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The reaction of gas-phase atomic bromine with highly covered chemisorbed hydrogen atoms on a silicon
surface is studied by use of the classical trajectory approach. It is found that the major reaction is the formation
of HBr(g), and it proceeds through two modes, that is, direct Eley-Rideal and hot-atom mechanism. The HBr
formation reaction takes place on a picosecond time scale with most of the reaction exothermicity depositing
in the product vibration and translation. The adsorption of Br(g) on the surface is the second most efficient
reaction pathway. The total reaction cross sections areA.5& the HBr formation and 2.3&2 for the
adsorption of Br(g) at gas temperature 1500 K and surface temperature 300 K.
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Introduction reaction pathways depend on the surface coverage of the
solid surface. Therefore, it should be interesting to study the
In gas-adatom interaction taking place on a solid surfacegaction mechanism of gas-phase bromine atom reacting
important reactive events involve the dissociation of thewith chemisorbed hydrogen atoms on a silicon surface, in
adatom-surface bond and association of the gas atom withihich the exothermicity is slightly endothermixe= 0.008
the desorbing adatom. Such interactions are often highlgV).
exothermic, so there is a large amount of energy to be de-In the present paper, we have studied the reaction of gas-
posited in the various motions of the product. For examplephase bromine atom with a H-saturated silicon surface.
chemisorption energies of atoms such as hydrogen anspecially, we have addressed what the reaction mechanism
chlorine on a close-packed metal surface lie in the range aff gas-phase atomic bromine with chemisorbed hydrogen
2-3 eV+? whereas the energy of the bond formed betweeratoms on silicon(001)-¢2) surface is in the case of high
such atoms is 4-5 €VThus, the reaction exothermicity is surface coverage. In this model, one hydrogen atom is
about 2 eV, which is to be distributed among variousadsorbed on each silicon atom on the surface. That is, the
motions of the product, including the solid phase. So faradsorbed hydrogen atoms form a monolayer and the surface
most studies have been performed on these type of reactiagilicon atoms form monohydrides. The monohydrogenated
that is, the highly exothermic reactions. The exothermicity ixcase has been shown to be of major improtance over the
still very significant in the reactions involving a nonmetallic dihydrogenated or trihydrogenated cas€sTo study the
surface such as graphite and silicon as {feaRecently, we reaction, we have followed the time evolution of the perti-
have studied the reaction of gas-phase chlorine or hydrogerent coordinates and conjugate momenta of each reactive
atom with highly covered chemisorbed hydrogen atoms on &ajectory on a London-Eyring-Polanyi-Sato (LEPS) potential
silicon surface, and reported that the mechanism of thenergy surface, which is constructed with many-body inter-
reactions is the Eley-Rideal typdn fact, an Eley-Rideal actions operating between all atoms of the reaction system.
(ER) mechanism has been proposed to study such exdhe time evolution of the trajectories was determined by
thermic gas-surface reactions, most involving chemisorbedolving the equations of motion formulated by uniting gas-
hydrogen atom&-7 surface procedure and generalized Langevin theory for the
However, if the gas-phase atom is bromine, even though golid phasé®2°
belongs to the same halogen group as chlorine, it doesn’t
lead to a highly exothermic reaction but to a slightly endo- Interaction Model
thermic reaction. Thus, in the case of bromine we can expect
the reaction mechanism to be quite different from the highly The interaction model and the numerical procedures have
exothermic chlorine or hydrogen reactions. Furthermore, iralready been reported in detail in Ref. 9. The interaction
such reactions where the surface is covered either sparselymiodel is the same as the one in Ref. 9 except that the
completely by chemisorbed hydrogen atoms, the possiblehlorine atom is now replaced by the bromine atom. We
summarize the essential aspects of the interaction and the
*Author to whom correspondence should be addressed. e-maftumerical procedures on the silicon (001342 surface
joree@chonnam.ac.kr reconstructed by forming dimers along the [110] direction
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tilted at an angle aff = 20.6 2 undergoes hindered motions
along 8 and ¢. For the position of Br with respect to the
surface normal axis through the adatom, we define two
coordinategp andz such that the Br-H interatomic distance
ruer is (0% + 2)Y2 where p is the perpendicular distance
between Br and the H-surface normal axis, and the
vertical distance from Br to the horizontal line determining
the position of H. Note that the initidl { —o°) value ofpis

