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The reaction of gas-phase atomic hydrogen with hydrogen atoms chemisorbed on a silicon surface is studied
by use of the classical trajectory approach. Especially, we have focused on the mechanism changes with the
hydrogen surface coverage difference. On the sparsely covered surface, the gas atom interacts with the
preadsorbed hydrogen atom and adjacent bare surface sites. In this case, it is shown that the chemisorption of
H(g) is of major importance. Nearly all of the chemisorption events accompany the desorption dfed(@d),
displacement reaction. Although much less important than the displacement reaction, the formatgrisof H

the second most significant reaction pathway. At gas temperature of 1800 K and surface temperature of 300 K,
the probabilities of these two reactions are 0.750 and 0.065, respectively. The adsorption of H(g) without
dissociating H(ad) is found to be negligible. In the reaction pathway formingdst of the reaction energy is

carried by H(g). Although the majority of k{g) molecules are produced in sub-picosecond, direct-mode
collisions, there is a small amount of(8) produced in multiple impact collisions, which is characteristic of
complex-mode collisions. On the fully covered surface, it has been shown that the formatiy) df bf

major importance. All reactive events occur on a subpicosecond scale, following the Eley-Rideal mechanism.
At gas temperature of 1800 K and surface temperature of 300 K, the probability gighietthation reaction

is 0.082. In this case, neither the gas atom trapping nor the displacement reaction has been found.

Keywords : Hydrogen, Silicon, Reactive desorption.

Introduction coverage. The interaction model considered in Ref. 1 is
appropriate for the reaction of gas-phase atoms with
In the reaction of gas-phase hydrogen atoms with chemiadatoms in the case of high surface coverage, where the gas-
sorbed hydrogen atoms on a silicon surface, the reactiosurface interaction is weak. In the case of sparsely covered
pathway that has been recently investigated is the formatiosurface in which H atoms are adsorbed at only a small
of H, by an Eley-Rideal (ER) mechaniénin this gas portion of Si atoms, however, bare surface sites surrounding
adatom interaction, the reaction is initiated by the incidenceéhe H-preadsorbed sites can also interact with the incident
of gas-phase atoms, which are initially not in equilibriumatom, thus opening up other reaction pathways in addition to
with the surface, and the reaction producesia subpico- the H formation channel. Thus, incident H(g) can adsorb,
second time scale. There can be other reaction pathwayand becomes fully or partly equilibrated with the surface,
however, especially when bare silicon sites are available tand then further reacts with the preadsorbed H(ad) through a
incident gas atoms. They may even follow a Langmuir-precursor mechanism or remains on the surface permanently.
Hinshelwood mechanism (LE)or a mechanism that is We shall study these possibilities and determine branching
intermediate between the ER and LH types, such as a hadtios of various competing reaction channels. In addition to
precursor mechanism wherein gas atoms are trapped in thige study of such reaction pathways, we also study the extent
neighborhood of the surface but are not thermafiZed. of the reaction exothermicity which is imparted to the
Identifying various pathways and determining their branchingoroduct H molecule, as well as the energy that has
ratios are important problems in understanding the mechanisnassipated into the bulk solid phase. The main part of the
of this silicon-surface process, where the nature of thenethodology is to follow the time evolution of the pertinent
surface and interactions between the gas and surface atomordinates and conjugate momenta of each trajectory on a
affect the outcome of the reactioh. London-Eyring-Polanyi-Sato (LEPS) potential energy surface,
In this paper, we have focused on the change of thahich includes many-body interactions between all atoms of
reaction pathways of gas-phase atomic hydrogen with théhe system. The time evolution will be determined by
hydrogen atoms chemisorbed on a silicon(00-12 sur-  solving the equations of motion formulated by uniting-gas
face depending upon the change of the hydrogen surfacirface dynamics procedure and generalized Langevin
theory for the solid phagé.In addition to studying ensem-
*Author to whom correspondence should be addressed. e-maltle averages of the reaction events, we take representative
joree@chonnam.ac.kr trajectories of each reaction pathway to analyze the dyna-




