now in the interaction range
of another adatom, in which case a different PES will have to
be constructed. The initial conditions and numerical techniques
needed in solving the equations of motion are given in ref 24.

Throughout this paper we have set the chain length of (N +
1) ) 10 after checking the dependence of energy transfer to
the solid as a function ofN. We define the reaction probability
P at the gas and surface temperatures (Tg,Ts) as the ratio of the
number of reactive trajectoriesNR to the total number of
trajectories sampled (NT ) 30 000) over the entire range of

Msê̈0(t) ) - Msωe0
2ê0(t) + Msωcl

2ê1(t) -
∂ULEPS(zClSi,θ,φ,F,Z,Φ,{ê})/∂ê0 (2a)

Msê̈j(t) ) -Msωej
2 êj(t) + Msωcj

2êj-1(t) +

Msωc,j+1
2êj+1(t), j ) 1, 2, ...,N - 1 (2b)

Msê̈N(t) ) -MsΩN
2êN(t) + Msωc,N

2êN-1(t) - MsâN+1ê̇N(t) +
MsfN+1(t) (2c)

Chlorine Atom Abstraction J. Phys. Chem. A, Vol. 103, No. 3, 1999413



impact parameters. To define the reaction time, we first confirm
the occurrence of a reactive event by following the trajectory
for 50 ps, which is a sufficiently long time for the product HCl-
(g) to recede from the influence of surface interaction. Then
we trace the reactive trajectory backward to find the time at
which the H-to-Si separation has reachedrHSi,e+ 5.00 Å, where
rHSi,e is the equilibrium distance of the H-Si bond (1.514 Å).
We define this time as the reaction time. At the thermal
conditions of (Tg,Ts) ) (1500, 300 K), 5255 trajectories of a
total of 30 000 sampled over the entire range of impact
parameters are found to be reactive (i.e.,P ) 0.175). Note that
the gas temperature of 1500 K is known to be the typical
experimental condition for producing chlorine atoms.40 All of
these reactive events occur on a subpicosecond time scale during
which the adatom suffers only one impact with the surface, the
ensemble-average of reaction times being 0.39 ps (see Figure
2). In such a direct collision, a significant amount of acceleration
of the incident atom occurs both before and after impact, and
when the atom turns the corner, it can then pick up the adatom,
which is oscillating between two heavy atoms, i.e., Cl and Si.
The reaction time decreases with increasing collision energy
determined by the Maxwellian distribution atTg. Especially short
reaction times (∼0.2 ps) are found for the reactive events taking
place in the high-energy tail of the distribution. At the present
thermal condition, there is no evidence of the gas atom trapped
on the surface. If there were such atoms with subsequent reactive
events occurring on a long-time scale (>10 ps) long enough
for trapped atoms to thermalize as in the case of O(g)+ CO-
(ad)/Pt,21 they would likely follow the precursor mechanism.25,26

It should be important to note that in their study of the CO
oxidation over a Ru surface, Peden and co-workers have
considered the reaction to follow the ER mechanism if its
reaction time is less than 10 ps.41 Thus, we regard all these
short-time direct-mode events in the present gas-adatom
interaction to follow the ER mechanism, in which the incident
atom cannot accommodate to the surface temperature.

Figure 3a shows a moderate dependence of the reaction
probability on surface temperature. At a gas temperature of 1500
K, the probability increases slowly from 0.078 atTs ) 0 K to
0.240 atTs ) 700 K. These probabilities are significantly higher
than those of the related reaction H(g)+ H(ad)/Si or H(g)+
Cl(ad)/Si. For example, at the thermal conditions of (1800, 300
K), the probability of H2 formation in H(g)+ H(ad)/Si is 0.11.4

At (1500, 300 K), the probability of HCl formation in H(g)+
Cl(ad)/Si is 0.099,24 whereas that in the present reaction is 0.179,
which is nearly twice the latter value, indicating an easier
abstraction of the lighter hydrogen atom by the heavier chlorine
atom. As shown in Figure 3b, the dependence of the reaction
probability onTg is significant at lower temperatures. AtTs )
300 K, there is a rather strong rise ofP when the gas temperature
is raised from 300 K to about 1000 K, but above the latter
temperature the reaction probability remains nearly constant
(∼0.18). The rise is a result of the incident atoms having greater
collision energies according to the Maxwellian distribution.
Since the barrier height is very small (∼0.14 eV), a further
increase inTg (or E) does not affect the extent of reaction
significantly, since the collision energy in most of the ER
reactive events has already surpassed the barrier height.
Throughout the following sections, we consider the reaction to
take place at the thermal condition of (1500, 300 K).

