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The reaction between gas-phase atomic hydrogen and highly covered chemisorbed bromine atoms on a
silicon(001)-(2x1) surface is studied by use of the classical trajectory approach. The model is based on reaction
zone consisting of H, Br and Si atom interacting with a finite number of primary system silicon atoms, which
are coupled to the heat bath. The calculations were carried out in the temperature range 300-2500 K for the
gaseous H atom and 0-700 K for the surface, respectively. All reactive events occur in a single impact collision
on a subpicosecond scale, following the Eley-Rideal mechanism. The reaction probability is dependent upon
the gas temperature and the largest near 800 K, but it is essentially independent of the surface temperature. The
reaction energy available for the product state is small, and most of the reaction exothermicity deposits in

vibration and translation of the product, HBr molecule.
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Introduction

In the past four decades, researchers have shown that it is
possible to direct gas-phase reactants toward adsorbed
species on well characterized surfaces and to determine the
outcome of interaction events by use of spectroscopic
techniques.'™ Such studies have given valuable insight into
the chemical and physical properties of adsorbed layers, and
are essential for the development of fundamental concepts
on gas-surface reactions. In gas-adatom interaction taking
place on a solid surface, important reactive events involve
the dissociation of the adatom-surface bond and association
ofthe gas atom with the desorbing adatom. Such interactions
are often highly exothermic, so there is a large amount of
energy to be deposited in the various motions of the product.
For example, chemisorption energies of atoms such as
hydrogen and chlorine on a close-packed metal surface lie in
the rage of 2-3 eV,** whereas the energy of the bond formed
between such atoms is 4-5 eV.® Thus, the reaction exo-
thermicity is about 2 eV, which is to be distributed among
various motions of the product and the solid phase. So far,
most studies have been performed on these types of reaction,
that is, the highly exothermic reactions. The exothermicity is
still very significant in the reactions involving a nonmetallic
surface such as graphite and silicon as well.”"> We have
studied the reaction of gas-phase chlorine or hydrogen atom
with highly covered chemisorbed hydrogen atoms on a
silicon surface, and reported that the mechanism of the
reactions is the Eley-Rideal type.!*!* We also have studied
the reaction of gas-phase bromine atom with highly covered
chemisorbed hydrogen atoms on a silicon surface, in which
the reaction is slightly endothermic, and reported that the
mechanism of the reactions is also the Eley-Rideal type.'*!3

In the present paper, we have studied the reaction of gas-
phase hydrogen atom with a Br-saturated silicon surface.

Especially, we have addressed what the reaction mechanism
of gas-phase atomic hydrogen with chemisorbed bromine
atoms on silicon(001)-(2x1) surface is in the case of high
surface coverage. In this model, one bromine atom is ad-
sorbed on each silicon atom on the surface. To study the
reaction, we have followed the time evolution of the per-
tinent coordinates and conjugate momenta of each reactive
trajectory on a London-Eyring-Polanyi-Sato (LEPS) poten-
tial energy surface, which is constructed with many-body
interactions operating between all atoms of the reaction
system. The time evolution of the trajectories was determin-
ed by solving the equations of motion formulated by uniting
gas-surface procedure and generalized Langevin theory for
the solid phase.!®!

Interaction Model

The interaction model and the numerical procedures have
already been reported in detail in Ref. 12. The interaction
model is the same as the one in Ref. 12 except that the
chlorine atom is now replaced by the bromine atom. We
summarize the essential aspects of the interaction and the
numerical procedures on the silicon (001)-(2x1) surface
reconstructed by forming dimers along the [110] direction
[Figure 1(a)]. For easy reference we have displayed the
collision model in Figure 1(b). The Br atom is chemisorbed
on the Si atom of the symmetric dimer structure. This Si
atom is the zeroth member of the (N+1)-atom chain which
links the reaction zone to the heat bath. Furthermore, the
zeroth Si atom is surrounded by eight nearby Si atoms
identified by numbers 1, 2, ..., 8 in Figure 1(b). The reaction
zone atoms are the zeroth Si atom, the adatom, Br, and the
incident H atom. We consider that these reaction zone atoms,
eight surrounding Si atoms, and the N-chain atoms constitute
the primary system. We then designate the remaining infinite
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Figure 1. (a) Symmetric Si-Si dimer surface. (b) Interaction
coordinates. Shown is the interaction of the H atom with the
adatom Br on the Oth surface atom, which is coupled to the N-atom
chain. The coordinates of the (N+1) chain atoms including the 0Oth
atom are denoted by 0, 1, ..., N. The Oth atom is identified by Si in
both (a) and (b). The Nth atom of the chain is coupled to the heat
bath. The position of Br is defined by (rasi, 6, #) and the position
of H by (p, Z, ). « is the tilt angle of the Br-Si bond at its
equilibrium position. The H to Br distance is denoted by rqs:, and
the H to the ith surface-layer Si atom distance by #;.