206 Bull. Korean Chem. So2002 Vol. 23, No. 2 Jongbaik Ree et al.

mics of bond dissociation and bond formation. We consideinteratomic distancewy is (0% +z9)Y?, where p is the
the reaction that takes place at gas temperature of 1800 #istance between H(g) and the H(adurface normal axis,
and surface temperature of 300 K. The gas temperature ahdzis the vertical distance from H(g) to the horizontal line
1800 K used in the present calculation is known to be theletermining the position of H(ad). Note that the initial
typical experimental condition for producing hydrogen (t — — o ) value of p is the impact parametdr. The
atoms® projection ofryy on the surface plane is oriented by the
angle @ from theX axis. Thus, the coordinates;( y', z+")
Interaction Model and Energies can be transformed into the cylindrical system 4, @)
where Z is the H(g)-to-surface distance. The vertical
The interaction model and numerical procedures havelistancez is thenz = Z - rysicos(a + 6). The occurrence of
already been reported in Ref. 1. In this work we study thesach reactive event can be determined by studying the time
sparsely covered surface with bare sites and compare tlolution of the H(g) surface distanc@, the H(ad)- Sio
results, when necessary, with those of the fully coveredbond distanceys, and the H(g)-to-H(ad) distancgu(0? +
silicon surface reported in Ref. 1. We summarize the esser?)*? for the ensemble of gas atoms approaching the surface
tial aspects of the interaction on the silicon(001¥-09 from all directions. The initial state is chosen to be that of the
surface reconstructed by forming dimers along the [110pas atom approaching the surface with the collision energy
direction, Figure 1(a). For easy reference we have displayel, impact parametds, and azimuthal angl® from a large
the collision model in Figure 1(b). The H atom is chemi-distance from the surface=( 20, where the adatom is in
sorbed on the Si atom of the symmetric dimer structure. Thithe initial set of i(us;, 6, ¢).
Si atom is the zeroth member of thd+{)-atom chain Each reactive event can be described in terms of the
which links the reaction zone to the heat bath, providing @nteraction of H(g) with the adatom, nine surface atoms, and
quasi-physical picture of energy flow between the reactiorN chain atoms. A rigorous form of the interaction potential
zone and the chain atoms and, in turn, between the chain and
the heat bath. The motion of these chain atoms is a
important part of the gassurface interaction because it also
describes a nonrigid surface. Furthermore, the zeroth ¢
atom is surrounded by eight nearby Si atoms of the sym
metric dimer strand®. These eight Si atoms surrounding
H(ad)- Sip are identified by numbers 1, 2, ..., 8 in Figure
1(b). When there are bare Si sites, they interact with th
incident H(g) gas atom through a strong chemisorption typs
energy, whereas the interaction between the gas atom a
zeroth Si is a weak physisorption type. The reaction zon
atoms are the zeroth Si atom, the adatom H(ad), and tt
incident H(g) gas atom. We consider that these reaction zor
atoms, eight surrounding Si atoms, and fhehain atoms
constitute the primary system. We then designate th
remaining infinite number of solid atoms as secondary
atoms. In the present model, we consider only one hydroge
atom on top of the zeroth Si atom, the state which has bee (b)
shown to be of major importance over the dihydrogenated c
trihydrogenated casés*?
A total of six degrees of freedom is needed to describe th o0 O,
motions of H(g) and H(ad) atoms above the surface
Although it is straightforward to transform these coordinates

to the center-of-mass and relative coordinate systems, w :
find it convenient to describe the collision system including QE-N
surface atoms in terms of the atomic coordinates for the ge ‘ Heat bath ‘

atom Hu, Y4, z4) and for the adatom M(, y+', z4"). For

H(ad), they arersiusin(a + 6)cosp rsiksin(a + O)sing, and  Figure 1. (a) Symmetric Si-Si dimer surface. (b) Interaction model
rsimcos@ + 6), i.e., H(rsin, 6, @), wherersiy is the adatom-to-  showing the H(ad) atom adsorbed on the Oth Si atom, w_hich is
Sip distance. The anglésand@determine the orientation of coupled to theN-atom chain. The coordinates of te+() chain

the H(ad)- Sip bond with respect to the surface normal andgigmsié”i‘gzgii?% élhgyOtshi ?rtlotr)':)t?]re( egegﬁéeg)?f%m 'Eh , ;thdghc?f (t)rt]f;
X-axis, rgspectlvely; See Flg_ure 1 Erlor to dlssoc_latlon, th'chain is coupled to the heat bath. The position of H(ad) is defined
adatom tilted at an angle af= 20.6 ™~ undergoes hindered 1y, ... 6 @) and the position of H(g) byp(Z, ®).  is the tilt