the impact parametér The projection of 4 On the surface
plane is oriented by the angiefrom thex axis. Thus, the
coordinate Xg,YsrZar) can be transformed into the cylin-
drical systemg,Z,®), whereZ is the Br-to-surface distance.
The vertical distance is thenz=2Z-rysicos@ + ). The
occurrence of each reactive event can be determined by
studying the time evolution of the Br-surface distazicthe
H-Si bond distancensi, and the Br-to-H distances, =

No
(b) @ i

. Oz (0% + D)2 for the ensemble of gas atoms approaching the
o0 surface from all directions. The initial state is chosen to be
© L (G that of the gas atom approaching the surface with the
O collision energyE, impact parametds, and azimuthal angle
@@ @ """"" @ from a large distance from the surfase ( A)pwhere the
Qe adatom is in the initial set ofis;,8,¢).
: A convenient expression of the interaction potential can be
Qé’“ obtained in a modified form of the London-Eyring-Polanyi-
Sato (LEPS) potential energy surface for the interactions of
‘ Heatbath ’ Br to H, H to Si, and Br to nine surface-layer Si atoms

including the6 and g-hindered rotational motions and the

Figure 1. (a) Symmetric Si-Si dimer surface. (b) Interaction model ; ; +1)- ; ;
showing the H atom adsorbed on @tle Si atom, which is coupled harmonic motions of the(+ 1)-chain atoms to obtain the

to the N-atom chain. The coordinates of thé+() chain atoms overall interaction energy:

including the Oth atom are denoted by 0, 1N..TheOth atom is = + 4+ — 240 A2 4 2
identified by Si in both (a) and (b). Tihth atom of the chain is U= {Quer + Qusi+ Qursi = [Are™ + s’ + Aarsi

1
coupled to the heat bath. The position of H is defined jy.4,¢) ~ AuaAusi (Ag“Br * A“S‘)ABrS‘]z % -
and the position of Br byoZ,®). a is the tilt angle. The Br to H + 126 - 60)° + 112K p— @) +%(1/2Mswei &)
distance is denoted by, and the Br to théth surface-layer Si +3 (terms of typeMs;®&.1&j, Mstrj+126;&j41, €IC),
atom distance by. ! @

where kg and k, are force constant€}. and @ are the

[Figure 1(a)]. For easy reference we have displayed thequilibrium anglesiMs is the mass of the silicon atom; is
collision model in Figure 1(b). The H atom is chemisorbedthe Einstein frequency, and; is the coupling frequency
on the Si atom of the symmetric dimer structure. This Sicharacterizing the chain. The explicit forms of the coulomb
atom is the zeroth member of thié¢« 1)-atom chain which  terms Q's) and exchange tern&') for HBr, HSi, and BrSi
links the reaction zone to the heat bath. Furthermore, thare given in Ref. 22. In Eq. (1Qersi andAg:si each contains
zeroth Si atom is surrounded by eight nearby Si atomsine terms for the Br-§i Br-Sk, ..., Br-S§ interactions.
identified by numbers 1, 2, ..., 8 in Figure 1(b). The reactiorSincer; =ri(rusi, 6, @ o, Z,) andruer =ruedrusi, 6, p, 2), the
zone atoms are the zeroth Si atom, the adatom, and tip®tential energy surface has the functional dependence of
incident Br gas atom. We condsider that these reaction zond(rusi,6,¢0,Z, ®{&}), where {&=(é0,é1...&4v) for the
atoms, eight surrounding Si atoms, and Kaehain atoms  vibrational coordinates of th&l¢+ 1)-chain atoms.
constitute the primary system. We then designate the re- The potential and spectroscopic constants for theB
maining infinite number of solid atoms as secondary atomsinteraction ar€ Dygr = D wer + 1/2h cngr = 3.622 eV,

