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The collision-induced reaction of gas-phase atomic hydrogen with hydrogen atoms chemisorbed on a silicon
(001)-(2¢1) surface is studied by use of the classical trajectory approach. The model is based on reaction zone
atoms interacting with a finite number of primary system silicon atoms, which then are coupled to the heat bath,
i.e., the bulk solid phase. The potential energy of the ‘HHgasinteraction is the primary driver of the reaction,

and in all reactive collisions, there is an efficient flow of energy from this interaction tadf®i Hond. All

reactive events occur on a subpicosecond scale, following the Eley-Rideal mechanism. These events occur in
a localized region around the adatom site on the surface. The reaction probability shows the maximum near 700
K as the gas temperature increases, but it is nearly independent of the surface temperature up to 700 K. Over
the surface temperature range of 0-700 K and gas temperature range of 300 to 2500 K, the reaction probability
lies at about 0.1. The reaction energy available for the product states is small, and most of this energy is carried
away by the desorbingth its translational and vibrational motions. The Langevin equation is used to consider
energy exchange between the reaction zone and the bulk solid phase.

Introduction shelwood (LH) typé.In the collision-induced process, the
dynamics of energy flow between the gas-adatom interac-
In the past three decades, researchers have shown that iticn and the adatom-surface vibration, adatom-surface bond
possible to direct gas-phase reactants toward adsorbelissociation, and gas-adatom bond formation are problems
species on well characterized surfaces and determine tled fundamental importance in understanding the details of
outcome of interaction events by use of spectroscopic tectsuch reactions.
niquest? Such studies have produced valuable information The purpose of this paper is to study the reaction of gas-
about the chemical and physical properties of adsorbed layphase atomic hydrogen with chemisorbed hydrogen atoms
ers, and this information is essential for the development obn silicon(001)-(&1) surface with particular reference to the
fundamental concepts on gas-surface reactions. In receptoblem of product energy distribution. To study the reac-
years a surge of research activity has occurred both expetion, we shall follow the time evolution of the pertinent coor-
mentally and theoretically in the field of gas-surface interac-dinates and conjugate momenta of each reactive event on a
tions, and surface science embracing this field is faspotential energy surface, which is constructed with many-
reaching maturity.* Among the solid surfaces studied in body interactions operating between all atoms of the reaction
recent years is silicon, which is at the heart of our informasystem. The time evolution will be determined by the solu-
tion age>?® The chemisorption of hydrogen atoms on a sili-tion of the equations of motion formulated by uniting gas-
con surface occurs during important surface processingurface procedure and generalized Langevin theory for the
techniques. Understanding the physical properties and chensolid phasé’?°The dynamics study will provide an answer
cal reactivities of these adatoms is of major importance irio the following questions: How long does it take for the
the development of silicon-related materials and silicon-suradatom-surface bond to break ang gfioduct molecule to
face assisted reactions. One such problem is the removal fifrm? How is the available reaction energy disposed of
the adatoms by the incident gas atoms, such as hydrogeamong the various degrees of freedom of the product mole-
and halogens, in which case the reaction probability andule? How are the reaction probabilities dependent upon the
product energy distributions are among the important probgas and the surface temperatures? We will pay our attention
lems to be studied. An important type of such reactions is theainly on the reaction taking place at the gas temperature of
interaction of gas-phase atomic hydrogen with chemisorbed800 K and the surface temperature of 300 K, which are typ-
hydrogen atoms, H(g) + H(ad)/Si Hx(g) + Si, which has ical experimental conditions. However, a brief discussion of
received a considerable attention in recent y&afs/2° the temperature dependence of reaction at other gas and sur-
In such gas-adatom interactions, the reaction is initiated bface temperatures will also be presented.
the incidence of gas phase atoms which are not in equilib-
rium with the surface. Therefore, the resulting reactive Model and Numerical Procedures
events in this collision-induced process follow the Eley-
Rideal (ER) mechanism. The ER mechanism has been con-The interaction model and numerical procedures have
sidered to be much less common than the Langmuir-Hinalready been reported in detail in Ref. 30. We summarize the
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remaining solid bulk acting as the heat bath. For this kind of
large, realistic collision system quantum mechanical calcula-
tion is out of question, and we employ classical trajectory
studies.