number of solid atoms as secondary atoms.

A total of six degrees of freedom is necessary to describe
the motions of H and Br 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(xu, yu, zi) and
Br(xp, yBr, zBr). The Br coordinates are xp; = rasisin(at+6)cos g,
yBr = rsisin( at+O)sing, and zp, = rpesicos(at6), i.e., Br(xpy,
VBr, zBr) = Br(rasi, 6, ¢). Prior to desorption, the adatom
tilted at an angle of « from the surface normal undergoes
hindered motions along & and ¢. The tilt angle is unknown
for bromine atom, but we set & = 20.6°, which is the value
for chlorine atom.'® For the position of H with respect to the
surface normal axis through the adatom, we define two
coordinates p and z such that the H-Br interatomic distance
rupe is (0 +2°)% where p is the perpendicular distance
between H and the Br-surface normal axis, and z is the
vertical distance from H to the horizontal line determining
the position of Br. Note that the initial ( &> —o0) value of pis
the impact parameter 5. The projection of rs: on the surface
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plane is oriented by the angle @ from the x axis. Thus, the
coordinate (xu,ym,zi) can be transformed into the cylindrical
system (p,Z,®), where Z is the H-to-surface distance. The
vertical distance z is then z=Z—rp:sicos(a+ 6). The occurr-
ence of each reactive event can be determined by studying
the time evolution of the H-surface distance Z, the Br-Si
bond distance rg;s;, and the H-to-Br distance rim=(0*+2°)"
for the ensemble of gas atoms approaching to the surface
from all directions. The initial state is chosen to be that of the
gas atom approaching to the surface with the collision
energy E, impact parameter b, and azimuthal angle ®@ from a
large distance from the surface (*20 A), where the adatom is
in the initial set of (ra:si, 6, @).

A convenient expression of the interaction potential can be
obtained in a modified form of the London-Eyring-Polanyi-
Sato (LEPS) potential energy surface for the interactions of
H to Br, Br to Si, and H to nine surface-layer Si atoms
including the 6- and ¢-hindered rotational motions and the
harmonic motions of the (N+1)-chain atoms to obtain the
overall interaction energy:

U= {Qwn: + Orisi + Ons — [Ann® + Anisi® + Ans®
— AupeApisi — (Aur + Apisi)Ans] *}
+ Yok 0-0)° +k(§—g)? + 3 (M)
+ 2 (terms of type A/Isa)cjzfj.l.;"!j, Ms@cji*EE, ete), (1)
J

where ko and k4 are force constants, 6. and ¢. are the
equilibrium angles, M; is the mass of the silicon atom, @.; is
the Einstein frequency, and «; is the coupling frequency
characterizing the chain. The explicit forms of the coulom-
bic terms (Q's) and exchange terms (4's) for HBr, BrSi, and
HS are given in Ref. 12. In Eq. (1), Qus and A4us each
contains nine terms for the H-Sip, H-Si;, ..., H-Sig inter-
actions. Since ri=ri(rssi, 6, ¢, p, Z, @) and rup: = rasdraisi,
6, p, Z), the potential energy surface has the functional
dependence of U(rassi, 6, @, p, Z, ©,{&}), where {&} = (&,
&i,..., &) for the vibrational coordinates of the (V+1)-chain
atoms.