A total of six degrees of freedom is necessary to describ®g yg; = 3.458 €V, ausr = (Dusr/2ter) 2 consr = 0.265 A,
the motions of Br and H atoms above the surface. Althougloe/(27) = 2649 cnt', and piner = My X Med(My + Me).
it is straightforward to transform these coordinates to thd-or the H-Si bond, potential and spectroscopic constants are
center-of-mass and relative coordinate systems, we find Dusi = Dg nsi+ 1/2h ahsi = 3.630 eV, D psi= 3.50 e\24%
convenient to describe the collision system including surfac@us; = (Dusi/2ps) " ausi = 0.334A, ans/(2r)=2093 crit.>%
atoms in terms of the atomic coordinates¢kit,z4) and  Herepuwsi is the reduced mass associated with the H-Si bond.
Br(XerYerzer). The H coordinates arg = rusisin(a + 0) The planaix- andy-direction vibrational frequencies on the
COsp Yu=russin(a + O)sing, and z4=rusicos@ + 0), i.e, surface are known to be 645 ¢ The equilibrium
H(X4,YH,24) = H(rusi,6,¢). Prior to desorption, the adatom distances of the H-Br and H-Si bonds are 12#a4d 1.514
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A% respectively. For the Br-surface interaction, we takebetween the hydrogen atoms adsorbed on the nearest Si sites
Dersi = 0.245 eV’ agsi= 0.3522 We also take the equili- is 3.59A. Thus, we take the half-way distance so that the flat
brium separation of the Br-surface as A.¢& sampling range is & b < 1.80 {.e., bmax= 1.80A). In the
For this reaction, the activation energy is known to be onlycollision with b>1.80A, the gas atom is now in the
~1.0 kcal/mole?®*° After systematically varying the values interaction range of the hydrogen atom adsorbed on the
of the Sato parametéy's, we find that the sétys =0.30, adjacent surface site. The initial conditions and numerical
Ansi=0.63 andAgsi= 0.37 for the Br to the surface Si techniques needed in solving the equations of motions are
atoms, describe best the desired features, minimizing thgiven in detail elsewher@® To ascertain what really
barrier height and the attractive well in the product channel.happens during the reaction, we followed each trajectory for
Once the potential energy surface (PES) is determined, waufficiently long time, 50ps.
can follow the time evolution of the primary system by
integrating the equations of motion, which describe the Results and Discussion
motions of the reaction-zone atoms &fdhain atoms. We . . ) ) .
expect that this PES will enable us to understand how gas Reaction probabilities. Since the typical experimental
atoms and adsorbate atoms react with each other and the@ndition for producing bromine atoms is 1500°Kye
desorb from the surface. An intuitive way to treat theconsidered the reaction occurring at the gas temperature of
dynamics of the reaction involving many surface atoms is t-500 K. At the thermal conditions oT(Ts) = (1500, 300
solve a united set of equations of motion for the reactionk). we find that mainly the following two reactions occur:
zone atoms and the Langevin equationNechain atoms, Br(g) + H(ad)/Si— HBr(g) + Si, Py = 0.200 (i)
\;vggg ntl:o;grltesoghti éeflgst:ﬁgnzor; Jgtitgr?shzfl; ilzgt:-_TLT/e 985°Br(g) + H(ad)/Si— Br(ad)/Si + H(ad)/SiPg = 0.122 (ii)
oY, whereY1=Z,Yo=p, Ya=® Ys=rus, Ys=6, Ye = @ The reaction probabilitij) for reaction §) at the gas and
with my = mey, My = Ler, Ms = lher, My = Lnsi, Me = Mg = g the surface temperatur@y(Ts) is defined as the ratio of the
Here i and|; are the reduced mass and the moment ohumber of respective reactive trajectorMds to the total
inertia of the interaction system indicated. For tNe-()- number of trajectoriebly (60,000) sampled over the entire
atom chain, which includes the zeroth Si atom, the equationgnge of impact parameters. Reaction (i) is the most
are important reactive event. This event leads to HBr formation,
_ > P the reaction probability beirig; = 0.200. For a rather small
Mso (®) = -Mstiodo () + Msia s (1) fraction of the trajectoriesr,@(t%e incident bromine atom is