It is also interesting to note that our model inclubles
chain atoms, which link the reaction zone to the heat bath
solid atoms, in the primary system, whereas the model
described by Kratzer doesn't include these atoms even
though he also employed the classical calculdfid®ince
this model includes heat bath, the primary system is coupled
to the heat bath, which exerts a systematic dissipative force
on the primary system. In addition to this dissipative force,
the heat bath also exerts a random or stochastic force on the
primary system. When the solid isTat 0 K, it can either
gain energy from or lose energy to the reaction region, so the
random force may either remove energy from or provide
energy to the primary system. By including heat bath in our
model, therefore, we can study the reaction taking place at
an arbitrary solid temperature.

The gas atom approaches the surface with the initial colli-
sion energ\E and impact parameteér It experiences strong
interactions with the adatom and many surface atoms. Dur-
ing the collision, the Rsto Hugsinteraction is strengthened
to a sufficient level to form a d& - -Hags bond, while the
} Hads Si surface bond is weakened and eventually dissociates.
Figure 1. (a) Symmetric Si-Si dimer surfacas.si=2.52 A, ds;. Although the energy of these interactions is of primary
st =3.87 Adsis" = 5.15 A. (b) Interaction model showing thesHt  importance in determining the extent of reaction, the poten-
atom adsorbed on tih Si atom, which is coupled to theatan  yj5| energies resulting from the nearby Si atoms which sur-
chain. The coordinates of thie«{1) chain atoms including theh . _
atom are denoted b, &, ... ,&. Thelth atom is indentified by Si round thelth Si atom can affect the'outcome. of the collision
in both Figs. (a) and (b). THéth atom of the chain is coupled to €Vent. In the model, thus, we considerQtteSi atom of the
the heat bath. The position ofdslis identified by (usi, 6, ¢) ard chain to be surrounded by eight nearby Si atoms of the sym-
the position of ksby (0, Z, @). a is the tilt angle. The §sto Hags metric dimer strands, and we include the resulting interac-
distance is denoted byw, and the fgsto theith surface-layer Si tions between them and the gas atom in constructing the
atom distance by. potential energy surface (PES).

We express the interaction energy as an explicit function
essential aspects of the interaction on the silicon (0O}(2 of the positions of the incident gas atomdHadatom s
surface reconstructed by forming dimers along the [110Rnd primary zone solid atoms. We defihi® be the distance
direction (Figure 1a). We have displayed the collision modebf the gas atom from the surface in the normal directigp,
in Figure 1b, which is the same as that in Ref. 30 except this be the distance of the adatormHrom the surface site
fact that the adsorbed chlorine atom is replaced by thdescribing the stretching vibration of the inclinegsd$i
hydrogen atom. The reaction zone is composed of the incbond,r; to be the distance between the gas atom anidhthe
dent hydrogen atom(hereafter called gs)Hthe adsorbed silicon atom on the surface layer(0, 1, ..., 8), and;j to be
hydrogen atom(hereafter called agdiand thedth Si atom.  the vibrational displacement of tlgh atom of theN-atom
The Oth atom is coupled to thd-atom chain, which then chain (j=0, 1, 2, ...,N) from its equilibrium position. A
links the reaction zone to the heat bath, providing a simpléotal of six degrees of freedom is necessary to describe the
guasiphysical picture of energy flow between the reactiormotions of Hasand Hgs atoms above the surface. ThgiH
zone and the chain atoms and in turn between the chain acdordinates arexa=russsin(a + 6)cosp, Y= rusisin(a + 6)
the heat bath. We include all these strongly interacting reacing, andz=r usicos@ + 0), i.e., Had{Xa, Ya, Z2) = Had{I'nsi, 6,
tion zone atoms, surface atoms &hdhain atoms in the pri-  ¢@. Prior to dissociation, the restricted motion of the adatom
mary system. We then designate the remaining infinitearound its equilibrium position from ti@¢h Si atom will be
number of solid atoms as secondary atoms. If we restrict theescribed by the tilt angle and the hindered rotational
collision system only to the gaseous H atom, the adsorbed Bihgles@ and ¢ The literature value of the tilt angle is
atom and the rigid solid with infinite mass, we can perform &20.6.%! For the position of kswith respect to the reference
rigorous quantum mechanical scattering calculation. Ouexes along the adatom, we note that thg: HHags inter-
collision model, however, comprises many more atoms. Iratomic distanceq is (0? + z%)Y2, where the initialt(— — )
addition to the H atoms, there are nine surface layer Sralue ofp is the impact parametér The projection of
atoms,N chain atomsN is typically eight to ten) and the on the surface plane is oriented by the amgiieom theX

