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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-40(g)
H(ad)/Si— OH(g) + Si and O(g)t+ D(ad)/Si— 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 Ofg)
D(ad)/Si. The dependence of reaction probabilities and energy distributions on surface temperature is found
to be weak, in the range of®B00 K.

I. Introduction In the present paper, we study oxygen atom abstraction of
. . . . hydrogen chemisorbed on a silicon surface, OtgH(ad)/Si
In gas-adatom interactions taking place on a solid surface, _, OH(g) + Si with particular emphasis on disposal of the

important reactive events involve the dissociation of the reaction exothermicity in the vibrational motion of OH for a
adatom-surface bond and association of the gas atom with the 546 of initial excitations of the adatersurface vibration.

desorbing adatom. Such reactions are often highly exothermic, pihays for the distribution of reaction exothermicity as well

so a large amount of energy is deposited in the various motions 5 energy transfer probabilities and time scales of OH formation
of the product state. For example, chemisorption energies of yre quantities of particular interest in the present study. We then
atoms such as hydrogen and oxygen on a close-packed metal,mpare the result with that of O(g) D(ad)/Si— OD(g) + Si
surface lie in the range of 23 eV:2whereas the energy of the 4 sty the effects of deuteration. We will use a modified
bond formed between such atoms isS1eV2 Thus, the reaction  yersjon of the London Eyring—Polanyi-Sato (LEPS) proce-
exothermicity is nearly 2 eV, which is to be distributed among e, which includes additional energy terms that result from
various motions of the products, including the solid phase. An e participation of adjacent surface sites in the oxygen-to-
Eley~Rideal (ER) mechanism has been proposed to study suchgtace interactiod?19 for the potential energy surface. We
exothermic gassurface reactions, most involving chemisorbed .ompine the reaction-zone equations of motion with the
hydrogen atomé.*2The exothermicity is still significantinthe  oqations of many atoms on the surface and solve these

reactions involving a nonmetallic surface such as graphite or equation®2! for the modified LEPS potential energy. The

ili 13-17 1 i T . . . .
silicon.">"7In such reactions where the surface is covered either j, -, roration of surface atom dynamics enables us to determine

sparsely or completely by chemisorbed hydrogen atoms, thehe fiow of energy between the reaction zone and solid in an
possible reaction pathways involve the production of diatomic .., rate way. We consider the reaction to take place at a gas

or polyatomic species depending on the nature of incident yomherature of 1500 K and surface temperature of 300 K.
particles. The characterization of time evolution of such reactive

events and energy disposal in the product state is important iny; \odel

elucidating the mechanistic details. Furthermore, such reactions

can produce active surface sites, which can subsequently react The model for the interaction of atomic oxygen with H (or

with incident or preadsorbed molecules or atoms. Although the D) chemisorbed on the Si(004)2 x 1) surface reconstructed

reactions taking place on a metallic surface are important in by forming the dimer along the [110] direction is shown in

studying catalysis, those occurring on a silicon surface are of Figure 1. The hydrogen atom is chemisorbed on the Si atom of

importance in the processing of silicon-based materials. the symmetric dimer structure. The adatom site, denoted by “Si”
in Figure 1, is surrounded by eight adjacent surface-layer atoms.

*To whom correspondence should be addressed. E-mail: shin@ ThiS atom is the first atom of thi-atom chain, i.e., a total of
unr.nevada.edu. N + 1 atoms, and is referred to as the zeroth atdh+(0) on
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adatom coordinates{,yn,z4) into the natural systenmys;,0,¢).

One angle, which greatly affects the geometry of the collision
system, is the inclination angtg which is known to be 20%?

We take the LEPSPES for the interactions of O to H, H to
thezerdh Si, O to thezerdh 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 thl-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
energy,Mswe?E%, whereMs is the mass of the silicon atom
andwej is the Einstein frequency. We note that the sum of solid
interaction potential energies includes cross terms such as
YoM o?&-1&j, YoMswe jr1%Eij+1, etc., whereng; is the coupling
constant characterizing the chain. The overall potential energy,
including thed and ¢ terms, is given by

U(FHSi,9,¢,p,Z,CI),{ &)= {QOH + Qusi + Qos —
[Aor” + Ausi” + Pos” — AorPusi — (Pon+ AusdAod ' +
ko6 = 09 + k(b — $9° + Y [Y (1M 57 +
]
3 (terms of typel,Mw 2 1, ;M@ j11°&; & 11, €1C.)]
]

1)
whereky and k; are the force constant®. and ¢. are the
equilibrium angles, and= 0—8. Note that the hydrogen atom
is chemisorbed on the zeroth Si atom of thre O chain (see
Figure 1b). The Coulombic and exchange terms are
Qc="1[DY(L+ AIIB + Agele /% —

(2 + 6A "2 (2a)

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 1 (e—Tla
is chemisorbed is surrounded by eight adjacent Si atomsN¥Fa®m A= T1,DJ( + AYII(L + 3AYe -

chain connects the HSi vibration of the reaction zone to the heat (Ne—T10/ 28y

bath. The coordinates{s;,8,¢) for H, (0,Z,®) for O, andé’s for theN (6+2A9€ 1 (2b)
chain atoms are defined.is the tilt angle ron is the O to H distance,

andr; is the O to thdth surface-layer Si distance (ontyis indicated). for k = OH or HSi andDy anda are the potential parameters.