~0U(@s, 6,802 @&/ 94, (22) trapped without dissociating the surface H-Si bond. In the
Ms&; () = “Mshié; (1) + Msc &1 (1) + Ms @k 11 &j41 (8), present calculation, the exchange reaction, Br(g) + H(ad)/
ji=1,2,..N-1 (2b)  Si - Br(ad)/Si+H(g), was not found. These results are

_ 2 P similar with those for CI(g) interacting with H(ad)!Sir
Msén () __MsgszEN (O *+ Msak,néna (0 - MSﬁNﬂEN(t)Z H(D)(g) interacting with D(H)/St%3* in that the primary
+ Mefiea(t) (2©)  reaction pathway is the gas phase moledide,HCI(g) or

Equation (2a) is for the vibration of the zeroth chain atomHD(g), formation. Especially, HBr formation probability is
on which the H atom is chemisorbed. Equation (2c) is for thevery close to the HCI formation probability® £ 0.175).
vibration of theNth atom which is bound to the bulk phase. Despite the fact that HBr formation reaction is slightly
The Nth Si is directly linked to the heat bath, and throughendothermic, the probability for endothermic HBr formation
this coupling the heat bath exerts systematic dissipative arnd quite large. The energy to overcome the endothermicity
random (or stochastic) forces on the primary systen{0.008 eV) comes mainly from the ensemble-averaged
composed of the reaction zone atoms andNthkain atoms.  kinetic energy of the incident Br atomE= 0.194 eV) and
Qn is the adiabatic frequency. The friction coefficiBat, is the zero-point energy of Si-H vibration (== 0.130 eV).
very close tormn/6, wherews is the Debye frequency, and Also this probability is as large as that for exothermic HCI
governs the dissipation of energy from the primary zone tdormation. This is because Br atom is heavier than Cl atom
the heat bath. All values @ w., w, andQ are presented so that Br atom can pick up H atom more easily. The same
elsewheré! The quantityMdf.1(t) is the random force on effect can be seen when one compares H + H/Si and Cl + H/
the primary system arising from thermal fluctuation in theSi systems. Even though the exothermicity of the reaction is
heat bath. This force balances, on average, the dissipatiabdout the same for both systems (0.978 eV and 0.934 eV,
force, Msfu+1(t), which removes energy from thél £ 1) respectively), the probability for HCI formatioR € 0.175)
atom chain system in order that the equilibrium distributionis larger than that for Hormation P = 0.076) because Cl is
of energies in the chain can be restored after collision. much heavier than B2

The computational procedures make use of Monte Carlo It should be also interesting to note that, in their calcu-
routines to generate random numbers for the initial conditation for hydrogen abstraction from copper surface,
tions. The first of them is the collision energésampled D(H) + H(D)/Cu(111) syster®, Rettner and Auerbach
from a Maxwell distribution at the gas temperatligeIn reported that HD formation and trapping probabilities are
sampling impact parametels we note that the distance almost the same (~0.47) with a small fraction scattering at
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parameter for reactions (i), HBr formation; and (ii), Br adsorption.

respectively® This is because in our model the surface is
the point of impact. They also noted that no exchangdully covered with H atoms, while in Persson and Jackson’s
process could be detected for a 0.07 eV H-atom beam witmodel the Cu surface is only sparsely covered. We now
6 = 1@ with a D-saturated surface. As mentioned earlier, naliscuss the details of each of these reaction pathways, with a
exchange process was found in our system, either. greater emphasis on the HBr formation, reaction (i).