\ Heat bath ‘
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axis. Thus, the coordinateg( vy, ) transforms into the
cylindrical coordinate systenp,(Z, @). The distance dis-
played in Figure 1 is then=Z-rpsicos@ + 6). Thus the

occurrence of reactive events can be determined by studying

the time evolution of the d<Si bond distanceus; and the
Hgas - Hags distanceryy=(0?+z%)? for the ensemble of gas

atoms approaching the surface from all possible directions.
Any rigorous form of the interaction potential should
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rs?=Z2+ (d'sisi + rusiSing+ psin®)? + [russin(a + 6)
+ pcos?)’,

re?=Z2+ (d'sisi + rnsiSing+ psin®)? + [d"sisi + rysisin
(a + 6) + pcosd]?,

r#=Z2+ (psin® + russing)? + [d'"sisi + russin(@ + 6)
+ pcosPl?,

r32: Z%+ (d|SiSi - rHSisingo— sin(D)z + [d"SiSi + rpsisin
(a + ) + pcosd]?.

include all those interactions mentioned above. For the over-

all interaction energy, we first take a modified form of the
London-Eyring-Polanyi-Sato (LEPS) potential energy sur-

face (PESY for the interactions of §dst0 Hs Hgasto Si,

Hagsto Si, and ks to the eight surface layer atoms, all of
which are considered to be exponential. Then, we combin?lj:

this modified form with theg- and ¢-hindered rotational
motions and the harmonic motions of th+{)-chain
atoms:

U(ram, rasi Z, {r}, { &) = { Qun + Quisi+ Qus— [Alun +
Alysi + A%is — Aun — Ausi— (Aun + Ans)Ans) V3 + 1/2Ke
(8- 6.+ 12k fp— @)+ > (LI2Msi?&?) + 3 (terms
of type L/Mswr?&1&, UMseaji2E&, etd), (1)

whereky, ky are the force constant,andg are the equilib-
rium anglesM;s is the mass of the silicon atoma; is the
Einstein frequency, ang; is the coupling frequency charac-
terizing the chain. The explicit forms of tls andA's are

(fee—Ti/ay

Q= UA[D/(1+A)][E + Ae

- (2+ 6a)e" ", (2a)
A=1/ADJ(L+A)]I(L + 3Ak)e(rke_rk)/ak
- (6+2n,)e" ™, (2b)

for k=HH or HSi, {&} = (&, &, ...,én) and {} = (ro, 11, ...y

rg). The Hassurface (HS) energy is composed of the nine

terms including the contribution of theydlto Oth Si atom
interaction:
le—Ti)lays

Qus= Dyl (1+ Ay)l{ Y [(3 +Ang)e

i=0

_ (2 + GAHS)e(rie_ri)lzaHs]} (3a)
8 (fie—Ti)/aps
Aus=[Dus/ (1 + Ays) { z [(L+3A4)e
i=0
—(6+ ZAHS)e(rie_ri)lzaHs]} (3b)

Here, D¢ anda are usual Morse potential parametegsis
the equilibrium value of the distanog and/Axis the adjust-

able Sato parameter that allows a variety of experimental sit-

uations to be modeled. Singe= ri(rusi, 6, @ p, Z, d) and
= run(rusi, 6, p, Z), the potential energy surface has the
ctional dependence f(rusi, 6, @ p, Z, @ {&}).

The reported HisSi equilibrium bond length for the
monohydride on Si(100)§1) surface varies from 1.48 to
1.53 A% We take 1.514 A! The Si-Si dimer bond dis-
tance dsis;, is taken as 2.52 A The Si-Si distance between
the adjacent dimer bondsdss = 3.87 A and the nearest Si-
Si distance between two adjacent dimer strandk;ds =
5.15 A3t