We define the opacity functionP(b) as the fraction of
collisions with impact parameterb that lead to reaction (see
Figure 4a). To determine this function, we count all reactive
trajectories in intervals ofb ) 0.050 Å and divide the number
of such trajectoriesNR(b) by the number of trajectoriesN(b)
sampled in the interval. For example, the number of trajectories
sampled betweenb ) 0 and 0.050 Å isN(b) ) 833, of which
123 are reactive. Then the ratio 123/833) 0.148 is considered
to beP(b) at the midpoint of 0.025 Å. Note that the probability
P defined above is a total probability expressed as the ratio of
the total number of reactive trajectoriesNR ) ∑NR(b) to all
trajectories sampledNT ) 30 000 over the entireb range of
0-bmax. As shown in Figure 4a,P(b) is small inb = 0 collisions
and then takes the maximum value nearb ) 0.7, after which it
rapidly decreases as the impact parameter increases. Beyondb
) 1.5 Å, the reaction ceases. The total reaction cross section
calculated from the expression

is 1.19 Å2.

Figure 2. Distribution of reaction times at (1500, 300 K).

Figure 3. Temperature dependence of reaction probabilities: (a)
dependence on the surface temperature for the gas temperature fixed
at 1500 K; (b) dependence on the gas temperature for the surface
temperature fixed at 300 K.

σ ) 2π∫0

bmaxP(b)b db
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Since the nearest H-H distance in a highly covered case is
3.59 Å, we can consider a cylindrical region of the radius
1/2(3.59 Å) ) 1.80 Å around the adatom to be an interesting
region for the occurrence of reactive events. The equilibrium
HCl bond distance is 1.274 Å, so the height of the cylindrical
region from the adatom cannot be significantly higher than this
distance. A sharp decrease ofP(b) near the impact parameter
corresponding to this bond distance seen in Figure 4a clearly
indicates the difficulty experienced by the incident gas atom in
abstracting the adatom when the impact parameter is near or
greater than the HCl bond distance. The product HCl formed
near the upper limit ofb comes from those gas atoms
approached near the surface at largeb (i.e., near the bottom of
the cylinder). Such gas atoms rarely form HCl, since they are
bounced back by the repulsive energy of the surface atoms.
Thus, the occurrence of reactive events in the range of 0e b
e 1.5 Å, peaking near 0.5 Å, indicates that the events are
confined to the neighborhood of the adatom site and are
independent of the gas-next-nearest-adatom interaction in the
case of high surface coverage. Such localized reactivity has been
observed in other systems such as the hydrogen abstraction
reaction on silicon by the gas-phase atomic hydrogen (H or D).9

In the present model, we defineΦ ) 0 in the direction where
the adatom is tilted, and the origin ofΦ to be the point on the
surface where the surface normal axis meets the adatom. The
initial value ofΦ is selected randomly between 0 and 2π, and
Figure 4b shows the distribution of this angle for reactive events.
The distribution indicates a greater number of reactive events
occurring between 90 and 270°. Since the adatom is tilted by
20.6°, the distance between this atom and the axis normal to
the 0th Si atom is 1.51 sinR ) 0.53 Å. Thus, the tilting exposes
the five surface atoms of the second and third quadrants to the
incident gas atom that is loosely bound to the adatom on the
0th silicon during the interaction. We expect the openness of
this region to steer efficiently the gas atom to stay bound at the
adatom site, thus enhancing the occurrence of reaction. Such
steering is less effective in the first and fourth quadrants because
the tilting causes the region to be less open to the incident atom.
Consequently, the probability of the incident gas atom reacting
with the adatom is greater when it approaches the second and
third quadrants around the 0th Si atom (i.e., between 90 and
270°).

To present a clearer picture of localized reactive events
occurring in the vicinity of adatom sites and theΦ dependence
of such reactive events, we consider that all nine surface sites
including the 0th Si site are covered by adatoms and we repeat
the calculation for each adatom. Figure 5 shows the distribution
of reaction impacts around each adatom site on the nine Si-