The potential and spectroscopic constants for the H-*-Br
interaction are'® Dy . + %27 omp: = 3.922 eV, Dy, =
3.758 eV, AyBr — (DHBr/2,LmBr)”2/a)HBr =0.276 A, a)[[Br/(zﬂ'C)
= 2649 Cmfl, and HHBr = My X mBr/(mn + mBr). For the Br-Si
bond, potential and spectroscopic constants are Dgs; =
Dy pesi + Vol amesi = 3.621 €V, Dy pisi = 3.59 eV, apesi =
(Dpisi/2prsi) > amsi = 0.157 A, opsi/(27z¢) = 500 cm™'.2!
Here umsi is the reduced mass associated with the Br-Si
bond. The x- and y-direction vibrational frequencies are not
known for this particular system but they are in the range %2
to ¥4 of the z-direction value. For the vibration of the heavy
Br atom chemisorbed on Si, the z-direction vibration is only
500 cm ™', so we estimate the frequency of the two tilt modes
to be a smaller value of 167 cm™'. The equilibrium distances
of the H-Br and Br-Si bonds are 1.4144 and 2.25A,'>%°
respectively. For the H-surface interaction, we take Dys =
0.0433 eV,” ans = 0.4 A.'"> We also take the equilibrium
separation of the H-surface as 3.38 A.*?

For this reaction, the activation energy is known to be only
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1.6 £ 0.2 kcal/mole.”** After systematically varying the
values of the Sato parameter A's, we find that the set Aug: =
0.10, Apssi = 0.08 and Ans = 0.37 for the H to the surface Si
atoms, describe best the desired features, minimizing the
barrier height and the attractive well in the product channel.

Once the potential energy surface (PES) is determined, we
can follow the time evolution of the primary system by
integrating the equations of motion, which describe the
motions of the reaction zone atoms and N-chain atoms. We
expect that this PES will enable us to understand how gas
atom and adsorbate atom react with each other and then
depart 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 equations for N-chain atoms,
which couple the reaction zone to the heat bath. The gas-
adatom part of the resulting equations are m; ¥i (1) = —U/dY;,
where Y1=2z, Y2=p, Y3=®, Ys=rgsi, V5= 6, Yo = ¢, with m;
= mu, My = L, M3 = Inps, M4 = Uisi, Ms = me = Inisi. Here g
and /; are the reduced mass and the moment of inertia of the
interaction system indicated. For the (N+1)-atom chain,
which includes the zeroth Si atom, the equations are

M, E(1) = ~M,w&(1) + M,w} & (1)

_aU(ZBrSi’ 9,¢,ID,Z,CD,{§})/650 (23-)
ME(1) = ~M,@},&(1) +M0n,& (1)
+ M@, & (1), =1,2,., N-1 (2b)

M E(1) = —~MORE(T) + M,a; yEy_ (1)
~ M, By En(1) + M, fiy . 1(1) (20)

Equation (2a) is for the vibration of the zeroth chain atom
on which the Br atom is chemisorbed. Equation (2c) is for
the vibration of the Nth atom which is bound to the bulk
phase. The Nth Si is directly linked to the heat bath, and
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 N-
chain atoms. Qy is the adiabatic frequency. The friction
coefficient Sy is very close to zwp/6, where @p is the
Debye frequency, and governs the dissipation of energy
from the primary zone to the heat bath. The Debye temper-
ature is 640 K.% All values of 3, @, @, and Q are presented
elsewhere.?® The quantity M\ () is the random force on
the primary system arising from thermal fluctuation in the
heat bath. This force balances, on average, the dissipative
force, M;pn+1(f), which removes energy from the (N+1)
atom chain system in order that the equilibrium distribution
of energies in the chain can be restored after collision.

The computational procedures make use of Monte Carlo
routines to generate random numbers for the initial condi-
tions. The first of them is the collision energies £ sampled
from a Maxwell distribution at the gas temperature 7. In
sampling impact parameters b, we note that the distance
between the bromine atoms adsorbed on the nearest Si sites

is 3.79 A. Thus, we take the half-way distance so that the flat
sampling range is 0 < b < 1.90 (i.e., bmax = 1.90 A). In the
collision with 5 > 1.90 A, the gas atom is now in the
interaction range of the bromine atom adsorbed on the
adjacent surface site. The initial conditions and numerical
techniques needed in solving the equations of motions are
given in detail elsewhere.'*"® To ascertain what really
happens during the reaction, we followed each trajectory for
sufficiently long time, 50ps.