The potential and spectroscopic constants for thg H
+Hags interaction aré Dy = Dg ,,+ 1/2hcayy = 4.751 eV,
Doy = 4478 eVau = (Dr/21n) " = 0.257 A, e
27 = 4401 cnt?, rype= 0.741 A andupy=1/2my. In addi-
tion to the latter interaction, the reaction-zone interaction is
dependent upon the instantaneous coordinates ofth&iH
bond and the displacement of tbéh surface atom. Since

the coordinate of the surface atom in surface normal direc-

tion is displaced by, from its equilibrium position, we
include the coordinate of theth atom, &, in the distance
between the adatom and tBth atom asrysi= rusie— &o.
Thus, the HusSi interaction is directly coupled to ti
atom chain. The HsSi potential and spectroscopic con-
stants aréDysi =Dg .+ 1/2h aysi = 3.630 €V, Dy, = 3.50
eV 3% ays; =(Dusi/2ns) % amsi = 0.334 A, wns/2rc = 2093
cm 223" Here s is the reduced mass associated with the
Hads'Si bond. The- andy-direction vibrational energies are
known as 645 ci.*” For the Hassurface interaction, we
take Dus = 0.0433 eVf® aus=0.40 A® We also take the
equilibrium separation as 3.38%A.

For this reaction, the activation energy is known to be only
~1.0 kcal/molél1228 After varying values of the Sato
parametefA's systematically, we find that the &gt = 0.20,
Ansi=0.20 andAns= 0.40 for the reaction zone Si atom
(i.e., the Hasto Oth Si atom) and\ys = 0.10 for the Hasto

where, remaining eight surface-layer Si atoms, describe best the

desired features, minimizing the barrier height and the
attractive well in the product channel. The resulting LEPS

ro? = Z2 + (osin® + rusising)? + [russin(a + 6) + pcosd]?,
ri2=Z2+ (d'sisi— rusising— psin®)? + [rusisin(a + 6)

+ pcosd]?, potential energy surface is shown in Figure 28er@=0
122 =72+ (d'sisi— rusiSing — psin®)? + [dsisi + I usiSin andb = 0. The barrier height on this surface is 1.3 kcal/mol.
(a + 6) + pcosp)?, Once the PES is constructed, we can follow the time evolu-
ra2=Z2+ (psin® + russing)? + [dsisi + r usisin(@ + 6) tion of the primary system atoms by integrating the equa-
+ pcosd|?, tions which describe the motions of reaction-zone land

chain atoms. We expect that this PES which includes perti-
nent primary-zone coordinates will enable us to understand

r4# =22+ (d'sisi+ rnssing+ psind)? + [dsisi + rnsisin
(a+ 6) + pcost)?,



S TR ¥
® M&i ()= ~Mgtf & ()M (005 & () + Mot 111§ (1),

j=1,2,...,N-1 (5b)

Mgén(t)= —MS.QﬁEN(t)+M Sw(z:,NEN-l(t)
~M By s 1 En(t)+M ., (1), (5¢)

In Eq. (5¢),Qu is the adiabatic frequency. That is, at short
times thejth oscillator responds like an isolated harmonic
oscillator with frequencyw;, whereasQy determines the

long-time response of the heat bath. The friction coefficient
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Gu+1, Which enters in the effective equation of motion, Eqg.
(5¢), governs the dissipation of energy from the primary

k -2.0
-3.0
zone to the heat bath, the process which occurs a long time

X 5 3 4 5 after reactiori®**The values of.1 are very close tau/6,
wherew is the Debye frequency. The Debye temperature of
the Si crystal is 640K All values of 3 and those ofw., .,
and Q are presented elsewhéfeThe quantityMdf.(t) is

the stochastic or random force on the primary system arising
from thermal fluctuation in the heat bath and balances, on
average, the dissipative forddsfu.1 én(t) , which removes
energy from the primary system in order that the equilibrium
distribution of energies in the primary system be restored
after collision. The random force term is white noise whose
fluctuations are governed by a Markovian fluctuation-dissi-
pation theorem $.1(t) - fu1(0) > = (KTYMg) Bu+1(t). 22
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(b) 1.65

1.60

H-Si Distance(R)

—
W
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Results and Discussion

145 The computational procedures include an extensive use of

Monte Carlo routines to generate random numbers for initial
H-H Distance(A) conditions. The first of them is to sample collision energies
Figure 2. Potential energy surface in (a) coarse scale and (b) findc from a Maxwell distribution at the gas temperaflyeWe
scale in the region of energy barrier. The contour plots are for thgample 30,000 values Bf In sampling impact parametéxs
case off = =0, andb = 0. The contour labels are in eV. we note that the distance between the hydrogen atoms
adsorbed on the nearest sites is 3.59 A. Thus, we take the
how gas atoms with given initial conditions react with half-way distance so that the flat sampling rangess 19 <
chemisorbed atoms and then desorb from the surface. 1.80 A (.e., bmax=1.80 A). In the collision witt > 1.80 A,

