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Eley—Rideal Dynamics of the Chlorine Atom Abstraction of Hydrogen Chemisorbed on
Silicon
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The reaction probability and product-state energy distribution in the-HRégeal reaction of gas-phase atomic
chlorine with hydrogen atoms chemisorbed on a silicon surface are studied by use of the classical trajectory
approach. Our model for study is based on reaction zone atoms interacting with a finite number of primary-
system silicon atoms, which are coupled to the heat bath. At a gas temperature of 1500 K and a surface
temperature of 300 K, all reactive events occur on a subpicosecond time scale as a result of efficient energy
flow from the gas atom to the adatersurface bond. These events are localized around the adatom site on
the surface. Most of the reaction exothermicity is deposited into the translational and vibrational motions of
HCI, producing a non-Boltzmann distribution. The reaction probability increases rapidly as the gas temperature
is raised from 300 to 1000 K, above which it remains nearly constant at about 0.18. All product molecules
leaving the surface undergo a cartwheel-like rotation.

I. Introduction The purpose of this paper is to study the ER reaction of gas-

The chemisorption of hydrogen atoms on a silicon surface p_h_ase atomic chlorine_ with c_hemisorbed hydrogen atoms on
occurs during gassurface reactions, such as chemical vapor Silicon (001)-(2 x 1) with particular reference to the problem
deposition from silane, and the reactivity of these adatoms is ©f Product energy distribution. For this purpose, we shall
of major importance in understanding silicon-surface-assisted determine the extent of reaction by following the time evolution
processed:” One such process is the abstraction of adatoms Of the pertinent coordinates and conjugate momenta of each
by incident gas atoms, such as hydrogen or halogen atoms, infrajectory on a potential energy surface constructed with many-
which case the reaction probability and product energy distribu- P0dY interactions operating between all atoms of the reaction
tion are among the important problems to be studied. The system. The time evolution will be determined by solution of
problem of chlorine atoms interacting with chemisorbed hy- the equations of motion formulated by uniting gasirface
drogen atoms is particularly important, since these atoms aredynamics pzrggca%durg and generalized Langevin theory for the
involved in etching processes. In such gaslatom interactions, solid phas&22°3%n this collision-induced process, the dynamics
the reaction is initiated by the incidence of gas-phase atoms,©f €nergy flow between the gas atom and the adateurface
which are initially not in equilibrium with the surface. Therefore, Vibration is a problem of fundamental importance in understand-
the resulting reactive events in this collision-induced process "9 the details of reactive events that follow, thus determining
may follow the Eley-Rideal (ER) mechanism. The ER mech- the extent of reaction and product energy distribution. We

anism has been considered to be much less common than th&onsider the reaction, which takes place at a gas temperature
Langmuir-Hinshelwood (LH) typé but recent experi- of 150(_) K and a surface temperature of 300 K._ A b_rlef
ment&—47-12 and calculation$-24 show evidence of a number  discussion of the temperature dependence of reaction will be

of gas atorradatom reactions occurring through the ER Presented.
mechanism. A mechanism that is between these classic type
is the hot precursor mechanism in which gas atoms are trappe
in the neighborhood of the surface but have not thermafzéd. The interaction model and numerical procedures have already
In the CI(g)+ H(ad)/Si reaction, the HCl bond energy is about ~ been reported in ref 24. We recapitulate the essential aspects
4.4 eV. The adsorption energy of an H atom on Si(001) is 3.5 of the interaction on the silicon (00%f2 x 1) surface

eV, and the adsorption energy of a Cl atom with Si(001) is 3.7 reconstructed by forming dimers along the [110] direction
eV. Thus, the exothermicity suggests that the HCI formation is (Figure 1a). For ready reference we have displayed the collision
likely to follow the ER mechanism. On the other hand, the LH model in Figure 1b, which is the same as that in ref 24 except
step can play an important role in a reaction where the sum of that the hydrogen and chlorine atoms are interchanged. The H
adsorption energies is close to but less than the bond energyatom is chemisorbed on the Si atom of the symmetric dimer
For example, in H(g)+ Cl(ad)/Au(111), the GFAu and H-Au structure. This Si atom is the Oth member of the 1)-atom
adsorption energies are about 2 ¥\ In this case, the LH chain that links the reaction zone to the heat bath, providing a
reaction of HCl is approximately thermoneutral and its contribu- simple quasiphysical picture of energy flow between the reaction