The probabilityP(j) defined above is the total probability = Reaction (i). Figure 3 shows the distribution of reaction
at the specified thermal conditionsTfandTs. However, it  times for the HBr formation reaction (i). To determine this
is also important to analyze the dependence of the extent tifne scale, we first confirm the occurrence of a reactive
reaction on the impact parameter. We plotlifteependence event by following the motion of HBr(g) for 50 ps. When
of the opacity function B(b) for the primary reaction HBr(g) does not adsorb on the surface and is completely
pathways (i) and (ii) in Figure 2. As shown in Figure 2, away from the influence of surface interactions, we trace the
Pp() is 0.25 in b 0O collisions and then rises to a reactive trajectory backward to find the time at which the H
maximum value neadp=0.5A and then decreases to zero to Si separation has reachgg,+ 5.0A,” whererys; e is the
with increasingp. This indicates that the reaction (i) occurs equilibrium distance of the H-Si bond (1.54% We define
mostly in the neighborhood of the adatom site. Generallythe period from the start of collision to the time at which the
the same trend was found in CI+H/Si system too. In theiH-Si distance reacheski e+ 5.0)A as the reaction timig
guasi-classical study of Eley-Rideal recombinative desorpfor the reaction (i). (We will consider this reaction time in
tion of H, from Cu(111), Persson and Jack8aiso found  detail in the discussion of Figure 4.)
that the dominant contribution to the cross section comes As shown in Figure 3, almost all type (i) events (10,756
from a narrow range of impact parameters. Fromithe out of 11,978) were completed within 10 ps. The ensemble-
dependent reaction probability we can calculate the totahveraged reaction time is 4.11 ps. Peden et al. suggested that
reaction cross section of 2.83 for the reaction (i) from the the reactions which are completed within 10 ps follow the
expressionig =2 O"“ax P(Tg, Tsb)b db This reaction cross Eley-Rideal mechanisii.According to this suggestion, the
section is largér than that of the related systenHBr formation (reaction (i)) can be considered as Eley-
Cl(g) + H(ad)/Si {e., 1.19 A?.° The reason why the Rideal type reaction in a broad sense. However, an important
reaction cross section for Br+H/Si system is larger than thaguestion still remains to be answered. The question is
for CI+H/Si is thatP(b) values for the former are generally whether these reactive events occur during single impact or
higher than that for the latter. On the other hand, the opacitsnultiple impact collisions. To find out what really happens
functionPg(b) for the reaction (ii) is smaller than that of the during the gas-surface collisions, we examined each reactive
reaction (i) over the smatirange, but it is larger in the large trajectory in more detail. About one fourth of the total
b (b=1.1A) range. The total cross-section for the trapping11,978 reactive trajectories leading to reaction (i) occur on a
reaction (i) is 2.32A2% These findings are quite different subpicosecond time scale (see Figure 3), during which the
from those of Persson and Jackson for the Eley-Rideadatom suffers only one impact with the surface. In such a
recombinative desorption of hydrogen on Cu(111) surfacedirect-mode collision, the incident atom accelerates before
According to their flat surface model calculation, the cross-and after impact. When the incident atom turns around, it
sections for direct Eley-Rideal recombination forming can pick up the adatom that is oscillating between the two
Hx(g), for non-reactive exchange scattering and for théheavy atoms Br and Si. These events may be regarded as
trapping of incident H atom are 0.5, 0.003 andA20 Eley-Rideal type reaction in the strictest sense.
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There are remaining 8,814 reactive events in which
multiple impacts occur. These events may be considered as
(a) hot-atom mechanism. A typical case of them is shown in
Figure 4(b). As shown in Figure 4(b), the Br-to-surface
interaction begins near=0, and the incident Br atom
suffers the first impact with the surface near+0.5 ps. At
this time, the Br atom comes in close range of the adatom
causing a significant disturbance in the H-Si interaction.
Unlike the single impact collision in Figure 4(a), the Br atom
does not pick up the adsorbed H atom and fly away with it.
In this case, the Br atom stays on the surface for a long time
and experiences multiple impact collision. As shown in
10 Figure 4(b), the trapped Br atom rebounds several times,
spending a relatively long time above the surface. This is a
barely trapped trajectory, thus forming a loosely bound
complex on the surface, Br-H-Si. A fine structure in the H-
Br distance during the large amplitude oscillation is due to
the H-Br vibration. After completing several oscillations, the
Br atom is attracted back to the surface for final impact near
t=+5.4 ps, at which time Br abstracts H and turns the corner
to move away from the surface. The receding molecule
reaches a distance of6att = +5.8ps. This reaction time is
not long enough to invoke a LH mechanism, in which
reactions are believed to occur between chemisorbed species
that are in thermal equilibrium with the surface, and we
regard this event to follow a hot-atom mechanism. In a
classical trajectory study of H(D) + D(H)/Si(100) system,
Figure 4. Dynamics of the representative trajectory for (a) a direct-Kratzer also found that more than half of HD formation was
mode collision, (b) a hot-atom collision in reaction (). The time due to the multiple impact (hot atom) collisiGhs.
evolution of the Br to surface, HSi, and HBr distances. We now consider the distribution of ensemble-averaged