We use a united set of the equations of motion for the readhe gas atom is now in the interaction range of the hydrogen
tion-zone atoms andl chain atoms using the Langevin atom adsorbed on the adjacent surface site. The initial condi-
approach to couple the primary system to the heat bath. TH®ns and numerical techniques needed in solving the equa-
gas-adatom part of the resulting equations are tions of motions are given in detail elsewh€re.

Throughout this paper, we také=9; i.e., the adsorbed

HZ(t)==0U(rusi @, p, Z, @, {¢})10Z, (4a) hydrogen atom is bound to th+(1) = 10 solid atom chain.
Unsil (t)==0U(rysi, @, p, Z, @, { &})/0rysi, (4b) We have selected this chain length after checking the depen-
= _ dence of energy transfer to the solid as a function of chain
u””f.)(t) M(rusi . P, 2, @, {5})1 9P, (4c) length3® From the calculation of the reaction probability, we
lusiO(t)=—0U(rusi, @ p. Z, @, { })/06, (4d)  find the N dependence to be insignificant beyohs1) =
lhsi@(t)==0U(rusi, @ P, Z, @, { £})/19¢, 4¢) 10, where the reaction probability at the gas and the surface
" (0( )_ (Fusi> @ 2 {<hioe (4e) temperatureT, Ty) is defined as the ratio of the number of
I ®(1)=—0U(Tusi, ¢, p, Z, @, {E})/ 0P, (40 reactive trajectoriei to the total number of trajectoritl
where i is the reduced mass of the collision dni¢ the ~ Sampled over the entire range of impact parameR®¢is;
moment of inertia of the diatomic species indicated. Ts) = Nr/Nr. At the thermal conditions off§, Ts) = (1800,
The surface part consists of 300 K), 2274 trajectories out of a total of 30000 sampled are
. ) ) found to be reactive.é., P = 0.0758). Note that the gas tem-
MsSo(t)= ~Mgeoéo(t) + M1 &1 (1) — perature of 1800 K is known to be the typical experimental

OU(rysi 6, @, p, Z, @, { £})19¢, (5a)  condition for producing hydrogen atoms. Most of these reac-
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Figure 3. Reaction time distribution

tive events occur on a subpicosecond scale during which tf
adatom suffers only one impact with the surface, and th
ensemble-average of reaction times for the reactive colli
sions is 0.22 ps (see Figure 3). At this thermal condition
there is no evidence of the gas atom trapping on the surfac

Encrgy (eV)

Thus we regard all these short-time direct-mode events t 0 s ! : !
follow the ER mechanism, in which the incident atom can- 0.0 0.2 0.4
not accommodate to the surface temperature on such a f¢ Time (ps)

time scale.