The zeroth and eighth chains, denoted by the vibrational coordinates For the O-surface (OS) interaction, the energy comprises nine
9 anc® fori = 0, 1, ...,N, are shown. terms, including the contribution of the H to zeroth Si interaction

which the hydrogen atom is chemisorbed (see Figure 1b). The 8

incident atom also interacts with bare surface-layer atoms, which Qos = 7[Dod(1 + Agd] S [(3 + Aggee s —

are in turn coupled to the inner atoms of each chain. The last 1=

atom of each chain, i.e., thdth atom, is bound to the bulk (2 4 6A,e" e 2% (3q)

phase. Thus, the total number of Si atoms consideredNstO(

1) of the zeroth, first, ..., ninth chains. The energies of all of 1 (/205

these interactions are included in constructing the potential Aos= 7alDod(1+ Agg)]l ) [(1 + 3Agge™ = —

energy surface (PES) and used in solving the equations of =

motion. The incident atom, the adatom, and all of the$¢-8( (6 4 2A,9€"e 2209 (3p)

1) Si atoms belong to the primary zone, i.e., total of (N

+ 1) atoms. The remaining bulk solid phase can then be referredwherer; is the distance between O and first Si atom of itie

to as the secondary zone. chain. Each Coulombic or exchange term of the LEPS potential
When we use the coordinates defined in Figure 1, the energy contains the Sato parametg). By varying their values

functional dependence of distances from the gas atom to ninesystematically, we obtain the parameter which best describes

8

surface atoms have the form= ri(rys;,0,¢,0,Z,P) and O(g)- the desired features of minimal barrier height and attractive well
to-H(ad) distanceron = rou(rusi8.0,2). Here the indexi depth in both the entrance and exit channel tAlg = 0.50,
signifies the first (or surface) atom of thig chain. The overall Apsi= —0.05,A0s = 0.20 for the oxygen-to-eight surface layer
interaction energy can then be denotedUfyus;,0,6,0,Z,®,- Si atom interactions, antlos = 0.50 for the oxygen-to-adatom
{&}), where{ &} is the collective notation for all nine chain sets site. The attractive potential energy surface constructed with
for each set of vibrational coordinates consisting f+ 1) these parameters is shown in Figure 2, where both the fine and

atoms €y, &1, ..., §n). TO express the interaction energy in this coarse plots are presented. In Figure 2b, we find the barrier
fashion, we have transformed the coordinates of the incident height of 0.53 kcal/mol for O(g}+ H(ad)/Si. The observed
gas atomXo,Yo,Zo) into the cylindrical systemo(Z,®) and the activation energies for the related systems of D{giH(ad)/Si
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Figure 2. Attractive potential energy surfaces in (a) coarse scale and (b) fine scale in the diredfien ¢f= ® = 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 minimug656 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.

and H(g)+ D(ad)/Si are 1.06-0.11 and 0.55-0.05 kcal/mol
respectively. A positive value &f tends to favor the formation

In eq 5d, the adiabatic frequen&3 determines the long-time
response of the heat bath, and the friction coefficigft,

of the indicated bond, and a negative value tends to promote governs the dissipation of energy from the primary zone to the
the dissociation. Although the above set eliminates an attractiveheat bath. The values @k, are very close torwp/6, where
potential well in the product channel, it produces a very shallow wp is the Debye frequencdf. The Debye temperature of Si is
well of depth of 0.25 kcal/mol in the entrance channel. Because 640 K23 These values and those at's, w¢s, and Q's are

of this well, there can be a finite but small probability of the

presented elsewheféThe last termMgfy+1(t) is the stochastic

incident atom being trapped on the surface without undergoing or random force on the primary system arising from thermal

reaction. (We will consider this aspect in section IlIA).
To study the reactive event rigorously, we follow the time

fluctuation in the heat bath and it balances, on average, the
dissipative forceM¢Bn+1En(t), which removes energy from the

evolution of the reaction system by integrating the equations primary system in order that the equilibrium distribution of

of dynamics, which describe the motions of the incident atom,
adatom, and 9 + 1) chain atoms. The equations of motion

energies in the primary system be restored after collision.
The initial conditions needed to solve the equations of motion

for the incident oxygen atom and adsorbed hydrogen atom aregiven by eq 4 and 5 are given in ref 18. The numerical