I. Interaction Model and Energies

tion to the overall reaction can be importat. zone and the chain atoms and, in turn, between the chain and
" the heat bath. (Heré\ + 1 signifies the Oth Si atom plud
;1o whom correspondence should be addressed. . atoms of the chain.) Through this coupling, the heat bath exerts
Permanent address: Department of Chemistry Education, Chonnam Lo .
National University, Kwangju, Korea. systematic dissipative and random (or s_,tochastlc) forces on the
* Theoretical Chemistry Group Contribution No. 1167. primary system composed of the reaction zone atoms and the
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or trinydrogenated casés! The initial state is chosen to be
that of the gas atom incident normal to the surface with the
initial collision energyE and impact parametéx.

A total of six degrees of freedom is needed to describe the
motions of Cl and H atoms above the surface. Although it is
straightforward to transform these coordinates to the center-of-
mass and relative coordinate systems, we find it convenient to
describe the collision system including surface atoms in terms
of the atomic coordinates k(,yn,z1) and Clc),yc,zcr). The
H coordinates are

Xy = I'ygi Sin(o + 6) cosg

Yy = I'ysi SiN(e + 6) sing

’l’g’

0g!

3 &f\:"" ------------ o
QSO

and
z,=rygicos@ +0), ie., HKyYn2) = H(rys:0.9)

Prior to dissociation, the adatom tilted at an angle. ef 20.6 32
undergoes hindered motions alofig@nd¢. For the position of

Cl with respect to the reference axis along the adatom, th&iCl

interatomic distancenc is (0% + 7292, wherep is the distance

@ between Cl and the H-surface normal axis aris the vertical
o distance from ClI to the horizontal line determining the position
~ Heatbath ‘ of H. Note that the initial f — —o) value of p is the impact

parameterb. The projection ofryc on the surface plane is
Figure 1. (a) Symmetric Si-Si dimer surface. (b) Interaction model ~ oriented by the anglé from the X axis. Thus, the coordinate
showing the H atom adsorbed on the surface adsorption site indicated(Xc),yc,zc;)) can be transformed into the cylindrical system

by “Si", the Oth atom, which is coupled to ti¢-atom chain. Th&\th — (, 7 ), where Z is the Cl-to-surface distance. The vertical
atom of the chain is coupled to the heat bath. The position of H is distancez is then

described byrgsi,60,4), and the position of CI byo(Z,®). a. is the tilt
angle. The Cl to H is denoted hyic and the Cl-to-thath surface- — 7 _ .
layer Si atom byr;. The coordinates of theN(+ 1) chain atoms 2= 7~ Iyg; oS+ 6)

including the Oth at d ted ..., En . .
including the atom are denoted By &, ..., & Thus, the occurrence of reactive events can be determined by

N-chain atoms. The reaction zone atoms are the Oth Si atom,studying the time evolution of the-HSi bond distanceys; and

the adatom, and the incident CI gas atom. We consider thatthe Ci-to-H distanceyc = (o2 + 22 for the ensemble of gas

these reaction zone atoms and Miehain atoms constitute the  atoms approaching the surface from all directions. Any rigorous

primary system. We then designate the remaining infinite form of the interaction potential should include all those

number of solid atoms as secondary atoms. interactions mentioned above. For the overall interaction energy,
The reaction occurs through the strong interaction of the we combine a modified form of the LondetEyring—Polanyi—

chlorine atom with the adatom, forming a loosely bound sato (LEPS) potential energy surfatéor the interactions of

complex Ci--H—Si during the collision, and the essential aspect C|to H, H to Si, and Cl to nine surface-layer atoms, all of which

of the reactive event can be described in terms of the interactionsare considered to be exponential, with #heand ¢-hindered

of these N + 1) + 2 atoms. Although the energy of these rotational motions and the harmonic motions of the+ 1)-

interactions is of primary importance in determining the extent chain atoms:

of reaction, the potential energies resulting from the nearby Si

atoms that surround the Oth Si atom can affect the outcome of U = {Q,,¢; + Qusi + Quisi — [Auc? + Aus” + Acisi —

the collision event. These nearby surface-layer atoms can 1

enhance the attraction of the gas atom to the surface site through A, A.q — (Aue + Aus)Aas] ™} + k(0 — 6)° +