atom surface. The numbering corresponds to the position of each
Si atom along the symmetric dimer rows shown in Figure 1.
Here, the numbering zero represents the 0th Si atom mentioned
above. The equilibrium distance between nearest adatoms on a
given dimer is 3.591 Å, whereas the Si-Si distance is 2.524
Å.32 The nearest adatom-adatom distance between two nearby
dimer rows is 4.086 Å (see Figure 5). In a given row, the nearest
dimer-dimer distance is 3.866 Å. The radius of the circular
region for reactive events around each adatom site is much
shorter than these interatomic distances, and the plot clearly
shows strong localization of reactive events in the neighborhood
of the target atom. Around each adatom site there is a higher
concentration of reactive events in half the region opposite the
tilted adatom (e.g., the second and third quadrants of the 0th Si
site). Note that the adatom is tilted in theΦ ) 0° direction
(i.e., the right-hand side) by 20.6° in the 0th, 1st, and 5th Si
sites as mentioned above; their distributions of reactive impacts
are essentially identical to one another. However, in the 2nd,
3rd, and 4th cases, the adatom is tilted in theΦ ) 180° direction
(i.e., the left-hand side), and the distribution is nearly an image
of the 0th (as well as 1st and 5th) Si case.

The dependence of HCl vibrational energyEvib,HCl on the
impact parameter presented in Figure 6a indicates the occurrence
of significant vibrational excitation of product HCl in nonzero-
impact parameter collisions. The general features of the plot
are that the number of reactive events is small inb = 0 collisions
as noted above (also see Figure 4a) and the extent of vibrational
excitation decreases as the impact parameter increases toward
1.5 Å. Figure 6b indicates that the vibrational population
distribution is non-Boltzmann, with the maximum appearing
near the vibrational energy of 0.4 eV. From the eigenvalue
expressionEvib(VHCl) ) hcωe(VHCl + 1/2) - hcωexe(VHCl + 1/2)2

with ωe ) 2990.95 cm-1, ωexe ) 52.82 cm-1,33 we find the
vibrational energies 0.185, 0.542, 0.886, and 1.218 eV forVHCl

) 0, 1, 2 and 3, respectively. The comparison of these energies
with the energy scale used in Figure 6b indicates that about
40% of the product molecules have their vibrational energies
close toV ) 1. SinceD0,HSi

0 is 3.50 eV andD0,ClH
0 ) 4.434 eV,

the reaction exothermicity and the initial collision energy are
large enough to produce such moderately excited molecules.
To mimic the quantum vibrational distribution, we use a binning
procedure of assigning quantum numberVHCl corresponding to
the calculated vibrational energy through the relationVHCl )
int[Evib,HCl/Evib(VHCl)]. Using this procedure, we find that of a
total of 5255 reactive trajectories, 2630 belong toVHCl ) 0,
2419 toVHCl ) 1, 203 toVHCl ) 2, and 3 toVHCl ) 3. That is,
the intensity ratio ofVHCl ) 1 to VHCl ) 0 is 0.92, which is far

Figure 4. (a) Dependence of the opacity function on the impact parameter at (1500, 300 K). (b) Distribution of the azimuthal angleΦ of the
incident atom leading to reaction at (1500, 300 K).
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greater than that predicted by the Boltzmann distribution even
at a temperature as high asTg ) 1500 K. At this temperature,
the Boltzmann distribution for the fraction of molecules in the
ith energy level,

wherei ) VHCl, gives the corresponding intensity ratio as low
as 0.053.

The amount of energy deposited in the translational motion
of HCl is somewhat larger than the vibrational energy (compare
Figures 6a and 7a). The ensemble-averaged translational energy
is 0.434 eV, whereas the ensemble average of the vibrational
energies displayed in Figure 6a is 0.371 eV. Figure 7a shows
that some molecules recede from the surface with a translational
energy larger than 1 eV, clearly indicating high translational
excitation. This figure also shows the diminished number of
reactive events with translational energy less than about 0.2 eV.
In this case, more energy is deposited in the vibrational motion.
Thus, such vibrationally excited molecules leave the surface
more slowly. Figure 7b shows a time-of-flight distribution of
product molecules along the fitted curve. The points are obtained

by collecting molecules reaching the “reaction chamber-to-
detector” distance of 30 cm. A smooth distribution of product
velocities indicates the occurrence of a single type of reactive
collision, namely, the direct-mode collision. The distribution
fits well with a velocity function of the form

with V0 ) 1550 m/s andR ) 329 m/s, whereA is the
normalization constant. TheseV0 andR values indicate that the
velocity distribution is highly non-Boltzmann with a mean
energy (1/2mHClV0

2 ) 0.448 eV) far in excess ofkTs ) 0.026
eV or even kTg ) 0.129 eV. The most probable speed
determined from the distribution function is 1512 m/s, which
corresponds to 0.426 eV. Note that the mean energy calculated
from the time-of-flight distribution is very close to the ensemble-
averaged translational energy of 0.434 eV mentioned above.