motions alongd andg. For the position of H(g) with respect angle. The H(g) to H(ad) distance is denoted by and the H(g)
to the reference axis along the adatom, the Hgfad) to theith surface-layer Si atom distancerpy
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can be obtained including all these ateatom interactions. on the resulting potential energy surface plotteddferp=
We combine a modified form of the LEPS potential energy0® andb = 0 is 0.05 eV or 1.2 kcal/mol. For this reaction, the
surfacé? for the interactions of H(g) to H(ad), H(ad) t®,Si activation energy is known to be ~1.0 kcal/idt:
and H(g) to nine surface-layer atoms with #heand ¢- Once the potential energy surface (PES) is determined, we
hindered rotational motions and the harmonic motions of thean follow the time evolution of the primary system by
(N + 1)-chain atoms to obtain the overall interaction energy:integrating the equations, which describe the motions of the
_ 2 2 2 reaction-zone atoms amdtchain atoms on the surface. We
U ={Qu + Qrisi+ Qus = [Aur™ + Ausi” + Avis expect that this PES will enable us to understand how gas
= AnrAnsi = (Arn + Aus)Ans] '3 atoms with given initial conditions react with chemisorbed
+ 1/2ke(0 — 6. + 112k — @)? + z (U MsePE?) atoms and then desorb from the surface. An intuitive way to
7 treat the dynamics of the reaction involving many surface
2z ¢ 2z ¢z atoms is to solve a united set of equations of motion for the
+ ,Z (terms of typeMse®&j-1&j, Motk j+1°6&+1, e?i))’ reaction-zone atoms and the Langevin equatiofNfohain
atoms, which couples the reaction zone to the heat bath. The
where kg and k, are force constantsf and @ are the gas-adatom part of the resulting equations ex®,(t) =
equilibrium anglesM;s is the mass of the silicon atom,; is -U/aY;, whereY1=Z, Yo2=p, Ya= @ Ya=rpusi, Ys= 6,
the Einstein frequency, angk; is the coupling frequency Ys= ¢ with mu=my, M= iy, Me=luy, My = Unsi,
characterizing the chain. The explicit forms of the Coulombmy = ms = 1 si. Herep andl; are the reduced mass and the
terms Q's) and exchange term&g) for HH, HSi, and HS  moment of inertia of the interaction system indicated. For
are given in Ref. 1. In Equation (IPus and Aus each  the (N + 1)-atom chain, which includes the zeroth Si atom,
contains nine terms for the H(g)Si, H(g) — Si1, H(g) — Sis the equations are
interactions. Sincer; = ri(rusi, 6, ¢ p, Z, @) and
i = run(resi, 6, p, 2), the potential energy surface has the M &y(t) = ~M o &o(t) + Moaks &x(t)
functional dependence &f(rusi, 6, @ p, Z, @, {&}), where
{& = (&, &, -, &) for the vibrational coordinates of the ~0U(zssi 0, @ p. Z, @, {{})] 94, (2a)
(N + 1)-chain atoms. v ) )
The potential and spectroscopic constants for the H(g) Ms¢;(t) = "\"s‘*’eéj(‘) * MSwCiEi-l.(t_)
H(ad), H(ad)- Sig, and H(g)- surface ir(l)teractions aidg . M1 2(D). j=1,2,..N-1(2b)
= 4. V4 Do s = 3. V216 D =3 \A5.16 .
wﬁ,g,i)e:’ma’fiﬁﬁ Z?j(zfm) =003 fnf’loes and Mt = ~MQRE(D) +Moad wéya(t)

whg/(2rc) = 2093 crit.*"*8 The well-depth constants which —MyBy. 1én(t) + Mgy () (2c)
enter in the Coulomb and exchange terms for H(gjad),

H(ad)- Sip and H(g)- surface are determined &%y = Equation (2a) is for the vibration of the zeroth chain atom
Down + 1/2hchn , Dusi = Dgpsi + 1/2hansi andDus = on which the H atom is chemisorbed. Equation (2c) is for the

Dous + 1/2hans, respectively. The exponential range vibration of theNth atom which is bound to the bulk phase.
parameters which enter in these terms are determined froithe Nth Si is directly linked to the heat bath, and through
the relationa; = (Di/2u)Y?/ey for i = HH, HSi, or HS® The  this coupling the heat bath exerts systematic dissipative and
equilibrium distances of the H(g)H(ad), H(ad)- Sir, and  random (or stochastic) forces on the primary system
H(g) - surface bonds areyy = 0.741A™ dysi= 1.514A®  composed of the reaction zone atoms and\itbkain atoms.
and dus = 1.514A 2% Now, it should be interesting to note Qu is the adiabatic frequency. The friction coefficiBat, is
that for the fully covered surface H(g)-surface interaction isvery close tamuwn/6, wherewp is the Debye frequency, and
the physisorption type, but for the sparsely covered surfacgoverns the dissipation of energy from the primary zone to
this interaction is chemisorption type except for the H(g) tothe heat bath. All values @, w, ., andQ are presented
zeroth Si interaction. For the H(g) to zeroth Si interaction,elsewheré? The quantityMsfy.a(t) is the random force on
which is the physisorption type, we taRgs = 0.0433 eV, the primary system arising from thermal fluctuation in the
aus = 0.40A anddys=3.38A." For thex andy directions, ~ heat bath. This force balances, on the average, the
vibrational energiehiwnsix  anbans,  of the H(ad) atom dissipative forceMsBu:1& (t), which removes energy from
chemisorbed on Sare 645 crit,'® whereas thedirection  the (N + 1) atom chain system in order that the equilibrium
vibrational energy is 2093 ¢ft"!8 distribution of energies in the chain can be restored after
Each Coulomb and exchange term of the LEPS potentiaollision.
function contains the Sato paramet&). By varying values

of A's systematically, we find the set of Sato parameters best Calculations and Discussion
describing the desired features minimizing barrier height and
attractive well in the product channel to hgy =0.32, The computational procedures include an extensive use of