energies in the product state. The vibrational population

In order to study the direct mode reaction dynamics indistribution of HBr produced in reaction (i) is shown in
detail, we select a trajectory which is representative ofigure 5(a). The population is a typical Boltzmann distri-
direct-mode collisions of reaction (i) and plot the time bution with the maximum between 0 and 0.1 eV. A clearer
evolution of its gas atom-surface distange(i.e, the  presentation is Figure 5(b), where the intensity mimics the
collision trajectory), adatom-surface distangg and the Br  quantum vibrational distribution formulated by use of a
to H distance s, in Figure 4(a). The reaction time of this binning procedure of assigning quantum numkbgrcorre-
representative case is 0.75 ps. Rigorously speaking, trgponding tovug: = int[Evin/Evin(VHer)]. Here Eyip is the vib-
outgoing portion of Z is not the trajectory. However, sincerational energy calculated in the present studyE&an/sr)
mer >> My, the center of mass HBr is very close to Br andis the vibrational energy determined from the eigenvalue
thereforeZ can be considered as the outgoing trajectory. Th@xpressiorEyi(Vier)/Ne = ws(Vier + 1/2) — woXe(Visr+1/2) +
oscillation of the outgoings; is due to the rotation of HBr.  ye(Vigr+1/2) with co. = 2648.98 crit, wwxe = 45.217 crit,

It is not possible to determine when the reaction begins fronay. = —0.003 cm'. As shown in Figure 5(b), the binning
the time evolution oZ shown in Figure 4(a). However, near procedure yields the intensities of 0.971, 0.028, and
t=0, when Br to surface distance isA6 the H to Br  1.62x 10™*for visr = 0, 1, and 2, respectively. These values
interaction energy begins to decrease, indicating the start @fre close to the Boltzmann distribution at 1000 K, that is, the
reaction. As shown in Figure 4(a), the Br atom reaches thimtermediate temperature between gas (1500 K) and surface
turning point att=0.20 ps, and then the product HBr temperature (300 K), which predicts the fractions 0.978,
recedes to B from the surface dt= +0.75 ps. Thus, we can 0.022, and 4.74 107 for vig: = 0, 1, and 2, respectively.

say that the collision begins (or ends) when the incident In reaction (i) the rotational energy is calculatedEas=
atom (or product molecule) reaches a distance oh5r6m L%2unehe®, Where the angular momentue pned(zp —

the surface. Our choices of 530for H-Si displacement as pz) with the corresponding quantum numBerL/h. As in

the occurrence of a reactive event and the above-definetie above-discussed vibrational quantum number, the rota-
reaction time scale are based on this time evolution. Th&onal quantum numbelyg, corresponding to the rotational
number of trajectories by this direct Eley-Rideal mechanismenergy E;o: can be calculated through the relatidy, =

is 3,164 out of the total 11,978 reactive trajectories followingint[ ErotErot(JHer)], Where ErofJuer) = Jusr(Iner + 1)h %2l g
reaction (i). The maximum occurs dhax= 2[see Figure 6(a)]. If we take
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the gas temperature of 1500 K, the rotational maximur
obtained from the Boltzmann expressidn. = 1/2[(2 KT/
B)Y2-1] with B =10.34 critt is 7. On the other hand, for
the surface temperature of 300 K, the Boltzmann intensity i:
sharply peaked alnax=3. The shape and intensity distri-
bution of the present calculation shows that the rotationa
motion of product HBr is close to the Boltzmann distribution
at Ty = 300 K. In addition to this rotational population distri-
bution, it is interesting to know how the desorbing HBr
molecules are rotationally aligned at the instant of desorp
tion. To examine this aspect, we have calculated the ang
between the axis of rotation of HBr and the surface norma
when the Br atom turns the corner after the final impact an
begins the journey outward with H. The angular distribution
is found to be sharply peaked neaf,90dicating that the
rotational axis is closely parallel to the surface [see Figurt
6(b)]. That is, the product molecules leave the surface in .
cartwheel-like rotation.