MoZ(t) = —3U(rys;0.¢.0.Z,P.{ £})/0Z (42)
Hord(t) = —0U(rs,0.0.0.Z 0 {Eop  (4b)
lon®(t) = —0U(r5,0.6,0.Z L {EN/OD  (4c)
Unsiusi(t) = —0U(rys,0,0.0,Z,P {E})/0rg  (4d)
lpsf(t) = —U(rys;0.¢.0.Z,P.{ £})/36 (4e)
lnsb(t) = —U(r5.0.0,0.2,.® { £} )/0¢ (49)

whereu and| are the reduced mass and moment of inertia of
the diatomic species indicated. Hergp 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 Kl + 1)-atom chain dynamics, we had{e

Mséo(t) = _Mswe,ozgo(t) + Mswc,lzfl(t)_
U(ryspt,9,0,Z,® { E})/3E, (5a)
M&; () = —M, 7&;(t) + Mo *6,(1) + Mo 2&,(1) (5b)

MEo(t) = _Mswejzfj(t) + Mswcjzfjﬂ(t) + Ms('ucj+12§j+1(t)f
i=1,2,...N—1 (5¢)

MséN(t) = _MSQNZEN(t) + Msa)c,Nzé:Nfl(t) - MSBNHéN(t) +
Mdfn14(t) (5d)

procedures include the use of Monte Carlo routines to generate
random numbers for the initial conditions. The first step is to
sample collision energids from a Maxwell distribution at gas
temperaturdy and to weight the initial energy of HSi and all
chain atom vibrations by a Boltzmann distribution at surface
temperaturéls. The normal component of the incident energy
is thenE cog 0j,c, which will be used in solving the equations
of motion, wherefi,c = tarm?! (p/2) andz = Z — rysj cos@ +

0). In sampling impact parameters, we take the flat range of 0
< b < bmax Wherebmax = (3.057+ 1/,5.153) A= 5.633 A.
Here 3.057 A is the horizontal distance between the equilibrium
position of H(ad) and the surface normal axis through third Si,
2.524 A+ 1.514 A sina, and 5.153 A is the nearest-S8i
distance between two different strands (i.e., zeroth and seventh
Si).22 This wide range ob 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
0, ¢, and®. Thus, each trajectory is generated with the Eet (

b, Esi, 0o, do, Po, {E}no), Where E}; represents the initial
energy of the HSi vibration, anfi£} o stands for the initial
values of €o, &1, ..., &n)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 lehigth

9 for each chaif® That is, 9N + 1) = 90 Si atoms are included
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TABLE 1: Potential and Spectroscopic Constants 0.20 . :
(a) O(g)+ H(ad)/Si— OH(g) + Si
interaction (i) O-H H-Si O—surface
DY, (eVy 4.392 3.50 3.82 g
wi (cm )P 3738 2093 972 g 015
d (A)e 0.9697 1.514 1.709 g
a (A)d 0.2178 0.334 0.185 <
@)
(b) O(g)+ D(ad)/Si— OD(g) + Si %
interaction (i) o-D D-Si O—surface g 010
Do (V) 4.453 3.50 3.82 s
w; (cm1)P 2720 1481 972 E
di (A)e 0.9697 1.514 1.709 %
X d
a (A) 0.2178 0.334 0.185 @ 0.05 - ]
ap, = Dg,i + Yhw; (ref 25 for O—H; refs 26 and 27 for HSi; ref P
28 for O—Si). ® Reference 25 for ©H; refs 14 and 29 for H Si; ref
28 for O-Si. Here the H-Si value 2093 cm! is the z direction
vibrational frequencysi .. For thex andy directions, the vibrational
frequencies areusix = wusiy = 645 cntl. The O-Si value 972 cm? 0.00 ' : :
is the average of the observed values lying between 965 and 980 cm 0 1 2 3 4
(refs 30 and 31)¢ Reference 25 for ©H; ref 22 for H-Si; ref 28 for HSi/DSi Vibrational Level, v

> "HSi/DSi
Figure 3. Probabilities of OH and OD formation as a function of the

in the model. The pertinent potential and spectroscopic initial vibrational state of the adsorbate. The upper line is for the OH
constant&*25-3used in the calculation are listed in Table 1.  omation and the lower is for the OD formation.

O-Si.da = (Di/Zui)“Z(l/a)i).