Mnsi=0.16, Aus = 0.15 for the reaction zone Si atoe(  Monte Carlo routines to generate random numbers for initial
the H(g)-to-zeroth Si atom) amlis = 0.40 for the H(g)-to- conditions. The first step of the procedures is to sample
remaining eight surface-layer Si atoms. The barrier heigheollision energies from a Maxwell distribution at the gas
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temperaturdy and to weigh the initial energy of H(adBio third Si.
and all chain atom vibrations by a Boltzmann distribution at A smaller but significant fraction of the trajectories lead to
the surface temperatuffe For the H(g)-to-H(ad) interaction, H, formation, the reaction probability beiriy = 0.065.
the incident angle can be determined Gas=tar(o/2), Thus, there are two major mechanisms that lead to the
whereas for eachih of nine surface Si atoms, it is C§g/ removal of preadsorbed H(ad) atoms on the sparsely
ri). Thus the incident angle for each atom continuouslyhydrogen covered surface: reactions (i) and (ii). This result is
varies as the H(g) atom approaches the surface. In samplifig accordance with the experimental observation in the
impact parameters for the sparsely covered surface, we notelated system of H(g) interacting with D(ad)/Si, where the
that the horizontal distance between the equilibrium positiorprimary pathways are found to be H(g) + D(ad)ASHD(g)
of H(ad) and the surface normal axis through the third Si is- Si and H(g) + D(ad)/Si- H(ad)/Si + D(gf* As shown
3.057A. The equilibrium dimer St Si distance is 2.524 above, the H(g) adsorption process without dissociating the
A1 This Si- Si distance is much shorter than the distancgoreadsorbed H(ad) atom, reaction (iii), is very inefficient. A
between two adjacent dimers, which is 3.866 The similar result has already been noted by Kratzer for the
nearest St Si distance between two different stranedgy){  trapping of hydrogen atoms in the H(g) + D(ad)/Si and D(g)
zeroth and seventh) is 5.183" To include the H(g) atom + H(ad)/Si system¥.We also note that at the same thermal
approaching adjacent Si atoms from the outsidg, (H(g)  conditions of (1800, 300 K), the probability of férmation
approaching the third Si from the left-hand side), we addn H(g) + H(ad)/Si has been known to be G"4which is not
one-half of this St Si distance 1/ 5.153A to 3.057A.  greatly different from our result.
That is, we take the flat sampling range of b < 5.633A In Ref. 1, we have considered the interaction of H(g) with
(i.e., bmax=5.633A) for impact parameters. This sampling the preadsorbed H(ad), in which the Hfgurface inter-
scheme will enable us to treat all trajectories leading to thection is considered to be only the physisorption type and the
reaction of H(g) with adjacent bare sites for the sparselgampling of impact parameters is carried out over b <
covered surface. (Note that if the surface is fully covered, thd.80 A. Such interaction is appropriate for a fully covered
sampling range is 0< b < 1.80A) Also sampled are the surface. Herémax = 1.80A is the halfway distance between
initial values off, ¢ and®. Thus each trajectory starts out the hydrogen atoms adsorbed on the nearest Si sites and the
with the set E, b, Eusio, 6, @, Po{&}o), where £}o collision with b>1.80 A represents the gas atom
represents the initial values of{= (&, &1, ..., &\). We  approaching the reaction zone of H(g) on the adjacent
sample 60 000 sets for each ensemble. The initial conditiorsurface site. The probability of;Hormation calculated on
and numerical techniques needed in solving the equations e sparsely covered surface fof B < 1.80A at (1800, 300
motion are given in Ref. 10. Throughout this paper we hav&) is 0.208. For the physisorption-type interaction ovet)
set the chain length ofN(+ 1)=10 after checking the < 1.80A on the fully covered surface considered in Ref. 1 at
dependence of energy transfer to the solid as a functin of (1800, 300 K), the probability of Hformation is 0.076,
Reaction probabilities We define the reaction proba- which is much smaller than the value 0.208 of the sparsely
bility Pj) for reaction {) at gas and surface temperaturescovered surface over the saimeange. Therefore, one can
(Tg, To) as the ratio of the number of reactive trajectories tasee that the stronger the interaction between the incident
the total number of trajectories sampled over the entire rangé(g) atom and the surface Si atom becomes, the larger the
of impact parameters. At the thermal conditionsTgf Ts) probability of H formation is. The same trend has been
(1800, 300 K), we find the following three reactions occurreported in the case of CI(g) + H(ad)/Si systém.
on the sparsely covered surface:

H(g) + H(ad)/Si- Hx(g) + Si, Py =0.065, (i)
H(g) + H(ad)/Si— H(ad)/Si + H(g), P =0.750, (i)
H(g) + H(ad)/Si— H(ad)/Si + H(ad)/SiPg = 0.0002, (iii)

(The sampling error is about 3%. For examplg~ 0.065 +
0.0021) The chemisorption of H(g) is the most important
reactive event. In this event, the disturbance of the H{ad)
Sio bond by the adsorbing H(g) can be sufficiently strong
such that it leads to the dissociation of the Hta8), bond,

i.e., displacement reaction represented by reaction (ii). Onl
a very small fraction of trajectories leads to the adsorptior
without dissociating the H(ad) Si bond (compar®gi) =
0.0002 for this channel #® = 0.750). However, it should i
be interesting to note that there is no evidence of the ge 0.0 =
atom trapping on the fully hydrogen covered surfaBech .
a large reaction probability for (ii) on the sparsely coverec Impact parameter (A)

surface results from the strong interaction energy actingigure 2. Dependence of the opacity functig(b) on the impact
between H(g) and the bare surface sites, especially ttparameter for reactions (i).lfbrmation; and (ii), displacement.