In order to find out the reason why the reaction occurs sfigure 4. Dynamics of the representative trajectory at (1800
fast, Igt us examine in detail some of the typical reaction trag)s'tg?czzeat:{ge(gl ?Lue};ﬁH(fdz?riff;cutirg?wcg’ngzca:ngnt% gij;g:
jectories. We look into several important aspects of theyiprational energy. In (b) the initial value of thegakHad:
dynamics of this reaction. Figure 4a, shows th@ 8, Has interaction iD and the final value of the,ktSi vibration energ
Surface and RisHgas distances for the representative trajec-is the dissociation thresholdlsi.
tory. Before collision, klisSi bond undergoes a highly regu-
lar vibration at 2093 ci. The Hsto Hags distance also  tive event can be determined as 0.36 ps. As noted above, the
oscillates by the same frequency as the adatom vibratiooollision begins at =-0.10 ps, so the duration of collision
affects the Igsto Hugs distance. Near t = 0.1 ps the incident can be determined as 0.46 ps.
Hgassuffers impact with the adatom, forming. Hhe H for- On the other hand, the decrease of thetd Hagsinterac-
mation is clearly seen from the highly organized vibrationaltion and the increase of thedSi bond energy occurs step-
motion of the HasHagsdistance around its equilibrium value wise in concert with each other. In the present mass
of approximately 0.75 A, as well as from the divergence ofdistribution of L + LH, the light incident atom initially
the HwsSi distance. The crossing ofddlSi and HasSurface  trapped in the upper region of the potential well rapidly cas-
distance curves is due to the rotation of the desorbing Hcades down the well through ladder-climbing (or declimb-
molecule. The khsHagsinteraction energy begins with 4.75 ing) processes in which theygdst - -Hags interaction loses its
eV, which then begins to decrease neal0.10 ps. This energy in a series of small steps. This stepwise deactivation
moment can be identified as the start of interaction (see Fignvas also observed in thé+ LH case (e.g., Cl + H/Si reac-
ure 4b). It begins to decrease rapidly neai0, reaching tion),** in which the light atom oscillates between the two
almost zero, while the 4Si vibrational energy rapidly heavy atoms. On the contrary, in the HH case (e.g., the
rises to the khsSi dissociation threshold of 3.63 eV. Figure H + Cl/Si reaction¥° the process of deactivation occurs in a
4b clearly shows an efficient exchange flow of energy fromsingle-step process. In tHis+ LH case, however, the acti-
the Hjasto Hags interaction to the KsSi vibration during a  vation in the HysSi bond energy also occurs in a series of
brief period of about 0.3 ps. Figure 4b also shows that themall steps. This stepwise activation was not observded in
vibrational energy of bifinally settles to a constant value of LH orL+ HH cases.
0.726 eV. Since the exchange flow of energy from thetbl The probabilityP(Tg, Ts) defined above is a total probabil-
Hagsinteraction to the HsSi vibration occurs in a very brief ity at the specified thermal conditionsTgfandTs. However,
period, the reaction time becomes very short. Since impagt is also important to analyze the dependence of the extent
occurs at = +0.12 ps, the reaction time for this representa-of reaction on the impact parameter. In Figure 5a, we show
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and mediated by a “hot precursor” and induced desorption
of homonuclear molecules, whereas we only consider a
direct Eley-Rideal reaction.

In order to explain the fact that the probabiff, Ts; b)
shows the maximum nebr= 0.6 A, we consider the angle
between the HKs--Hags direction and the normal axis
through Hgsat the instant of impacité., , at the first turn-
ing point). As shown in Figure 5b, this angle depends
approximately linearly on the impact parameter in a narrow
range ofy,= 0-35 (b=0-0.8 A). This figure shows that the
angle neab = 0.6 is approximately 2pwhich is equal to
the tilted angle of the adatom. From this we can conclude
that the reaction probability is highest wheRasédtom
approaches the &t atom collinearly with the HsSi bond.

In the collinear ks -Hags-*Si configuration, the energy
flow from HgasHagsinteraction to HysSi interaction is most
efficient and in turn, the HsSi bond gains sufficient energy
to dissociate most easily. Our result is in agreement with
Takamine and Namiki's experimental finding that the angu-
lar distribution of HD product peaks somewhere between
18 and 28from the surface normal in D + H/Si(100) reac-
tion2®