0.0196s;. For the deuterated system, Ofg)D(ad)/Si— OD-
(g) + Si, the reaction probabilitPop for vpsi = 0 is 0.0940,
We first consider the probabilities of OH (OD) formation \hijch is somewhat smaller thaPon, but for vps = 3, it is
and amounts of energy deposited in the vibrational motion of only 0.115, which is significantly less than the corresponding
OH (OD). Calculation of the energy deposited in OH (OD) from  pg,,, This result indicates that it is difficult for the incident atom
the computer output is straightforward. The translational energy to dislodge a heavier adatom from the surface and combine with
iS Egrans,on= Y2Mor(Z — yn COSOinc ton)?, wheremon = (Mo it to form OD.
+ my) andyw = mu/(my + Mo). The rotational energy Bt oH The total reaction cross section calculated using the impact
= Lor/2uonror’, whereLow is the angular momentupon(zp parameter-dependent probability functid{b), the opacity
— pz) corresponding to the quantum numbgk = Low/f. The function, in the expressions¢Pmex P(b) b db is 2.54 A& for
expression for the OH vibrational energy takes the usual form the OH formation reaction whenys; = 0. It rises to 4.45 A
1 ) (foneTon)/2a2 whenuysiis increased to 3. Similarly, for the deuterated reaction,
Evio.on = Tattonfon” T Dopll — €70 o] (6) the total reaction cross section of OD formation increases from
_ _ _ 1.81 A at vps; = 0 to 2.63 R at vpg; = 3, indicating that OD
wherea is the interaction range parameter for the OH bond formation tends to occur at smaller impact parameters than in
androne is the equilibrium value ofon. The expression for  the OH case. Although the main goal of the present work is to
the energy propagated from the reaction zone into the solid bulk stydy the OH (OD) formation, it is important to note that the

I1l. Results and Discussion

phase through the\¢-1)-atom chain i major reaction in this collision system is the oxygerydrogen
8 N N-1 exchange reaction, O(g} H(ad)/Si— O(ad)/Si+ H(g), with
_ 1 L2 1 252 reaction probability as large as 0.802 fajsi = 0. For this
Eson= £ [ /ZMS;51 O+ /ZMS;wei &0+ efficient pathway, the total reaction cross section is 9220 A
. . N—1 representing the dominance of largesollisions in which the
1 2¢ 2 2 incident atom strongly interacts with adjacent surface sites. The
LM Q2 )+ M L EME LM (7
M eV (Y S;w”“ 50520 (1) nearly identical value of 93.7 Zis found for the deuterated

system. Such an efficient ateratom exchange reaction is also

We average all these energies over the ensemble of reactiveknown to take place in the related reaction DfgH(ad)/Si—
trajectories to obtain the quantiti@B;ans,oH-) [Erot, oG Evib,oHb) D(ad)/Si+ H(g).2
and [Es o{J. We use similar expressions for O(¢y) D(ad)/Si. In Figure 4, we show the dependence of the opacity function

A. Reaction Probabilities. The reaction probability of the  P(b) on the impact parameter for the OH/OD formation. In each
OH formation, O(g)+ H(ad)/Si— OH(g) + Si, for the HSi collision system, we consider HSi (DSi) initially to have
vibration in the ground state is 0.106, which is calculated as vibrational energy corresponding t@si = 0 or 3 (see Figure
the ratio of the number of reactive trajectories forming OH to 4, parts a and b, for OH and Figure 4, parts ¢ and d, for OD).
the total number of trajectories sampled. As shown in Figure Thisb dependence provides useful information about the region
3, the probability of OH formation increases linearly with where OH formation occurs. For the adatesurface vibration
increasing initial excitation of the HSi vibration. For example, initially in the ground state, the OH/OD formation occurs in
when the initial HSi vibrational level is raised to the energy smallb collisions (0< b < 1.5 A), whereP(b) rises rapidly
corresponding to the vibrational levalsi = 3, the probability from a small value ab = 0 to the maximum value o£0.6 at
of OH formation increases to 0.163. The dependence of the OHb = 0.65 A for OH (see Figure 4a). For OD, the maximum
probability on the initial energy of the HSi vibration can best occurs at smaller value f(Figure 4c), but the general variation
be represented by the linear equati®y = 0.1022 + of P(b) on b is similar to the OH case. Because the adatom is
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Figure 5. Distribution of reaction times. Plotted are reaction times of
all OH forming events as a function df. The® = 0° line measures
the direction from zeroth Si to seventh Si, see Figure 1b.