Results and Discussion

Reaction probabilities. Since the typical experimental
condition for producing hydrogen atoms is 1800 K,*” we
considered the reaction occurring at the gas temperature of
1800 K. At the thermal conditions of (75, 7;) = (1800, 300
K), for the total number of 40000 trajectories sampled, the
reaction probability for the primary reaction pathway, HBr
formation, is found to be 0.0516. The reaction probability at
the chosen gas and surface temperature (7, T;) is defined as
the ratio of the number of reactive trajectories Nr to the total
number of trajectories Nt(=40,000) sampled over the entire
range of impact parameters. This result is similar to that for
H(g) interacting with Cl(ad)/Si'? or H(D)(g) interacting with
D(H)/Si,”**?? in that the primary reaction pathway is the gas
phase molecule, i.e., HCI(g) or HD(g), formation. Especial-
ly, HBr formation probability is close to the HCI formation
probability (P = 0.088)."

We first consider the distribution of reaction times #r at the
thermal conditions of (7, T3) = (1800, 300 K). Out of Nt =
40000 trajectories sampled at this thermal condition, Nr =
2064 are reactive. All these reactive events are found to
occur on a sub-picosecond time scale through a single gas-
surface collision. The ensemble average of reaction times is
0.46 ps. Thus these results clearly suggest the ER mechanism,
in which the incident atom cannot accommodate to the
surface temperature since it is not trapped. The probability
P(T,, Ty) defined above is a total probability at the thermal
conditions of 7, and T;. However, it is instructive to analyze
the dependence of the extent of reaction on the impact
parameter. To determine the probability of reaction as a
function of the impact parameter, P(7,, T;; b), we count
reactive trajectories in intervals of » = 0.050 A and divide
that number Nr(b) by the number of collisions taking place
in the interval, N(b). For example, the number of trajectories
sampled between b = 0 and 0.050 A is N(b) = 1005, of which
Nr(b) = 424 are reactive. The probability P(Ty, Ts; b) is then
the ratio Nr(b)/N(b) = 0.422 and this value is plotted at the
midpoint 0.025 A in Figure 2(b). As shown in Figure 2(b),
the probability P(T,, Ts; ) takes its maximum value at b = 0
and then decreases as b increases. At b =0.275 A, it is about
0.17 and the reaction ceases near b = 0.5 A. The same
general trend was found in H+CI/Si system too. If the
adjacent surface sites are also occupied by Br atoms, the
nearest Br-to-Br distance is dpmr = 3.79 A so the half-way
distance Yadppr is much greater than the impact parameter
0.5 A for the reaction range. Therefore, the reaction occurs
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Figure 2. (a) Reaction time distribution. (b) Dependence of the
reaction probability P(b) on the impact parameter. Both figures are
for the thermal condition (7, = 1800, 7; = 300 K).

in a localized region around the adatom site on the surface.
Such localized reactivity has been observed in the hydrogen
abstraction reaction on silicon by gas-phase atomic hydro-
gen (H or D).>” Thus even if the surface coverage is high, the
formation of HBr is not expected to be much influenced by
nearby bromine atoms. In such a case, those gas atoms
approaching the target Br atom in Figure 1(b) with b >
Vadpmr are now in the interaction range of Br adsorbed on the
adjacent surface site. From the b-dependent reaction pro-
bability we obtain the total reaction cross section of 0.0897
A? using the expression defined as o =27r_[0 "P(T,, Ts;
b)bdb, where by is 1.90 A. The total cross section is small,
in part reflecting the occurrence of reactive events only in
the immediate neighborhood of the adatom and the small
value of the reaction probability itself. This reaction cross
section is smaller than that of the related system H(g)+
Cl(ad)/Si (i.e., 0.165A%)."” The reason why the reaction cross
section for H+Br/Si system is smaller than that for H+CI/Si
is that P(b) values for the former are generally lower than
those for the latter.