The exothermicity of the gas-phase H +HH, forma-

‘ ‘ ‘ ‘ ‘ tion is 4.48 eV, Wherea§8 for thedsdSi surface is 3.50
0.0 02 04 06 08 1.0 eV. In the ER reaction, the reactant state is H(g)+H(ad),
which is thus about 1.0 eV above thgd) state,i.e., the
reaction to form K{(g) is exothermic by this amount. Other
Figure 5. (a) Dependence of the reaction probab#{iy, Ts; b)  energies available for the product state are the collision
upolr; ;ht'etr:’;‘ﬁf‘sctttgﬁﬁmefi“ (b;rﬁjet'ﬁg?rrr‘fh;gtbzt;’;‘ffe”tél‘lgeo'tﬁc'de’énergy of the incident gas atdr{on the average 0.23 eV at
an L . -
pIo%s are for the thermgle:or%[ﬁion (2800, SE)OO IE) 1800 K), the initial engrgy of theahé-Sl'wbrathn and the
initial energy of the solid. Thedgto Hagsinteraction energy
starts out wittDyy and rapidly decreases. For the represen-
the b-dependent reaction probabiliB(Tgy, Ts; b). To deter-  tative trajectory, it was shown that the vibrational energy of
mine this probability, we have counted reactive trajectoriedH; finally settles to a constant value of 0.726 eV in Figure
in intervals ofb=0.05 A and divided the number of such 4b. The dependence of Mibrational energy on the impact
trajectoriedNr(b) by the number of trajectori®gb) sampled  parameter is shown in Figure 6a. As shown in this figure, the
in the same interval. As shown in Figure 5a, the probabilitygeneral features are that the Holecules produced in small
P(Tg, T b) is small inb=0 collisions and then takes the b collisions are vibrationally excited and the extent of vibra-
maximum neab = 0.6 A, It then rapidly decreases as thetional excitation decreases as the impact parameter increases
impact parameter increases and becomes zdrg @t8 A.  toward 0.8 A. The mean vibrational energy of the desorbed
Since the nearest Si-Si distance is 3.59 A, the region of influH, molecules is 0.735 eV. On the other hand, as noted above,
ence exerted by the adatom on the incident gas atom isthe number of reactive events is also smail#0 collisions
hemisphere with the radius 1/2(3.59 A). Thus, the occurand then takes the maximum néear 0.6 (see Figure 5a).
rence of reactive events in the narrow rangest0< 0.8 A Due to these two opposing trends, as shown in Figure 6b, the
clearly indicates their confinement to the immediate neighvibrational population distribution is inverted with the maxi-
borhood of the adatom site. Such localized reactivity hasnum appearing near the vibrational energy 1.1 eV. From the
been observed in the hydrogen abstraction reaction on sileigenvalue expressidi;in(v) = hca(v +1/2)-hcouxe(v + 1/
con by other gas-phase atoms (Cl or*Bf.From theb-  2)? with w.=4401 cm?, wxe=121.3 cm, we find the
dependent reaction probability we can calculate the totalibrational energies 0.273, 0.819, 1.364 and 1.910 eV for
reaction cross section of 0.435* Aom the expression v=0, 1,2 and 3, respectively. The comparison of these ener-
defined aso = 2 g”‘ax P(Ty, Ts; b)bdb. It may be noted that gies with the energy scale used in Figure 6b indicates that
Caratzoulaset al also obtained a very similar value for about 60% of the product molecules have their vibrational
0(0.46 &) from their quasiclassical trajectory study of energies close to=1. The similar vibrational population
H + H/Cu(111) systerf® But, our reaction cross section is inversion has been found in OH produced from the recombi-
far smaller than that of Kratzer (~2%)%or the similar sys-  nation of gas-phase oxygen atom and chemisorbed hydrogen
tems, H + D/Si(001) and D + H/Si(001) reactidrhecause atom on a tungsten surfaté¢>and in CQ produced from
he considered the reactions by a direct Eley-Rideal reactiotine reaction of oxygen atom with chemisorbed CO on a plat-

o
n

Reaction Probability, P(Tg,TS;b)

Angle, Vip (degree)

Impact Parameter (/Z\)
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> 1.0 Figure 7. Translational population distribution at (1800, 300
= I V=1 Note that 3/RTs=0.039 eV .
o 0.8 Cy. = B -
D) H, — _
2,0 0 H | 2
— 0.6 - . The amount of energy transfer to the silicon surface is
_g small because of the large difference between the masses of
ks 04 ) H and Si. At the thermal conditions (1800, 300 K), the
& 0.2 | ensemble-average of energy transfer to the surface is 0.131
' v, =3 eV. It is interesting to note that the amount of energy propa-
0.0 FHL] Pt gated into the solid involving heavy chemisorbed atoms
00 04 08 12 16 20 such as chlorine is significantly larger than that of the
o ' ' present procesS.
H, Vibrational Energy (eV) Figure 8a shows a moderate dependence of the reaction

Figure 6. Distribution of the vibrational energy at (1800, 300 K): Probability on the surface temperature. At the gas tempera-
(@) dependence of the vibrational energy upon the impacture of 1800 K, the probability decreases slowly from 0.084

parameter; (b) vibrational population distribution. The vibrational at Ts= 0 K to 0.076 afls= 700 K, but the effect of the sur-

energies correspondingg, =0, 1, 2, and 3 are indicated. face temperature on the reaction is negligible. This is a typi-
cal result for an ER process. Jackstral explained the
inum surface? surface temperature dependence in terms of an increased