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 ©H (O—D) exchange reactions

are comparable in smadltl-collisions, especially in the OD case
(see Figure 4, parts b and d). We note that in a simatilision

the exchange reaction tends to occur at the zeroth Si site (i.e.,
a direct exchange step), whereas in labgeellisions, the
exchange step occurs when O(g) adsorbs on one of eight
adjacent sites as H(ad) desorbs from the zeroth site, a concerted

parameter for the initial vibrational state of the adsorbate 0 and 3 (filled Mechanism.

circles). Parts a and b are for OH, and parts c and d are for OD. Also

plotted for comparison is thie dependence of the opacity function for
the O-H (O—D) exchange reaction (open circles).

tilted, theb = 0O collision in a three-dimensional collision does
not represent the collinear configuration of ®—Si. Therefore,
theb = 0 collision is not the most efficient configuration for
flow of energy between the loosely bounet® bond and H-Si
bond in the short-lived ©-H—Si collision complex. The

The formation of OH (OD) for HSi (DSi) initially in the
ground state occurs in a smalldirect collision on a subpico-
second time scale. In Figure 5, we show the distribution of
reaction times on the angfe, 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 Eleyrideal (ER) mechanism.

narrowness of the impact parameter range indicates that,The distribution also shows no particular preference in the

especially for thevysi = 0 case, OH formation is localized in

direction of approach of O(g) to the surface in producing a

the neighborhood of the adatom site. Because the HSi bond isreactive event. Although its number is not large, there is an

tilted, the incident atom hitting H(ad) head-on@: = O is
(1.514 A)(sin 20.6) = 0.533 A away from the axis normal to

important group of reactive events, which occur at a much longer
reaction time £ 1 ps). Such reactive events undergo a complex-

the zeroth Si atom. Thus, for example, if we assume the O-to-H mode collision, in which O(g) forms a loosely bound complex
distance to be 0.97 A, the normal OH bond distance, the threewith the adatom for a lifetime of 1 ps before receding as OH-

atom (O, H, Si) in the OH formation reaction can align almost
collinearly in® = 0° direction when the incident atom reaches
the distance where~ 0.34 A. In thex10% range of the normal

(9)-

Before closing this section, we briefly comment on the fate
of the remaining trajectories. Fopsi = 0 in O(g) + H(ad)/Si,

OH bond distance, the collinear configuration occurs when the the probability of trapping the oxygen atom on an adjacent site

impact parameter lies in the range of 0:31.38 A. In the OD
case, the maximum of the opacity function shifts toward a
smallerb. Whenuvysi = 3, Figure 4b shows the OH probability
maximum with a broad peak to be ndar= 1.5 A. A similar
shift of the maximum toward a smalléris seen forups; = 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-B
exchange reaction O(g) H(ad)/Si— O(ad)/Si+ H(g) in Figure
4 (see open circles). It is very close to unity in latgesllisions
(b > 1.5 A for vusipsi = 0 andb > 2.5 A for UHSI/DSi — 3),

without dissociating the adatom, i.e., Ofg)H(ad)/Si— 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)/Si— O(g) + H(g) +

Si, for which the reaction probability is as small as 0.0008. In
0O(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

where the incident atom approaches close to adjacent surfacesignificant rise in the barrier height, thus making the OH (OD)

atoms. In the neighborhood &f= 1.5 or 2.5 A, the opacity
function for the OH (OD) formation and-€H (O—D) exchange

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

reaction varies in opposite directions as the impact parameterkcal/mol. When the Sato parameter for the O-te=N) Si atom
changes. At the impact parameter below this value, the exchanges changed from 0.45 to 0.40 while holding all others unchanged

reaction for HSi (DSi) initially in the ground state is less efficient

in the previous set, the well depth reduces to 0.21 kcal/mol,
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but the barrier height is now 2.55 kcal/mol. We note that, for TABLE 2: Distribution of the Reaction Exothermicity at
(0.50, —0.05, 0.20, 0.30), the well disappears, but the barrier 1500 and 300 K

height is as high as 5.06 kcal/mol, which is too high for the (@) O(g)+ H(ad)/Si— OH(g) + Si

present H-atom attraction reaction to occur. The variation of

ther Sat ¢ q imilar trend. | VHsi [Evin,onl [Erot. 04 [Etrans,orH [Es o+
oher al or?aram?herssptro uces atsmfn art rer.1..t or ?.xamp &0 0.378 0.145 0.367 0.130
when we change the Sato parameter for heSHinteraction 1 0.566 0.142 0.388 0.109
from —0.05 to—0.15 to the above-mentioneékhs = 0.40 case 2 0.745 0.168 0.384 0.103
such that the (0.50;-0.15, 0.20, 0.40), the well depth is 0.14 3 0.941 0.199 0.378 0.106
kcal/mol, but the barrier height is as high as 3.24 kcal/mol. The . )
' - b) O(g)+ D(ad)/Si— OD(g) + S
set (0.50,~0.05, 0.20, 0.50) used in the present study has been (b) O@@)+ D(ad)/Si @+Si
selected after systematically varying the valueAtf within a vpsi (Evib onlJ (Eror. 00t Eurans. 08 (Esool]
physically reasonable range. 0 0.373 0.188 0.340 0.103
B. Dependence of OH Formation on Surface Temperature. L 8'258 8'12‘71 g'ggé 8'882
Dependence of the OH formation on the surface temperature is 3 0.789 0.189 0.363 0.097