Temperature dependence of reaction probabilities.
Plotted in Figure 3(a) is the reaction probability P(7,, T;) as a
function of the surface temperature from 0 to 700 K at 7, =
1800 K. Over the whole surface temperature range con-
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Figure 3. Dependence of the reaction probability P(7g, T;) on the
gas and surface temperatures. (a) Dependence on the surface
temperature when the gas temperature is fixed at 1800 K. (b)
Dependence on the gas temperature when the surface temperature
is fixed at 0 K (open circles) and 300 K (filled circles).

sidered in the study, calculated reaction probabilities remain
close to 0.05. Such a significant value of the reaction
probability at the low end of the 7; range implies that the
reaction proceeds over a small activation energy barrier, an
important feature for an ER reaction. The magnitude of the
reaction probability, as well as its temperature dependence,
is comparable to those of the atomic H abstraction reaction
in H(g)+H(ad)/Si.” Tt is interesting to note that although the
mass distributions are different, the basic energetics of these
two reactions are very similar. As noted above, DngBr =
3.76 eV, which is close to DgHH2 =4.48 eV. For the adatom-
surface interactions Br(ad)/Si and H(ad)/Si, the dissociation
energies are DSM =3.59 ¢V and ng = 3.36 ¢V, which
are also very close to each other. Figure 3(a) shows that the
effect of surface temperature on the reaction is negligible,
which is a typical result for an ER process. Such a negligible
effect of the silicon surface temperature on the extent of
halogen extraction processes has already been noted in ref.
12. The weak temperature dependence shown in Figure 3(a)
also suggests that the driving force for the Br extraction
reaction resides in the high potential energy of atomic hydro-
gen.

The dependence of the reaction probability on the gas
temperature is much stronger than the 7; dependence shown
in Figure 3(a). The results presented in Figure 3(b) for a
fixed surface temperature of 0 and 300 K show that the
reaction probability rises rapidly with the gas temperature in
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the range of 7, = 300 to 800 K, beyond which it decreases
slowly with increasing temperature. The variation of reac-
tion probability at lower temperatures follows the “normal”
thermal effect that the extent of a chemical reaction increases
with increasing temperature. At higher temperatures, where
high energy collisions dominate, however, the fast moving
gas atom does not stay on the surface long enough to cause
reaction. Thus a larger fraction of trajectories leave the
surface without reaction, so the reaction probability decreases
at high temperatures, exhibiting an “inverse” temperature
dependence.

We note here the effects of initial vibrational states of the
Br(ad)-Si bonds. In all calculations, we have sampled the
initial energy of the Br-Si vibration, £ 8 Brsi» corresponding
to quantum numbers vg.s; = 0, 1, 2, .., weighted by a
Boltzmann distribution at the surface temperature. The
contribution coming from higher vibrational states (va.s; > 0)
is only important at higher surface temperatures (>300 K).
At (1800, 300 K), the values for Py, (g, T5) for vasi=0, 1,
2, and 3 are 0.0512, 0.0524, 0.0535, and 0.0543, respec-
tively, showing a very weak dependence on the initial exci-
tation of the adatom-surface vibration. This very weak
dependence is mainly due to small vibrational spacing. The
Br-Si stretching of the inclined bond is only 500 cm™ or 62
meV.*! The initial vibrational energies corresponding to va;s;
=0, 1, 2, and 3 are 0.031, 0.093, 0.155, and 0.217 eV,
respectively. When the Boltzmann population of initial
vibrational states is used, the contribution coming from the
excited Br-Si vibrational states is not important in the
present system, since essentially all of the Br-Si vibrations
are in the ground state. For example, at 7y = 300 K, the
fractions of the Br-Si vibration in vgs; = 0, 1, and 2 are
0.909, 0.083, and 0.0075, respectively. Therefore, the differ-
ence between the reaction probability calculated with the
Boltzmann distribution of the Br-Si vibration and that with
versi = 0 is negligible. In fact, for these two cases of the Br-Si
vibrational state, the reaction probabilities at 7, = 1800 K
and 7; = 300 K are 0.0516 and 0.0512, respectively.

The dependence of the reaction probability on the initial
excitation of the Br-Si vibration is very different from the
H(g) + H(ad)/Si system, where increasing the initial vibra-
tional state of the adsorbate from v = 0 to v = 1 nearly
doubles the reaction probability.” This difference is due to
the different mass distribution. The latter reaction involves
the light-light-heavy (L+LH) mass distribution, whose kine-
matics is very different from the present (L+HH) distribu-
tion despite the similar energetics as noted above.'?