It is interesting to compare the energy distribution in the
present reaction Cl(g)+ H(ad)/Si with that of the related
reaction H(g)+ Cl(ad)/Si, where the light atom interacts with
the heavy atoms (L + HH). Both reactions are driven by reaction
exothermicities of similar magnitude (0.8-1.0 eV). However,
the two reactions have very different mass distributions, which

Figure 5. Location of reactive events around the adatom site. The reaction on nine adatom sites belonging to three dimers of the left-hand-side
symmetric row (see 0, 1, ..., 5) and one-half of the nearby row (see 6, 7, 8) was considered at (1500, 300 K).

Figure 6. Distribution of the vibrational energy at (1500, 300 K): (a) dependence of the vibrational energy on the impact parameter; (b) vibrational
population distribution.

fi ) e-ipωHCl/(kT)/∑
i)0

∞

e-ipωHCl/(kT)

f(V) ) AV3 e-(V-V0)2/R2
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lead to unusual kinematics directly affecting the outcome of
the product energy distribution in each reaction. As shown in
Figure 6b, the vibrational population does not follow the
Boltzmann distributionfi, and this population distribution is
fundamentally different from that of the H(g)+ Cl(ad)/Si
reaction, where the distribution is statistical.24 In the present
reaction, the heavy incident atom favors energy deposit in the
vibrational motion of the HCl molecule, thus producing a
vibrational distribution which is non-Boltzmann. In the present
reaction (H + LH ), the light adatom moves back and forth
between the two heavy atoms, efficiently transferring energy
between theH‚‚‚L andL ‚‚‚H bonds with most of the available
energy in their vibrational motions. In this reaction, therefore,
the reaction probability is significantly larger than that in theL
+ HH case, where the heavy adatom blocks energy flow from
L ‚‚‚H to H-H. The occurrence of such energy flow blockage
by heavy atoms has already been reported by others.42-45

Furthermore, the energy that has managed to accumulate in the
H-H bond can dissipate more readily to the surface than that
in theH + LH case, thus leading to less energy accumulation
in theH-H bond. Therefore, different dynamic features during
the course of reaction affect seriously the outcome of the
reactions.

The amount of energy taken up by the rotational motion of
the HCl molecule is small, in contrast to the translational and
vibrational motions. Here, the rotational energy isEHCl,rot ) L2/
(2µHClrHCl

2), where the angular momentumL ) µHCl(zF̆ - Fz̆)
with the corresponding quantum numberJ ) L/p. The ensemble-
averaged rotational energy is only 0.210 eV. As in the
vibrational case discussed above, we apply the binning procedure
of assigning rotational quantum numberJHCl corresponding to
the calculated rotational energyEHCl,rot through the relationJHCl

) int [EHCl,rot/Erot(JHCl)], whereErot(JHCl) ) JHCl (JHCl + 1)p2/
(2IHClkT). The relative intensity of the rotational population
distribution shown in Figure 8a indicates a characteristic of the
bimodal form of the intensity. The main peak appears nearJ )
13, which deviates significantly from the Boltzmann distribution.
The maximum obtained from the Boltzmann distributionJmax

) 1/2[(2kT/Bh)1/2 - 1] with Bh ) 10.58 cm-1 at 1500 K is 7.
Although the intensity varies slightly belowJ ) 10, there
appears to be another mode with the intensity peaking nearJ
) 2. The present analysis reveals the interesting case of the
rotational alignment of HCl at the instant of desorption from
the surface. To examine this aspect, we have calculated the angle
between the axis of rotation of HCl and the surface normal,Γ,
when the Cl atom turns the corner with H and begins the journey
outward. The relative intensity plotted in Figure 8b is for the
ensemble of all reactive events. The angles are heavily
distributed near 90°, where the rotational axis is parallel to the
surface. That is, HCl product molecules leave the surface in a
cartwheel-like rotation. As noted above, the collinear configu-
ration for the tilted Si‚‚‚H with Cl occurs nearb ) 0.5 Å, where
the energy release at the instant of dissociation will tend to
propel H upward, causing the atom in HCl to rotate clockwise.
All those gas atoms steered to remain near the tilted adatom by
the surface atoms of the second and third quadrants are likely
to undergo the same type of rotation when they react with Cl
in a nonzero-b collision. In the distribution presented in Figure
5, therefore, HCl formed on the right-hand-side Si (i.e., 0th,
1st, 5th) rotates clockwise, whereas that formed on the left-
hand-side Si (i.e., 2nd, 3rd, 4th) rotates counterclockwise. Thus,
in the narrow range of the dimer strand measuring about 8 Å
(i.e., 3.591 Å+ 4.086 Å), there can be two distinct directions
for the rotational motion of the HCl molecules produced on

Figure 7. Distribution of the translational energy at (1500, 300 K): (a) dependence of the translational energy on the impact parameter; (b)
time-of-flight distribution for HCl from the surface.