not very strong. The probabilities for HSi initially in the ground

state afls = 0, 300, and 600 K, with the gas temperature fixed
at 1500 K, are 0.087, 0.107, and 0.111, respectively, a weaKinjtial vibrational state of the adsorbate on the gasrface

temperature dependence which is characteristic of the ER(ecombination reaction is qualitatively similar.

mechanism. For OD formation withbsi = 0, the probabilities C. Product Energy Distribution. The energy available for

are 0.085, 0.094, and 0.098, respectively, at the correspondingoy and the surface in O(g) H(ad)/Si is ADC + E2. + E)
surface temperatures. Thus, OD formation, which involves the \ e £0 i the initial energy of the adatonsUface Vibra-

dissociation of a heavier atom from the surface, is less efficient tion an Al

. . . . - dE is the oxygen atom kinetic energy. The reaction
Fhan OH formation. The difference is negligible at 0 K, but it exothermicityADg is the difference between the HSi dissocia-
is about 10% at the higher temperatures.

) _ tion energy and OH dissociation energy. From the dissociation
The results of the present calculation can be compared with

. e e energies listed in Table 1, we findD = 0.892 eV for this
other studies on related gasurfage re?“?“‘? : The'varlatlon exothermic reaction, which is characterized by an attractive PES
of the probability of OH formation with increasing surface

L L i shown in Figure 2. In Table 2, we summarize the ensemble-
temperature and initial excitation of the adatesurface vibra- 5y eraged values of energies deposited in the translational,
tion in the present study is similar to that of the ER-type

L - rotational and vibrational motions of OH (OD) as well as that
hydrogen recombination on a silicon surface. For H{g)-

ropagated into the solid farys; )=0,1, 2, and 3. For
(ad)/Si, the adatomsurface bond is the same as that in the propag hsi(vos)

i \ vnsi = 0, the energies deposited in the translational, rotational
present study and the H-to-H interaction enef_ﬁ/: 4.478 and vibrational motions of OH in O(g) H(ad)/Si— OH(g) +
eV is very close to the present O-to-H interaction endﬂﬁy

Si arelEyans, ot = 0.367,[Eo, on = 0.145, andE,, on= 0.378
= 4.392 eV. In the present study, the ratio of the OH formation

e . eV. The amount of energy propagated into the solid in this
probability atTs = 600 K to that at 300 K fornsi = 01is 0.111/  reaction is[Es o4 = 0.130 eV. Here we use the notation with
0.106 = 1.05, which compares well with the ratio of 0.112/

OH, i.e., [Esod] simply to signify energy propagation to the
0.109= 1.03 for the reaction H(g)- H(ad)/Si— Hx(g) + Si.*3 solid in the OH forming reaction. Thus, the gas-phase product
Here we assumed the HSi vibration to be at surface temperatureOH carries away the majority of the reaction exothermicity. In
300 K. Because the vibrational quantum of HSi is 0.259 eV, particular, nearly 75% of the reaction energy is deposited in
the fraction of HSi in excited vibrational states is only 486  the vibrational and translational motions. This type of product
107° at 300 K. Even if the vibrational motion maintains the energy distribution with a major portion depositing in translation
gas temperature of 1500 K, the fraction of HSi vibration in the and vibration is characteristic of an ER mechani8§i#.0nly
ground state is still as large as 0.866. Thus, the contribution about 13% of the reaction energy is propagated into the bulk
from initially excited vibrational states to the net probability in  solid phase. Increasing the initial vibrational state of the
the present system is not important. It should be noted that, in adsorbate vibration fromays; = 0 to 1, 2, and 3 changes the
ref 13, the incident atom energy is 0.030 eV, but we have used OH translational energy, as well as the surface energy, only
incident energies determined from the Maxwellian sampling at slightly. However, we did find a large increase in the vibrational
Ty = 1500 K. Because the reaction exothermicity is largely energy with increasingus;, indicating the occurrence of strong
determined by the bond energies given above, however, the twoproduct vibrational excitation. The combined effect of a weak

a2 The ensemble-averaged energies are in eV.

reaction systems are energetically similar. In Ofgp(ad)/Si
with vps; = 0, the ratio of the probability als = 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 fromg;