T —

I ,Reactign (i)
0.8

*Reaction (ii)

04

Opacity Function, P(b)
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In order to examine this fact in detail, we plot the L R S
dependence of the opacity functiBp(b) for the primary LOF 7 @ ]
reaction pathways (i) and (ii) in Figure 2. As shown in i 1
Figure 2,P;(b) is 0.80 in neab = 0 collisions and rises to a 08 ]
maximum value of 0.85 nedr=0.3 A, and then rapidly I |
decreases to zero with increasimgThe production of bl 0.6 | |
ceases forb>0.8 A. This indicates that reaction (i) is 04 - ]
strongly localized in the neighborhood of the adatom site T |
The total reactiobn cross section calculated from the 202t 4
expressioro = ZnJ’ " P(Ty, Ts; b)b dbfor reaction (i) is as §z W77 i
small as 0.30%2°On the other hand, the opacity function E o ¥ _
Py (b) for displacement reaction is ~0 until about 0.4 A % 0.0 0.2 0.4 0.6 0.8 1.0
where H formation is very efficient. As shown in Figure 2, .z T T T
however P (b) rises rapidly to near unity and remains there s 10F & ]
as the impact parameter increases toward its maximum valt & I ®) 1
bmaxz Where the probability of Hformation is zero. The 0.8 1 7 i
probabilitiesP)(b) andPg(b) vary in opposite directions as 0.6 _ 7 i
the impact parameter increases. The appearance of lar h |
values ofPgj(b) in a largeb collision is the result of H(g) 04 - ) i
adsorbing at one of the adjacent Si sites. The total cros i i
section of this reaction is as largeays = 47.1A2 which is 02 L 2 1
close to the half ofOmax= 1Tbma?=99.7 A% The b- I
dependent probabilities of reaction (iii) are very small and 0.0 —¥4 W ——
are not plotted in Figure 2. For this minor reaction channel 0.0 0.2 0.4 0.6 0.8 1.0

the total cross section iy = 0.005A2 We now discuss the
details of each of these reaction pathways, with a greate
emphasis on the Hormation, reaction (i). Figure 3. Reaction time distribution for reaction (i). (a) For the
Reaction (i) The majority of reactive events following sparsely covered surface. (b) For the fully covered surface.
reaction (i) occur on a subpicosecond time scale, during
which the adatom suffers only one impact with the surfacethe reaction exothermicity deposits in the translational and
To determine this time scale, we first confirm the occurrenceibrational motions of the product;Hinolecule (0.553 and
of a reactive event by following the motion of HigH(ad)  0.662 eV, or 42.0% and 50.3%, respectively). Energy is also
for 50 ps. When H(g) H(ad) does not adsorb on the surface partitioned to some extent into rotation, but the distribution
and is completely away from the influence of surfaceindicates that the rotational motion is much less effective in
interaction, we trace the reactive trajectory backward to fingpromoting B formation. Into the bulk solid, 0.092 eV, or
the time at which the H(ad)-tosS$eparation has reached 7.0% of the available energy deposits. This energy disposal
rusie + 5.0 A whererysie is the equilibrium distance of the is different from that of the fully covered surface chatso
H(ad)- Sip bond (1.514A). We define the period from the shown in Table 1 for comparison. In the fully covered
start of collision to the time at which the H(adpio distance  surface case, energy is carried away mostly by vibration.
reachesrgsie + 5.0)A as the reaction timg for reaction ().  The vibrational energy accounts for nearly 62.3% of the
The ensemble-averaged reaction time is 0.083 ps (Semvailable energy. Only 16.5% and 10.0% of the available
Figure 3(a)). This value is significantly smaller than that ofenergy deposit in translation and rotation, respectively. But,
the fully covered surface, 0.22 ps. (See Figures 3(a) antl is interesting to note that K> is significantly small in
3(b).) The subpicosecond time scale implies that the reactioboth cases. As mentioned above, in a direct-mode collision,
is direct. In such a direct-mode collision, acceleration of theacceleration of the incident atom occurs both before and
incident atom occurs both before and after impact. For thafter impact. Since the acceleration experienced by the
sparsely covered surface there is a bare Si site whicimcident atom on the sparsely covered surface is greater than
strongly interacts with the incident gas atom, thus theon the fully covered surface, the energy deposited into the
acceleration is greater than for the fully covered surfacetranslational motion of the product iFholecule is larger for
Therefore, the reaction time for the sparsely covered surface
is much shorter 'Fhan the fu_IIy _Cov_ered surface. Table 1 Ensemble-averaged product energy distribution for
We now consider the distribution of ensemble-averagegeaction (). Energies are in eV
energies in the product state and compare the result with that