their long-range attractive forces and can then form a repulsive 2

wall when the gas atom approaches too close to the surface. 1 ) 1 5.2

Consideration of such interactions is appropriate for the inter- 5 ¢(¢> — ¢t z EMswej &)+

action of surface atoms with the gas atom, which is loosely 1 ) 1

bound to the adatom. Furthermore, such a model is also an 2 - 2

appropriate procedure in describing the surface fully covered JZ terms of typeéMsw o 515 2Msw°“1 S5 etc) (1)

with adatoms. Thus, in the present model, the surface-layer

atoms can steer the loosely bound gas atom to remain in thewhereky andk, are force constanté. and¢e are the equilibrium

neighborhood of the adatom during the reaction, thus affecting angles,Ms is the mass of the silicon atorwg is the Einstein

the outcome of collision. In the model, we consider the Oth Si frequency, and is the coupling frequency characterizing the

atom of the chain to be surrounded by eight nearby Si atoms of chain. The explicit forms of the Coulomb tern@Q'6) and

the symmetric dimer strand$,and we include the resulting  exchange termsA(s) for HCI, HSi, and CISi are given in ref

interactions between them and the gas atom in constructing the24. Sincerj = ri(rys;,0,6,0,Z,®) andryci = ruci(rusi0,0,2), the

potential energy surface (PES). In this model, we consider only potential energy surface has the functional dependence of

one hydrogen atom on top of the Oth Si atom, the state that hasU(rusi,0,¢,0,Z,® {&}), where{&} = (&o, &1, ..., &n) for the

been shown to be of major importance over the dihydrogenatedvibrational coordinates of theN(+ 1)-chain atoms.
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The potential and spectroscopic constants for theCHand equations arenQi(t) = —9U/8Q;, whereQ; =Z, Q, = p, Qz =
H—Si interactions afé Dy, = 4.434 eV,Dg,s = 3.50 D, Q4 = zysi, Qs = 0, andQs = ¢, with my = uci, M = unci,
eV 3435a = 0.268 A, aysi = 0.334 A, wpcl(27c) = 2990.95 mg = lpci, the moment of inertiamu = unsi, andms = mg =
cm1, and wysi/(27c) = 2093 cnrl,1536 wherea's are expo- Insi. Here, ui is the reduced mass of the interaction system
nential range parameters determined from the relaien(D;/ indicated. For theN + 1)-atom chain, which includes the Oth
(2u;))Y%w; for i = HCI or HSi24 The well-depth constants that ~ Si atom, the equations &fe*®
enter in the Coulomb and exchange terms fer@® and H-Si )
are determined aByci = Dg,HCI + (1/2hwnc and Dysj = MEo(t) = — Msweozfo(t) + Mswclzél(t) -
DSVHSi + (112%hwysi, respec_tively. The equilibrium distances U\ epdZeisi0,0,0,Z, P { E})1OE, (2a)
(d) of the H-CI and H-Si bonds are 1.274 and 1.514 A,
respectively. For the- and y-directions, vibrational energies oy 2 2
Awnsix andfwwsiy of the H atom chemisorbed on Si are 645 M50 = =Myog” §(0) + My "gja(0) +
cm™!, whereas thezdirection vibrational energy is 2093 Mswcyjﬂzéjﬂ(t), i=1,2,..,.N—1 (2b)
cm 11536 The force constant describing the hindered motion
in thex (ory) direction is determined ds= s(orsixths) M () = ~MED + Moy B 1) ~ Mfiyabn(® +
During the collision, the incident gas atom becomes loosely Mdfi1(0) (20)
bound to the adatom (i.e., GiH—Si) in the CI(g)—H(s)
bonding state and experiences the interaction coming from
nearby surface-layer atoms. The overlap of thermp, orbital

Equation 2a is for the vibration of the Oth chain atom on which
the H atom is chemisorbed. In this equation, we only take the
&o derivative of the LEPS patrt (i.e., the first part) of eq 1, since

of Cl with the atomic orbitals of adjacent Si atoms is not the derivati f the h h d lina t -
efficient. This nonbonding character of pr p, leads to Pauli the derivalives of the harmonic and coupling terms appearing
in the sums are already given by the first two terms of eq 2a.

repulsion for the back-wall of the physisorption interaction, with Equation 2c is for the vibration of théth atom, which is bound

van der Waals energy representing the attractive branch. Then . . . . .
gy rep 9 to the bulk phase. In this equatidy is the adiabatic frequency.