= 0to 1 increases the probability of OH formation in the present
reaction from 0.106 to 0.116, an increase}0%, 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 tovnsi = 2 and 3. For H(g} H(ad)/Si, also affs =

300 K butE = 0.030 eV, the probability ratio forysi = 1 to

0 is known to be 0.182/0.108 1.6712 For two different
reactions with similar reaction energetics, the effect of the

dependence offts o{Jand strong dependence @#,ip onllON
vpsiIs interesting, because it indicates that the additional energy
resulting from initial H-Si vibrational excitation preferentially
flows toward the &-H bond in the short-lived ©-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 OfEyans odJand [Es opl) even including ot opl)

on vpsi is particularly weak. Theps; dependence of,ip opJ

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 hy;s;, increases. Reactive events
are bound betweeb = 0 and~2 A, but the upper bound
increases toward=3 A as the initial excitation increases. In
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Figure 6. Distribution of the OH vibrational energy as a function of the impact parameter for the initial vibrational states of the adsorbate from
vnsi = 0 to 3.

particular, the events become concentrated at higher vibrational We can recast the results present in Figure 6 in the vibrational
energies and smaller impact parametergg@sincreases. The  population as shown in Figure 7, where the population distribu-
dominance of such smdll-collisions leads to OH rotation tion is prepared by assigning the quantum numibgr deter-
sharing a smaller amount of the reaction energy. Although it is mined asvon = int[Eyip o/Evib(Vor)], the integer nearest to the
not shown, we find a very similar distribution of the four ratio Eyi, on/Evib(von). HereE,in(von) is the vibrational energy
energies for the OD case. determined from the eigenvalue expressE(von) = we(v
When the initial vibrational state of the adsorbate is raised + /2) — wexe(v + 12)? with we = 3737.76 cm* and wexe =
from wpsi = O to 1, corresponding to the increase of initial 84.881 cm'.?> For the initial vibrational energy of HSi
vibrational energy by 0.256 eV, the ensemble-averaged energycorresponding tovysi = 0, the intensity of the vibrational
deposited in the OH vibration increases fra@&, on= 0.378 population for thevoy = 1 level is as large as 0.340 compared
to 0.566 eV, an increase of 0.179 eV, whereas the energies ofwith 0.637 forvon = 0, which represents the occurrence of a
other motions change slightly as noted above. A similar increase strong vibrational excitation (see Figure 7a). At gas temperature
is seen whenys; rises from 1 to 2 and 2 to 3. There are other 1500 K, the Boltzmann distribution gives the fractidtgon =
sources of energy, which can contribute to the newly formed 0) =1 — e "&T=0.972 and(von = 1) = (1 — e /kT)g ho/kT
OH bond, but the main contributor to the vibrational energy of = 0.027, so the rati®(von = 1)f(von = 0) is only 0.028; thus,
OH is HSi through the \\~ V energy transfer pathway. Thus, the present result shown in Figure 7a giviiigon = 1)/f(von
nearly three-quarters of the energy initially deposited in the HSi = 0) = 0.534 seriously deviates from the prediction of the
vibration transfers to the nascent OH vibration. This efficient Boltzmann distribution law. The deviation becomes even larger
flow of energy occurs at close range during O(g)-to-H(ad)/Si Whenuysi is raised. For example, faisi = 1 shown in Figure
interaction. At this range where the incident oxygen atom moves 7b, the population intensity alos = 1 is now greater than that
along the reaction coordinate, it becomes loosely bound to theof von = 0, a population inversio#3¢ As shown in Figure 7,
adatom, forming a short-lived collision complex -¢&@H—Si), parts ¢ and d, the inversion becomes stronger as we raise the
in which “intramolecular” VV coupling occurs. This coupling initial excitation to thevysi = 2 and 3 states. Falsi = 3, the
promotes the asymmetric stretching vibration of the three-atom intensities are 0.180, 0.265, 0.307, and 0.19a/fer= 0, 1, 2,
configuration causing the ®H bond to strengthen as the+&i and 3, respectively (see Figure 7d). For this initial excitation,
bond weakens in a concerted mechanism. As the reactionwe find OH forming even in an excited state as highvgs =
progresses in the complex state, the vibrational motion-ef O 5, although the population intensity is only 0.0035 (not shown
-H starts with low frequency and increases toward the final OH in Figure 7d). The vibrational population distributions for OD
frequency e = 3738 cnT1)25 passing through the vibrational ~ shown in Figure 7eh are similar to those of the OH case. In
frequency of the H-Si bond (e = 2093 cnT?).26 Near and at O(g) + D(ad)/Si, where the vibrational energy levels of DSi
this frequency, “intramolecular” flow of vibrational energy from are narrower than those of HSi, the extent of vibrational
H—Si to O++H, the V — V process, takes place efficiently. excitation is larger. Forpsi = 0, f(vop = 1)ff((vop = 0) = 0.826,
Such near-resonant or resonant energy transfer is known to bewhich is significantly larger than 0.534 in the OH case. The
the principal energy flow pathway in molecular collisions, high vibrational excitation of OH (OD) reported here is
ranging from intermolecular diatordiatom collisions to in- characteristic of the ER mechanism. In the Langmtimshel-
tramolecular processes in polyatomic molecdfe$.We note wood mechanism, where the product molecules thermally
that the incident atom carries a significant amount of the equilibrate with the surface before desorbing, vibrational excita-
collision energy, but its transfer to the nascent vibration is not tion is generally not significant.
efficient, i.e., a collision-induced F V energy transfer process Before closing this section, we briefly comment on the
in this gas-surface reaction is inefficient. dependence of product energy distributions on the surface
The dependence of the ensemble-averaged vibrational energyemperature; see Table 3. Here the gas temperature is fixed at
[(E.ib,op[oN the initial state of adatorrsurface vibration is very 1500 K as in Table 2 and the values fogf = 300 K are