Reaction Time (ps)

of the fully covered surfaéeat (1800, 300 K) in Table 1. Boas>  Em> <o &>
Listed are the ensemble-averaged translational, vibrationafParsely coveréd 0.553 0.662 0.011 0.092
and rotational energies of fd) as well as the energy Fully covered 0.195 0.735 0.118 0.131

dissipated into the solid phasdes>. In reaction (i) most of  “Present resultTaken from Ref. 1.
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the former surface that the latter surface. However, for botlEo(Jin) = Jun(Inn + 1)h%/(2luy). The maximum occurs at
the sparsely and the fully covered surfaces, thiothation  Jnax = 0 [see Figure 5(a)]. If we take the gas temperature of
reaction occurs only in the localized neighborhood around.800 K, the rotational maximum obtained from the Boltz-
the H adatom. Therefore, the torque experienced by the Hnann expressiodmax= 1/2[(kT/B)Y>-1] with B =60.84
molecule as it forms is relatively small, and this, in turn,cmis 3. On the other hand, for surface temperature of 300
imparts only a small amount of rotational energy to theK, the Boltzmann intensity is sharply peaked.ak= 1. The
desorbing molecule. The energy dissipated into the bullshape and intensity distribution of the calculated rotational
solid, <Es>, is nearly the same for both surfaces since thestates for the sparsely covered surface suggests that the
incident atom and adatom are the same. On the other hanotational energy of product,Hs very small. For the fully
when the incident atom and the adatom are differeB{>< covered surface too, the rotational energy shows the similar
is quite different too. For example, in H(g) + Cl(ad)/Si and population. [See Figure 5(b).] As mentioned above, the
Cl(g) + H(ad)/Si collision dynamics, Es> for the former is  energy deposited into the rotational motion of the H
nearly twice that for the lattét. molecule formed on both sparsely and fully covered silicon
The vibrational energy distribution of ;Horoduced in  surfaces is small.
reaction (i) is shown in Figure 4(a). The population is small The ensemble-averaged translational energy. girétiuc-
for low vibrational energy and then increases to maximuned in reaction (i) is as large as 0.553 eV for the sparsely
value between 0.6 and 0.7 eV before decreasing exponentiovered surface, and we now look into the velocity dis-
ally as the energy becomes higher. For the fully coveredribution of these molecules. Figure 6(a) shows a time-of-
surface shown in Figure 4(b), the population is also small foflight distribution of H product molecules along with the
low vibrational energy but its maximum appears at mucHitted curve. The points are obtained by collecting molecules
higher energy, near 1.1 eV. Thus, the ensemble-averagedaching the “reaction chamber-to-detector” distance of 30
vibrational energy for the fully covered surface is larger tharcm. The distribution of most points fits well with a velocity

that for the sparsely covered surface. function of the forri* f (v) = Avde(v-wa" with A=1.02x
In reaction (i) the rotational energy is calculatedtas= 10, up=7207 m/s andr= 2598 m/s. This distribution is
L% (2unrrin®), where the angular momentune pwp(zp — on a short-time scale with the maximum neapgpand it

pz) with the corresponding quantum numidel/h. We  represents direct-mode collisions taking place on a
use a binning procedure of assigning rotational quantum
numberJyy corresponding to the calculated rotational ener-