The ensemble-averaged translational energy of HBr pro
duced in reaction (i) is as large as 0.091 eV, and we now loc
into the velocity distribution of these molecules. Figure 7
shows a time-of-flight distribution of HBr product mole-

Jongbaik Ree et al.

10 T T T T T T T
(a)
= 0.8 4 _
7
o
L 0.6 _
=
[
2 04 i
<
©
& 02 i
‘ 1500 K
s
OO 1 [ I T T T T T
0 5 10 15 20 25 30 35
Rotational Qunatum Number J
10 T T T T T T T T
_ﬂ

= 0.8 (b) ( |
z |
L 06t q _
=
o j W
2 04 ] 4
< I

02 JiliR i

0.0 LA L B D R R L f'n:ldjj

0 10 20 30 40 50 60 70 80 90
T (degree)

Figure 6. (a) Relative intensity of the rotational population
distribution of HBr in reaction (i). (b) Distribution of the angle
between the axis of HBr rotation and the surface nofméir
reaction (i).

T LA i
80 |- ° -
2z I e\
g 0 L o 2\ @ i
B [ ]
R L i
w a*
240 | i
3]
I o
~ o
* (]
20 | %X -
L )
..:oo' % o 7
0 ! ! R AN
0 500 1000 1500 2000
Time of Arrival (us)

Figure 7. Time-of-flight distribution for HBr in the reaction (i)
from the surface.

molecules reach the detector much later than the HCI from

cules along with the fitted curve. The points are obtained byhe related system CI(g) + H(ad)/Si for which the maximum
collecting molecules reaching the “reaction chamber-to4intensity occurs at 200s. It is because Br atom is much
detector” distance of 30 cm. As shown in Figure 7, the HBtheavier than Cl atom and also the translational energy of the
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desorbing HBr molecule is smaller than that of HCI. 8
Although there is a significant number of slowly moving
molecules near and above 13@) the distribution of most
points fits well with a velocity function of the foriifv) =
APe-wd" with A=9.33x 107, vo =163 m/s anda =
445 m/s. The velocity distribution takes the maximum value .
at Vimax= 1/2[vo + (V5 + 623 =633 m/s, which gives 1/
2MyeVmat = 0.168 V. This energy is comparable tok32 L N ‘
=0.194 eV, indicating that the velocity of the fast moving 0 5 10 15 20 25Ps
molecules closely follows the Boltzmann distribution at
Ty=1500 K. We note that this energy is in far excess of
kTs=0.026 eV. Figure 7 also shows a significant number o
product molecules reaching the detector at a time longe
than 1300us. These slowly moving molecules are associ-
ated with reaction times of several picoseconds. Thes
collisions represent a distinctly different class of gas-surfac
reactions compared to the short-time events (or direc
collisions) for the present reaction. For these collisions it is
reasonable to assume that the Br atoms are first adsorb
and then proceed to react with H atoms on the surface. The
are trapping-mediated reactions, occurring in an indirect o
hot-atom collision. Thus, they have had a quite sufficient
time to accomodate, at least partially, to the surface, and the
leave the surface with a temperature clos&std-rom the
above-mentioned results one can calculate the fractions «
available energy deposited to various modes of product HE o
molecule. The ensemble averaged fractions are 0.46, 0.
and 0.09 for vibrational, translational and rorational motion,
respectively. Figure 8. (a) Time evolution_ of the_Br to surface_, H-Br and H-Si

The ensemble-averaged energy transfer to the silicodistances for a representative collision in reaction (ii). (b) Powe