The amount of energy deposited in the translationateactivity as the adsorbate becomes vibrationally extited.
motion of H is smaller than the vibrational energy. The In this work, however, the :Si vibrational frequency is
ensemble averaged translational energy is 0.195 eV. Figureduite high (2093 cif), and the fraction of vibrationally
shows the translational energy distribution. Even though thexcited states is only 0.013 everilat 700 K, thus playing
distribution looks to be shifted toward low energy range, itho significant role in the reaction. The magnitude of the
still is of a non-Boltzmann type distribution with ensemble reaction probability, as well as its temperature dependence,
averaged energy far greater than the thermal averakj& 3/2 are comparable to those of Kolesieal'? They reported the
(0.039 eV). This means that the product molecules do nabverall probability as 0.109 which is somewhat larger than
have sufficient time to equilibrate with the surface temperaour result, 0.076. In their theoretical model, however, they
ture. only considered collinear geometry collisions ignoring the

The amount of energy taken up by the rotational motion oeffect of impact parameter and rotational motion, and fixed
the H molecule is very small, in contrast to the translationalthe incident H atom kinetic energy at 0.03 eV. These proba-
and vibrational motions. The ensemble-averaged rotationdlilities are also comparable with those of the another related
energy is only 0.118 eV. This implies that fdtation does reaction H(g) + Cl(ad)/Si. But, these probabilities are signif-
not play an important role in the desorption process. In thécantly lower than those of the related reaction CI(g) +
case of Cl(g) + H(ad)/Si- HCI(g) + Si reactiorf! however, H(ad)/Si. For example, at the thermal conditions of (1800,
the reaction energy carried by the rotatinal motion of the300 K), the probability of Hformation in H(g) + H(ad)/Si is
product molecule is quite significant. In the latter reaction,0.076, whereas that of HCI formation in CI(g) + H(ad)/Si is
the heavy incident atom can approach the solid surfac@.179 at (1800, 300 K). This indicates that the abstraction of
closer than the light incident atom. This produces mordight hydrogen atom by light hydrogen atom is more difficult
torque in the desorbing HCI molecule and, thus, increasethan by heavier chlorine atom. As shown in Figure 8b, the
the rotational energy. dependence of the reaction probabilityTgns much stron-
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cant. The largest value the reaction probability can take is
about 0.1 near the gas temperature of 700 K.

Most reactive events occur on the subpicosecond time
scale, following the direct-mode collision between the inci-
dent gas atom and the adatom. The distribution of reactive
events is localized in the immediate neighborhood of the
adatom site on the surface.

Most of the reaction exothermicity deposits in the product
vibration, followed by translation. The amount of the reac-
tion energy dissipated into the surface is small. Furthermore,
the amount of energy shared by the rotational motion is
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Figure 8. Dependence of the reaction probabiffy, Ts) on the
gas and surface temperatures. (a) Dependence on the surface’
temperature for the gas temperature fixed at 1800 K and (b)

dependence on the gas temperature for the surface temperaturg'
fixed at 300 K.

ger than the surface temperature dependence. The results fc?r'
a fixed surface temperature of 300 K show the reaction prob-7.
ability rising rapidly with the gas temperature in the range of
Ty =300 to 700 K, beyond which it decreases slightly with 8.
increasing temperature. The variation of reaction probability
at lower temperatures follows a general thermal effect that9-
the extent of a chemical reaction increases with increasin
temperature. The rise is a result of the incident atoms having
greater collision energies according to the Maxwellian distri-
bution. But, at higher temperatures, where high energy colli-
sions dominate, the fast moving gas atom does not stay o
the surface long enough to allow reaction. Furthermore,
since the barrier height is very smal Q.05 eV), further 13,
increase inly (or E) does not affect the extent of reaction
significantly as the collision energy in most of the ER reac-
tive events has already surpassed the barrier height. Thusl4.
larger number of trajectories leave the surface without reacl®-
tion, so the reaction probability decreases at high tempera-

tures, exhibiting an negative temperature dependence. 17

Concluding Comments 18.

The reaction probability for the gas-surface reaction H(g)1
+ H(ad)/Si— Ha(g) + Si through the Eley-Rideal mecha- 20.
nism is shown to be not large. The reaction probability is
independent of the surface temperature between 0 and 7@Q.
K, whereas its dependence on the gas temperature is signifi-

much smaller, implying that Hrotation does not play an
important role in the desorption process.
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