gy Ewt through the relatiodyy = int[Ero/Erot(Jnn)], Where 07— 71—
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Figure 4. Vibrational energy distribution of Hn reaction (i). ()  of H. in reaction (i). (a) For the sparsely covered surface. (b) Fo
For the sparsely covered surface. (b) For the fully covered surfacethe fully covered surface.
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Time of Arrival (us) mode collision in reaction (i). (a) Time evolution of the H(g) to
surface, H(ad)Sio, and H(gyH(ad) distances. (b) Time evolution
Figure 6. Time-of-flight distribution for H leaving from the  Of the H(g) to H(ad) interaction energy and the H{8)vibra-
surface in the reaction (i). (a) For the sparsely covered surface. (ltional energy.
For the fully covered surface.
eV in its vibrational motion. Beyond= +0.07 ps, the
subpicosecond time scale. The velocity distribution takes thel(g) — H(ad) vibrational energy stabilizes to a constant
maximum value abmax= 1/2[ug+(Ue® + 60%)Y?] = 8411 m/s,  value of 0.344 eV [Figure 7(b)] which occupies a large
which gives 1/BnyyUmay” = 0.739 eV. This energy is signifi- portion of the liberated energy. From the well-organized
cantly large compared to ¥P;= 0.233 eV, indicating that motion of the H(g)- H(ad) vibration right after the turning
the velocity distribution is highly non-Boltzmann. We also point [Figure 7(a)], the molecule appears to gain its gas
note that this energy is far in excesk®f=0.026 eV. For  phase properties while it is relatively close to the surface.
the fully covered surface a time-of-flight distribution of H  For the sparsely covered case, even though the number is
product molecules along with the fitted curve shown insignificantly small compared with that of short-time events
Figure 6(b) is broader than the sparsely covered surfacépr direct collisions), there are other types of collisions
which can be expected from the reaction time distributiorrepresenting an important class of gasirface reactions.
(See Figure 3). The ensemble averaged translational enerdyey are trapping-mediated reactions, occurring in an indi-
of the B molecules formed on the fully covered surface isrect or complex-mode collision. In this type of collisions, the
smaller than that on the sparsely covered surface. Thereforgroduct molecule have had a sufficient time to accommo-
the velocity of the kbl molecule leaving the fully covered date, at least partially, to the surface, and then leave the
surface becomes slower and the time-of-flight distributionsurface with a temperature closéeltoFor the fully covered
becomes broader. surface, such collisions are not found. In Figure 8, we show
We select a trajectory which is representative of thisthe time evolution of a representative trajectory of such
direct-mode collisions and plot the time evolution of its gascomplex-mode collisions. The H(g)-to-surface interaction
atom-surface distancg adatom- surface distancessi, and  begins neat= —0.08 ps, and the incident H(g) atom suffers
the H(g)-to-H(ad) distanagy in Figure 7. The reaction time the first impact with the surface near +0.02 ps. At this
of this representative case is 0.105 ps. The time evolution dime, the H(g) atom comes in close range of the adatom
H(g) — H(ad) and H(ad} Si; vibrational energies is shown causing a significant disturbance in the H@®j interac-
in Figure 7(b). The oscillation of the outgoingsi is due  tion. As shown in Figure 8(a), the trapped H(g) atom
to the rotation of H(gyH(ad) bond. In the present rebounds, spending a relatively long time near the apex,
representative collision, the product molecule deposits 0.34%here the kinetic energy vanishes. This is a barely trapped
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mode collision in reaction (i). (a) Time evolution of the H(g) to Figure 9. Dynamics of the representative trajectory for reaction
surface, H(ad)Sh, anq H(g}l—!(ad) distances. (b) Timg e\{olution (ii)q (@ Timg evolution of the IF—)|(g) to surface Jand I:/(eﬁia dis-

Qf th? H(g) to H(ad) interaction energy and the H{&d)vibra- tances. (b) Time evolution of the H{gurface interaction energy
tional energy. and the kinetic energy of desorbing H(ad).

trajectory, but the H(g) atom fails to escape, thus forming a

loosely bound complex on the surface, H{dj(ad) - Sio. A energy 0.987 eV. We regard this event to follow a precursor-
fine structure of the H(g} H(ad) distance during the large type mechanism?

amplitude oscillation is due to the H(adpi vibration. Reaction (ii). The probability of this displacement reac-
After completing the oscillation, the H(g) atom is attractedtion is the largest of the three pathways revealed in the
back to the surface for another impact risarr0.55 ps, at  sparsely covered surface. As mentioned above, this reaction
which time H(g) abstracts H(ad) and turns around to movéii) is not found in the fully covered surface. The H(g) atom
away from the surface. As shown in Figure 8(b), there is anteracts strongly with bare Si sites surrounding the zeroth
rapid flow of energy from the H(g) H(ad) bond to H(ady atom in large impact parameter collisions. Thus, this reactive
Sio bond in the H(g)} H(ad)- Sic complex at the second event can occur when H(g) adsorbs on one of the adjacent
impact. Until that time, the H(ad)Sio bond has remained bare sites. As shown in Figure 2, latgeellisions favor this
essentially at the original bonding state, even though themeaction pathway, whereas collisions with a small value of
has been a disturbance at the first impact. We note thdavor reaction (i).

during the large oscillation of the H(g)surface distance In Figure 9(a) we show the time evolution of the H{(Q)
betweert =+ 0.02 and +0.55 ps, the H(g)-to-H(ad) energy issurface and H(ad) Siy distances for a trajectory represent-
very close to that of the initial value &iwn=4.75 eV. ing events occurring through the concerted mechanism, in
However, after the second impact, most of this energy isvhich the turning point nearly coincides with the H(a®io

used to dissociate the H(agBio bond, leaving the rest for dissociation. Most of the H(g)-to-surface interaction energy
the various modes of the final state. The buildup of H{ad) deposits in the newly formed H(g)Si vibration after dis-

Sip vibrational energy toward the dissociation thresholdsociating the H(ady Sip bond. The amount of energy depo-
Dusi=3.63 eV occurs on a time scale of about 0.1 pssited in the newly formed H(g)Si bond in this represent-
immediately following the final impact. It appears therefore ative case is 1.457 eV. The rest is either carried away by the
that the decision as to whether there is sufficient energy forl(ad) atom as its kinetic energy or dissipated into the solid.
H(ad) - Sip dissociation is not made until a very late stage inThese two energies are 0.645 and 0.109 eV, respectively [see
the lifetime of H(g) on the surface. The receding moleculeFigure 9(b)]. The fast-moving H(ad) atom begins its outward
reaches a distance off6att = +0.62 ps with a vibrational journey att = +0.023 ps, while an adjustment of the Hfg)
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surface vibrational motion is under way. L o L e e o