similar to the OH case. We find a large portion of the-8&i reproduced from Table 2. The principal qualitative feature of
vibrational energy transferring to the-@D bond during the the data is the weak temperature dependence for all cases
brief residency of O(g) on the adatom in the:-®—Si considered. That is, the variation of surface temperature is of

configuration. little consequence in determining the energies of gas-phase
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Figure 7. OH (OD) vibrational population distribution. The upper four graphsdpare for OH, and lower four graphs-{&) are for OD.

TABLE 3: Dependence of the Product Energy Distribution 3.4
on the Surface Temperaturé

(a) O(g)+ H(ad)/Si— OH(g) + Si; vusi=0
Ts (K) IJEVib,OHD |JErot,OHD IJEtrans.Oi—D [ES,OHD

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)/Si— OD(g) + Si; vpsi=0
TS (K) EHEvib,ODE| EHErot,OD[I |]Etrans,ol.‘,D ‘:I]EsODE|

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

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

T T T T T T T T

| O(g)+H(ady'Si (a)

3 —

-3.62

Potential Energy (eV)

product OH (OD). Furthermore, the energy propagated into the
bulk surface is essentially independent qffdr the OD case,
in which the adsorbate atom is heavier, although the dependence I
is somewhat significant in the OH case. In the latter c8Bg; 364
OHOincreases from 0.118 eV @t = 0 K to 0.130 eV afls = I
300 K and then to 0.141 eV &k = 600 K. 365
D. Tunneling Effects. In the H abstraction reaction, a | |
correction for reaction coordinate motion must be included to 3.66 - 4
account for tunneling effects. The dissociating H can combine L
with the oxygen atom by tunneling through the barrier. To L P R U S PR
correct for tunneling, we use the WKB expression for the -1.0 -08 06 -04 -02 00 02 04

probability of tunneling through the barrier given3y Reaction Coordinate (A)

-3.63

R Figure 8. (a) Potential ener rofile along the reaction coordinate
G(E,y) = exp[-(2/) j;ﬁz{ 2my[V(R) — EH]}l/2 dr] (8) fo?O---H—(Si)based on the pgt{ar?tial energygsurface given in Figure 2.
Also shown are the energetically accessible vibrational levels of OH
whereV(R) is the potential energy barrier function along the product at the threshold. (b) Potential energy profile in the barrier region.
reaction path determined numerically from the computed The dotted curve is the best fit to the calculated value (see the text).
LEPS-PES given in Figure 2b, arféh andR; define the width energetically accessible vibrational levels of product OH at the
of the barrier at the kinetic energy of dissociating\W{R) = threshold. This profile is very similar to a well-known exother-
En, the kinetic energy of H. For convenience, we have chosen mic reaction F+ H, — HF + H.38 For the incident atom
the direction of reaction from left to right so the reaction approaching the surface from infinity, the portion of the product-
coordinate varies from negative to positive with respect to the side potential profile measured below the potential minimum
barrier, which is taken to be the origin of the plot; i.B.= 0 has no effect on tunneling. The best-fit function to the potential
(see Figure 8, parts a and b). Also shown in Figure 8a are theenergy in the barrier region including the entrance level shown
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in Figure 8b is the polynomia¥(R) = — 3.6210—0.00153®& When the effect of barrier penetration of H is included, the
— 0.407%% — 0.8835° — 0.7526R* — 0.241(R° in eV. probability of OH formation increases by about 4% over the

The tunneling correction is the Maxwell-Boltzmann average classical trajectory result. The increase in OD formation is about
of eq 894 3%.
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