Energy partitioning. The exothermicity of the gas-phase
H+Br — HBr is Dg =3.76 ¢V (or 363 kJ/mol), whereas Dg
for the Br-Si surface is 3.59 eV. In the ER reaction, the
reactant state is H(g)+Br(ad), which is thus about 0.17 eV
above the HBr(g) state, i.e., the reaction to form HBr(g) is
exothermic by this amount. Other energies available for the
product state are the collision energy of the incident gas
atom FE, the initial energy of the Br-Si vibration and the
initial energy of the solid. For example, when 7; = 0 K, the
exothermic reaction energy available for the product state
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Figure 4. Relative distribution of HBr vibrational states at the
surface temperature (a) 0 K, (b) 300 K, and (c) 700 K. The gas
temperature is fixed at 1800 K. The vibrational energies
corresponding to vys- =0, 1, 2, and 3 are indicated.

after breaking the Br-Si bond is only (0.17+F) eV, so
vibrational excitation of HBr is not expected to be high in
this reaction, except for the collisions which occur in the
high velocity tail section of the Maxwell distribution of
collision energies. This situation is very different from H(g)
+H(ad)/W or O(g)+H(ad)/W, where the available energy is
in excess of 2 eV.***!" In O(g)+CO(ad)/Pt, the available
energy is as large as 4 eV.”® In these heavy atom surface
systems, almost all of the excess energy could end up in the
gas-phase molecular product.

The relative distributions of vibrational population for
HBr at 7, = 0, 300, and 700 K are shown in Figure 4. Here,
the gas temperature is maintained at 1800 K. The figures
show bar graphs for the ratio of the number of reactive
trajectories in intervals of 0.10 eV to the total number of
reactive trajectories Nr as a function of the vibrational
energy of the product molecule HBr. The plot indicates that
the vibrational population distribution in the present reaction
is statistical, especially on the cold surface. This variation is
similar to that of the ER component of gas-phase atomic
hydrogen reacting with chemisorbed chlorine atoms on the
gold®” and silicon'? surface. The variation, however, is radi-
cally different from the result of atomic oxygen reacting
with chemisorbed hydrogen atoms on a tungsten surface,



2276  Bull. Korean Chem. Soc. 2007, Vol. 28, No. 12

1.0F (a)
0.8 |
0.6
04 |

02

HBr Translational Population

0.0 ;

0.0 0.5 1.0
HBr Translational Energy (eV)

Jongkeun Park et al.

Relative Intensity

0 200 400 600 800
Time of Arrival (ms)

Figure 5. (a) Translational population distribution of HBr. (b) Time-of-flight distribution for HBr from the surface. Both figures are for the

thermal condition (1800, 300 K).

where product OH can be in a highly excited state with a
vibrational population inversion.’" In the latter reaction, the
exothermicity is much larger than the present reaction (i.e.,
Don = 4.624 eV but Duy is only 2.30 e¢V). From the eigen-
value expression E\iy(vusr) = hc @o(Vap + 2) — hc ooxe (V- +
) with @, = 2649 cm™ and @exe = 45.22 cm™," we find
the vibrational energies 0.163, 0.489, 0.786, and 1.081 eV
for vus= 0, 1, 2, and 3, respectively. The comparison of
these energies with the energy scale used in Figure 4
indicates that the majority of product molecules have their
vibrational energies roughly corresponding to vgs-=0.
However, the production of HBr with the vibrational energy
corresponding to vpp-=1 increases significantly as the
surface temperature increases, even though the reaction
probability itself remains essentially unchanged [see Figure
2(a)]. When 7; = 700 K, a small fraction of molecules with a
vibrational energy near 1.0 eV, which is close to the vigz =3
level, are produced from the reactive events involving the
Br-Si vibration in an excited state. At this surface temper-
ature, the fractions of the Br-Si vibration in vgs; = 0, 1, 2,
and 3 are 0.653, 0.234, 0.084, and 0.030, respectively.