Figure 8. (a) Relative intensity of the rotational population distribution at (1500, 300 K). (b) Distribution of the angle between the axis of rotation
and the surface normalΓ.
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the silicon surface. It should be both interesting and important
to test this prediction of circular polarization experimentally.
We note that there are no desorbing molecules rotating like
helicopters.

The amount of energy transfer to the silicon surface is small
because of the large difference between the masses of H and
Si. The reaction taking place at the thermal conditions (1500, 0
K) gives a much clearer picture of energy transfer to the surface
as the surface atoms are initially at rest, and there are no
systematic or random forces exerted by the heat bath. In this
case the entire energy that has propagated from the adatom-
surface vibration to the vibration of the 0th atom of theN-atom
chain has dissipated into the chain and then into the heat bath.
There is no flow of energy back from the heat bath. Thus, we
can determine the energy transfer to the solid unequivocally.
At these thermal conditions, the ensemble-average of energy
transfer to the surface is 0.024 eV.

Finally, we look into several important aspects of the
dynamics of this reaction. As noted in the early part of this
section, all reactive events of the 30 000 trajectories sampled
occur on the subpicosecond time scale, and the vibrational
population is non-Boltzmann. Figure 9a shows the H-Si and
H-Cl (or Cl-H) distances for the representative trajectory.
Before collision, the H-Si bond undergoes a highly regular
vibration at 2093 cm-1. The Cl-to-H distance also oscillates by
the same frequency, since the adatom vibration affects the Cl-
to-H distance. Neart ) 0.1 ps it suffers impact with the adatom,
forming HCl. The formation is clearly seen from the highly
organized vibrational motion of the H-Cl distance, as well as
from the divergence of the H-Si distance. The large-amplitude
oscillatory motion of H-Si after the impact represents the
rotation of HCl as it recedes from the surface. For this
representative case, the rotational period is 0.11 ps, which is
nearly 9 times the vibrational period. The Cl-to-H interaction
energy begins with 4.62 eV, which begins to decrease neart )
-0.10 ps, which can be identified as the start of interaction

(see Figure 9b). It rapidly decreases neart ) 0, reaching near
zero, while the H-Si vibrational energy rapidly rises to the
H-Si dissociation threshold of 3.63 eV. Figure 9b clearly shows
an efficient exchange flow of energy from the Cl-to-H inter-
action to the H-Si vibration in a brief period of about 0.3 ps.
The decrease of the Cl-to-H interaction occurs stepwise. In the
present mass distribution ofH + LH , the light atom oscillates
between two heavy atoms, pumping energy from Cl-H to
H-Si. Thus, the incident atom initially trapped in the upper
region of the potential well rapidly cascades down the well
through ladder-climbing (or declimbing) processes in which the
Cl-to-H interaction loses its energy in a series of small steps.
In contrast, in theL + HH case (e.g., the H+ Cl/Si reaction),
the process of deactivation occurs in a single-step process.24

Figure 9b also shows that the vibrational energy of HCl finally
settles at a constant value of 0.209 eV att ) +0.48 ps. Since
impact occurs att ) +0.12 ps, the reaction time for this
representative event can be determined as 0.36 ps. As noted
above, the collision begins att ) -0.10 ps, so the duration of
collision can be determined as 0.46 ps.

IV. Concluding Comments

The gas-surface reaction Cl(g)+ H(g)/Si f HCl(g) + Si
through the Eley-Rideal mechanism is shown to be efficient
in the gas temperature range 1000-2500 K on a silicon surface
maintained at 300 K. All reactive events occur on the sub-
picosecond time scale, following the direct-mode collision
between the incident gas atom and the adatom. The occurrence
of these reactive events is concentrated in the immediate
neighborhood of the adatom, and there is no evidence of product
molecules trapped on the surface. The largest fraction of the
reaction exothermicity is deposited in the product translation,
followed by vibration and rotation. These product energy
distributions are found to be non-Boltzmann. The amount of
the reaction energy dissipated to the surface is small. The
product molecules rotate cartwheel-like when they leave the
surface.
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