In reaction (ii), the ensemble average of energies depc . (a)
sited in the H(g)-surface vibration €.iongsi> is 1.387 .2 6 - -
eV, thereby sharing the major portion of the liberated energy 5 1!/} . Surface ]
whereas that of the kinetic energy carried away by dissocia £ 4 -V WWNWWW\WN@MWWW YR T IRV VNPT ow
ed H atoms is EinH@g> = 0.591 eV. From En Had® = g
3/2 KT, we findT = 4572 K, suggesting the atoms produced
are in a hot atom gas state. Sirfa&HSi =3.50 eV, such
large value of <€,ipnsi> represents the production of a 0 0 — 5 — ‘10‘ — '15‘ = ‘20' = ’25 ps
H(g) - surface bond in a highly vibrationally excited state in Time
most adsorption events. The ensemble-averaged amount L
energy propagated into the solid phase is 0.105 eV, which (b) Hy-H,g
very small compared with Eipng)-si> Or <Einn@ad)>.
Note that this value is very close to 0.083 eV of reaction (i).

Reaction (jii). The reaction probabilitP; calculated at
(1800, 300 K) is only 0.0002. For the fully covered surface,
however, reaction (iii) is not found. This reaction starts oui
the same as reaction (ii) but ends with no desorption of th
preadsorbed H(ad) atom. This H(g) adsorption proces
occurs when the incident gas atom interacts with both th
adatom and the surface. In this case, the H(g) atom interac
with the adatom to form a weak HgH(ad) bond and the
interaction is not strong enough to break the H{a8j
bond. Although the number of reactive trajectories for this
pathway is very small, the reaction is dominated by small
b collisions, in which the H(g) atom is incident more or less
on top of the preadsorbed atom. The low-frequency oscil
lation of the H(g)- surface distance shown in Figure 10(a)
clearly indicates that the H(g) atom is undergoing weak
interaction with the surface. Figure 10. (a) Time evolution of the H(g) to surface, H{g{ad)

For several representative trajectories of this reaction, wand H(adySi, distances for a representative collision in reaction
have followed the H(gy surface distance for 50 ps but (ii). (b) Power spectrum of the H(gfi(ad) vibration. (c) Powe
found no evidence of dissociation; the adsorbed H(gSPectum of the H(adsi vibration.
becomes fully equilibrated on the surface. Furthermore, the
time evolution of the H(g} surface distance at such a long trapped H on the surface.
time with a well-organized low frequency oscillation
indicates that H(g) dissociation at some later time is unlikely. Concluding Comments
The desorption would be possible if the H(g) atom interacts
with a large amount of collision energy, but such a collision The principal conclusion that can be drawn from this study
would lead to reaction (i), and reaction (iii) is dominated byon the collision of gas-phase atomic hydrogen with a silicon
low-E collisions. The time evolution plotted in Figure 10(a) surface sparsely covered by hydrogen atoms is that there
shows the H(g) H(ad) distance undergoing a low-frequency appear to be three reaction pathways, while the reaction
oscillation corresponding to the H(gpurface motion, pathway for the fully covered surface is only the formation
because H(g) is bound to both H(ad) and the surface in thisf Hx(g). For the sparsely covered surface, the primary
representative case. The power spectrum of the-Hfffad) pathways are the chemisorption of H(g) and the formation of
vibration does not show a peak corresponding to the HHx(g). In the former reaction, the chemisorption of H(g)
frequency of 4400 ci [see Figure 10(b)]. Instead, it shows almost always leads to desorption of the preadsorbed H(ad)
sharp peaks at 2041 and 509 trwhich are the frequencies atom, a displacement reaction. Thus, these two reaction
of the H(ad)- Sip vibration and the hindered motion of pathways are responsible for the removal of preadsorbed
adatom H(ad) along thé- direction. The H(ad} Si bond  H(ad) atoms. The study predicts that large impact parameter
executes a well-organized high-frequency vibration sincecollisions favor the displacement reaction, whereas colli-
H(ad) is still tightly bound to the surface. The high intensitysions with a small impact parameter favarfétmation. The
peak at 2041 cih shown in Figure 10(c) represents this pathway of chemisorption of H(g) atoms without dissociat-
vibration. This peak also appears in the H{¢f)(ad) spec- ing the H(ad)- surface bond is found to be of minor import-
trum, because H(ad) is bound to the surface, thus imprintingnce. In the displacement reaction, the H(§) vibration
the H(ad)- Sip vibration in the H(g)- H(ad) motion. There- removes most of the reaction exothermicity, but the energy
fore, reaction (iii) does not represent the formation ofshared by the desorbing H(ad) atom is significant. in H
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formation, most of the reaction energy deposits in the 3.
vibrational and translational motions of.Hn all reaction 4.
pathways, the amount of energy transfer to the solid phase i%‘
significant. Most of these reactive events occur through a;
direct-mode collision. However, inHormation reactions, a 8,
small but significant number of reactive events occur through a9.
complex-mode collision. Such reactive events can be regard-
ed to follow a precursor-type mechanism, in which the
trapped H(g) atom has sufficient time to accommodate to the
surface. 12.
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