The amount of energy deposited in the translational
motion of HBr at (1800, 300 K) is somewhat larger than the
vibrational energy [compare Figures 4(b) and 5(a)]. The
ensemble-averaged translational energy is 0.258 eV, whereas
the ensemble average of the vibrational energy displayed in
Figure 4(b) is 0.178 eV. This figure 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 mole-
cules leave the surface more slowly. Figure 5(b) shows a
time-of-flight distribution of product molecules along with
the fitted curve. The points are obtained by collecting mole-
cules reaching the “reaction chamber-to-detector” distance
of 30 cm. A smooth distribution of product velocities indi-
cates 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® f{v) = 4 v’ e (=)@
with 4 =3.94 x 107, vp = 1457 m/s and &= 330 m/s, where

A is the normalization constant. The velocity distribution
takes the maximum value at v = %[vo + (W* + 607)"] =
1561 m/s, which gives '/zmm;rvrzn,dx = 0.890 ¢V. This energy
is very large compared to 3/2kT, = 0.233 eV, indicating that
the velocity distribution is highly non-Boltzmann.

It is interesting to compare the energy distribution in the
present reaction H(g)+Br(ad)/Si with that of the related
reaction Br(g)+H(ad)/Si."* Even though two reactions have
very different mass distributions, the vibrational energy
distribution of the product HBr is very similar, i.e., statistical
for both systems. This is because the reaction exothermi-
cities are similar, nearly zero or even slightly negative. Both
reactions are driven by the reaction exothermicities of
similar small magnitude. Therefore, vibrational excitation is
very limited and vibrational distribution is statistical for both
systems.

The amount of energy taken up by the rotational motion of
HBr molecule is very small, in contrast to the translational
and vibrational motions. Here, the rotational energy is
calculated as Eppirot = L*/(2umpims), where the angular
momentum L = uyp(zp—pz ) with the corresponding quan-
tum number J = L/% . As in the above-discussed vibrational
quantum number, the rotational quantum number Jig:
corresponding to the rotational energy Er can be calculated
through the relation Jup; = int[Eror/Ero(Jubr)], where EroJisr)
= Jupd(Jupr+1) 7 /2 Ip;. The maximum occurs at Jyax = 0[see
Figure 6(a)]. If we take the gas temperature of 1800 K, the
rotational maximum obtained from the Boltzmann expres-
sion Juax = Y4[(2kT/B )*~1] with B = 8.46 cm™" is 8. On the
other hand, for the surface temperature of 300 K, the
Boltzmann intensity peaks at Jm. = 3. The shape and
intensity distribution of the present calculation show that the
rotational states of product HBr are shifted to much lower J
side compared to the Boltzmann distribution even at 7, =
300 K. In addition to this rotational population distribution,
it is interesting to know how the desorbing HBr molecules
are rotationally aligned at the instant of desorption. To
examine this aspect, we have calculated the angle between
the axis of rotation of HBr and the surface normal when the
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Figure 6. (a) Relative intensity of the rotational population
distribution of HBr. The solid curve is the Boltzmann distribution
at 300 K. (b) Distribution of the angle between the axis of HBr
rotation and the surface normal, I'.

H atom turns the corner after the final impact and begins the
journey outward with Br. The angular distribution is found
to be sharply peaked near 90°, indicating that the rotational
axis is closely parallel to the surface [see Figure 6(b)]. That
is, the product molecules leave the surface in a cartwheel-
like rotation.

The ensemble-averaged energy transfer to the silicon
surface <E¢> at (1800, 300 K) is 0.168 eV, which means that
the solid surface gains energy after collision. In other
systems such as H+H/Si and CI+H/Si, the <E> values are
approximately 0.1 eV,'*** which is similar to the present
system. In Br+H/Si system, however, the reaction is slightly
endothermic and <E¢> is negative reflecting the fact that the
system must gain energy from the surface for the endo-
thermic reaction to occur.'

Representative trajectory. In Figure 7(a), we plot the
time evolution of H-surface, H-Br, and Br-Si distances for a
representative case at (1800, 300 K). The oscillatory
behavior of the H-surface distance after the first minimum is
the imprint of the H-Br vibration. The latter situation can be
readily noticed by comparing its oscillatory period with the
vibrational period of the HBr distance. The first minimum of
the H-surface represents the impact of the H atom with the
surface in this single turning point collision. From t = —co to
the turning point which occurs near t = 0, the H-surface
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Figure 7. Dynamics of a representative trajectory at (1800, 300 K):
(a) Time evolution of the H-surface, H-Br and Br-Si distances. (b)
H-Br interaction energy and Br-Si vibrational energy.