the interaction between the Cl and the surface-layer atoms canTh i ; . . . !

be characterized by a small value of well depth and can be atis, at shqrt times then oscillator responds like an |splated

include in theQgisi and Acisi of the LEPS potential. There is harmonic oscillator with frequenayg, whereaLy determines

no data on the interaction of such a bound gas atom with the Sithe ang-nme response of the heat b_ath. The friction coefficient
Pn+1is very close torwp/6, wherewp is the Debye frequency,

surface, but the well depth is not expected to be significantly L .
different from 100 me\E"-3° We can estimate it assuming the and governs the dissipation of energy from the primary zone to
the heat bath. All values g8 and those ofve, ¢, andQ are

ratio Dgiatom/surfactDatomisurface= 1.237 For a number of diatomic . .

and small polyatomic molecules on the related system of the presented else\_/vhe?é.The quan_tlt_yMstH(t) is the random_

graphite surface, the well depth is in the range-1080 meV?’ force on the primary system arising from thermal fluctuation

We assume the value @iaomsuracdto fall in this range and in the heat bath. This fprce balances, on average, the d|§S|pat|ve

take its value to be 125 meV; thus, the energy t&mmsurtace force, Msn+1En(l), which removes energy from the primary
system in order that the equilibrium distribution of energies in

can be estimated as 104 meV. We also take = 0.35 A to the bri ; b tored aft llision. Th q
reflect the characteristics of physisorption. The determination € primary system can be restored after cotiision. 1he random
force term is white noise, whose fluctuations are governed by

of the equilibrium distances between Cl and the adjacent surface . . Y
atoms is tedious but is straightforward. For example pfer 0 a Markovian fluctuatior-dissipation theorerfliv: 1(t)fi+1(0)C=
the distance between Cl and the Oth Si atom is 2.74 A. The (BKTIMdBn:10().2 Short-time reactive events are not affected

distance between Cl and the nearest atom (3rd in Figure 1b) is.by these Iong-t!mg response and d|SS|pat|on terms, Thus, if we
gnore these dissipation and stochastic terms and rejikace

4.07 A, the distance between Cl and the next-nearest atom (2n ; . .
V wen iN €Q 2¢, we have a set of equations for studying the

or 4th) is 4.50 A, the distance between Cl and the next-next- Y - . .
typical short-time processes of the interaction between the

nearest atom (1st or 5th) is 4.74 A, etc. incident atom and an atom bound to &h£ 1)-atom cluster
By varying values ofA’s systematically, we find the set of ciaent atom and an atom bound to t 1)-ato cluster.
The computational procedures include an extensive use of

Sato parameters best describing the desired features minimizing‘vlonte Carlo routines to generate random numbers for initial
barrier height and attractive well in the product channel to be - ) gen -
conditions. The first of them is to sample collision enerdies

Acih = 0.30,Ansi = —0.10,Acis = 0.40 for the reaction zone ST

Si atom (i.e., the Cl to Oth Si atom) arks = 0.20 for the CI 0™ . ';"gé‘g’g” dl's”'b(‘g"’l” at th?. gas temferat“@ tWe

to remaining eight surface-layer Si atoms. For this reaction, the sz’len:]%fe that thevc;slizflce.bgtv?/zznptwg h';q dﬁi;eﬁaart?)rzwes Zt()jssorbe d
N . 2,18

activation energy is known to be only 21 0.2 kcal/mok on the nearest Si sites is 3.59 A. Thus, we take the halfway

distance so that the flat sampling range is ® < 1.80 A (i.e.,

bmax = 1.80 A). In the collision withb > 1.80 A, the gas atom
Once the PES is determined, we can follow the time evolution is now in the interaction range of the adjacent surface site. If

of the primary system by integrating the equations, which this site is covered, the gas atom is now in the interaction range

describe the motions of the reaction-zone atoms Is+athain of another adatom, in which case a different PES will have to

atoms included in the model. We expect that this PES will be constructed. The initial conditions and numerical techniques

enable us to understand how gas atoms with given initial needed in solving the equations of motion are given in ref 24.

conditions react with chemisorbed atoms and then desorb from  Throughout this paper we have set the chain lengtiNot-(

the surface. An intuitive way to treat the dynamics of the 1) = 10 after checking the dependence of energy transfer to

reaction involving many surface atoms is to solve a united set the solid as a function dfl. We define the reaction probability

of equations of motion for the reaction-zone atoms and the P at the gas and surface temperaturRglg) as the ratio of the