. . . spectrum of the H-Br vibration. (c) Power spectrum of the H-Si

surface €s> is -0.027 eV, which means the desorbing HBr i, -0
molecule takes away energy from the surface. In other syster
such as H+H/Si and CI+H/Si, th&g values were approxi-
mately +0.1 eV;*2 which means that the solid surface gain low-frequency oscillation of the Br-surface distance shown
energy after collision. In Br+H/Si system, howeveEsx<is in Figure 8(a) also clearly indicates that the Br atom under-
negative reflecting the fact that the system must gain energyoes weak interaction with the surface. When Br approaches
from the surface for the endothermic reaction to occur. in close proximity of the surface, a repulsive force begins to

Reaction (ii). The reaction probability?; calculated at act between Br and the surface atom, thus repelling Br. This
(1500, 300 K) is only 0.122. In this case, the Br atomrepulsive energy and the attractive interaction generated by
interacts with the adatom to form a weak H-Br bond and théhe preadsorbed atom coordinate to steer Br toward H. Thus,
interaction is not strong enough to break the H-Si bond. Aseaction (ii) can produce a three-atom configuration (Br-H-
shown in Figure 2, the distribution of impact parameterszeroth Si), where the Br-zeroth Si interaction is a physisorp-
indicates that this reaction occur over laltollisions. For  tion type.
several representative trajectories of this reaction, we have The power spectrum of the HBr vibration does not show a
followed the Br-surface distance for 50 ps but found nopeak corresponding to the HBr fundamental vibrational fre-
evidence of dissociation; the adsorbed Br becomes fullguency of 2649 ci [see Figure 8(b)]. Instead, it shows
equilibrated on the surface [see Figure 8(a).] Furthermorepeaks near 1500 ¢t which is the frequency of the highly
the time evolution of the Br-surface distance during such &xcited stretching vibrational motion of adatom H. The
long time with a well-organized low frequency oscillation peaks appearing below 100 ¢rare for the large-amplitude
indicates that the Br dissociation at some later time is highlyscillation shown in both the H-Si and Br-surface distances
unlikely. The desorption would be possible if the Br atomin Figure 8(a). In fact, the H-Si bond executes a well-
interacts with a large amount of collision energy, but such arganized vibration since H is still tightly bound to the
collision would lead to reaction (i). The reaction (i) is surface. [See Figure 8(a).] The peaks near 1500 simown
dominated by lowE collisions. The time evolution plotted in in Figure 8(b) represent this vibration. We also find a clearer
Figure 8(a) shows the H-Br distance undergoing a lowspectrum of the H-Si vibration near 1500 ¢in Figure
frequency oscillation corresponding to the stable Br-surfac®(c). The structure of the spectrum is primarily due to the
motion, because Br is bound to both H and the surface. Thdisruption of H-Si vibration caused by the nearby Br atom.

(a)

(o)

IS

Br-Surface
A

tance (A)

18

D
[

<

(b) H-Br

Relative Intensity

In

0 500 1000 1500 2000 2500 3000¢m’”
Frequency



896 Bull. Korean Chem. Sp2001, Vol. 22, No. 8

In Figure 8(c), there are some peaks around 508 erhich
is the frequency of the hindered motion of adatom of H

along the@ direction. Thus, reaction (ii) does not repre- 11.

sent the formation of trapped H-Br on the surface.

12.
13.
14.

Concluding Comments

We have studied the interaction of gas phase atomigg
bromine with a highly covered chemisorbed hydrogen atoms
on a silicon surface with particular emphasis on the reaction

mechanism. At gas temperature 1500 K and surface tempets6.
ature 300 K, the principal reaction pathway is the desorptiori7.
of the product HBr(g) from the surface. In case of HBr(g)18.

formation, less than half of reactive events occur on a

subpicosecond time scale through direct-mode collisions!9:
0. Tully, J. CJ. Chem. Physl98Q 73, 1975.

1. Radeke, M. R.; Carter, E. Rhys. Rev. B996 54, 11803.

while remaining reactive events occur on reaction time scal
longer than one picosecond through hot-atom collisions

which may be regarded as precursor type mechanism. The™

adsorption of Br(g) atoms without dissociating the H-surface,
bonds is the second most efficient reaction pathway.

In HBr formation, most of the reaction energy deposits ing4.

the vibrational and translational motions of HBr. The

product HBr molecule leaves the surface in a cartwheel-like5.

rotation.
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