distance is the collision trajectory, but the outgoing H-
surface distance does not represent the collision trajectory,
which now has to be the distance between the center of mass
of HBr and the surface. In the outgoing segment, the Br-Si
distance shown in the figure better describes the collision
trajectory. The time evolution of the H-Br and Br-Si dis-
tances clearly show the H-Br bond formation and the Br-Si
bond dissociation. Note that after the H atom reaches the
closest distance on impact, the Br-Si distance begins to
diverge, whereas the H-Br distance undergoes a highly
organized vibrational motion near the equilibrium bond
distance . = 1.414 A. This vibrational motion clearly
indicates the formation of a stable product molecule. In this
case, the displacement of the Br-Si bond distance from its
equilibrium reaches 5 A at t = 0.43 ps, at which time HBr is
formed.

The incident gas atom with collision energy E undergoes
inelastic interaction with the adatom-surface vibration
through the repulsive part of the H to Br potential. This is an
important process which produces energy exchange between
the H to Br interaction and the Br-Si vibration. In order for
the H atom to form H-Br bond on a short-time scale, it must
redirect its energy along the reaction coordinate in the early
stage of collision. This energy is the primary driver for the
reaction and the redirection occurs in the presence of strong
attraction between H and Br. When the H to Br interaction
loses energy to the Br-Si vibration, the incident gas atom
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falls into the H-Br potential well. The high efficiency of this
energy transfer process is evident in Figure 7(b), where the
H to Br interaction energy decreases sharply from Dg;: to
the final value E,ms- () = 0.201 eV, whereas the Br-Si
vibrational energy, E,gsi(t), rises rapidly from its initial
value ES srs; toward the dissociation threshold Dg,si = 3.621
eV. The comparison of the curves shown in Figures 7(a) and
7(b) reveals important features of intramolecular energy
flow and subsequent bond breaking and formation in the
reaction taking place on a subpicosecond scale. The sharp
rise and fall of these energies during the impact clearly
indicate an efficient flow of energy from the newly formed
energy-rich H-Br bond to the weakening Br-Si bond in the
short-lived surface complex H:--Br:--Si as a result of a
strong collision between H and Br. That is, the transfer of a
large amount of vibrational energy occurs in a single-step
process rather than a ladder-climbing process in which the
Br-Si bond would acquire its energy in a series of small
steps. When the H to Br interaction directs sufficient energy
to the Br-Si vibration through a strong collision, the Br-Si
bond weakens sufficiently so that it can break, thus leading
to the binding of the desorbing Br atom with H. For the
representative trajectory considered in Figure 7, the reaction
energy available for partitioning among various motions in
the product state is 0.630 eV. The major portion of this
energy deposits in the translational and vibrational motions
of HBr [i.e., in the limit t — +o0, Ey(0) = 0.248 eV and E,(0)
=(0.202 eV]. The amount of energy transferred to the solid is
E(0)=0.180 eV, which is significant. Only a small fraction is
found to deposit in the rotational motion: E{() = 0.0012 eV.

Concluding Comments

We have studied the interaction of gas phase atomic
hydrogen with a highly covered chemisorbed bromine atoms
on a silicon surface with particular emphasis on the reaction
mechanism. The reaction takes place through the ER mech-
anism, but the extent of HBr formation is not large. The
reaction probability is essentially independent of the surface
temperature between 0 and 700 K, whereas its dependence
on the gas temperature is significant. When the surface
temperature is maintained at 300 K, the largest value the
reaction probability can take is about 0.07 near the gas
temperature of 800 K. All reactive events occur in single
collisions via a strong interaction between the gas atom and
the adatom, leading to the transfer of a large amount of
energy to the adatom-surface bond on a subpicosecond
scale.

In HBr formation, most of the reaction exothermicity
deposits in the translational and vibrational motions of the
product molecule and a smaller, but significant amount dis-
sipates into the surface. The upper limit of energy deposited
in the translational motion is about 40% of the available
energy at the collision conditions considered in the study.
The majority of HBr molecules are produced in low-lying
vibrational states sharing about 30% to 35% of the available
energy. The vibrational population distribution is found to be
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statistical. The amount of energy shared by the rotational
motion is much smaller, implying that HBr rotation does not
play an important role in the desorption process. The surface
provides significant energy flow. The amount of energy dis-
sipated into the surface is about 25% of the available energy.
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