Langevin equation foN-chain atoms, which couples the primary number of reactive trajectoriellr to the total number of

system to the heat bath. The gaslatom part of the resulting  trajectories sampled\q = 30 000) over the entire range of

Ill. Calculations and Discussion
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Figure 2. Distribution of reaction times at (1500, 300 K). 0.0 560 10‘00 ‘ 15‘00 ' 20‘00 : 2500
impact parameters. To define the reaction time, we first confirm Gas Temperature (K)

the occurrence of a reactive event by following the trajectory _. . I
for 50 hich i fficiently | ime for th duct HCI Figure 3. Temperature dependence of reaction probabilities: (a)
or 50 ps, which is a sufficiently long time for the product " dependence on the surface temperature for the gas temperature fixed

(9) to recede from the influence of surface interaction. Then at 1500 K; (b) dependence on the gas temperature for the surface
we trace the reactive trajectory backward to find the time at temperature fixed at 300 K.

which the H-to-Si separation has reachggl . + 5.00 A, where - S
. o . - At (1500, 300 K), the probability of HCI formation in H(g)

wSi’e('js ft_he eﬂwllb_num d|stﬁnce of t_he+B_| bon: (15514hA). | Cl(ad)/Si is 0.099#whereas that in the present reaction is 0.179,

ed't? ine tf is _It_lmi alsS(gOe ;ggcgonS;get- AL f[ et e;ma which is nearly twice the latter value, indicating an easier
fotnl ! '?nzooogg’ ) = (I d ’ th ), " rajec onirs.o a ; abstraction of the lighter hydrogen atom by the heavier chlorine
otal o " fsar’gpteb over . N _g]_"g f?gg?\l Ot terl?[aC atom. As shown in Figure 3b, the dependence of the reaction
pharame ers are foun c:( 1%{)%6‘?(“’_6 (II< e E) c;]e at | probability onTy is significant at lower temperatures. A =
the gas temperature o IS known to be the typical 34, K, there is a rather strong rise®fvhen the gas temperature
experimental condition for producing chlorine atofAsll of is raised from 300 K to about 1000 K, but above the latter

the_se reactive events occur on asuppicosecgnd time scale Olurinft’emperature the reaction probability remains nearly constant
which the adatom suffers only one impact with the surface, the (~0.18). The rise is a result of the incident atoms having greater

ensemble-avgrage °f.f?a°“°”.“”.‘.e3 being 0.39 ps (see F'.gurecollision energies according to the Maxwellian distribution.
2). In such a direct collision, a significant amount of acceleration Since the barrier height is very smattQ.14 eV), a further
of the incident atom occurs both before and after impact, and increase inT, (or E) does not affect thé extent' of reaction

when the atom turns the corner, it can then pick up the adatom’significantly, since the collision energy in most of the ER

which is oscillating between two heavy atoms, i.e., Cl and Si. reactive events has already surpassed the barrier height.

The reaction time decreases with increasing collision energy Throughout the following sections, we consider the reaction to
determined by the Maxwellian distribution®f Especially short take place at the thermal conditio’n of (1500, 300 K)

reaction times+{0.2 ps) are found for the reactive events taking We define the opacity functioP(b) as the fraction of

tphlace 'T the dh{gh-etrtl]ergy' tail of t.k(lje dlsmt;liﬂon' At Te p:esent dcollisions with impact parametds that lead to reaction (see
ermal condition, there IS no evidence or tne gas atom trappe Figure 4a). To determine this function, we count all reactive

on the surface. If there were such atoms with subsequent reaCtive[rajectories in intervals of = 0.050 A and divide the number

events occurring on a long-time scake10 ps) long enough of such trai : ; :

. . jectoriedNr(b) by the number of trajectoriel(b)
for tragped atoms to thermalize as in the case of G(g)O- sampled in the interval. For example, the number of trajectories
(ad)/Pt2X they would likely follow the precursor mechanigaes sampled betweeh = 0 and 0.050 A isN(b) = 833, of which
It §hog|d be important to note that in their study of the CO 123 are reactive. Then the ratio 123/833.148 is (’:onsidered
oxidation over a Ru surface, Peden and co-workers haveto beP(b) at the midpoint of 0.025 A. Note that the probability

cons;_der?_d th'.e rleactlt(;]n tolcf)ollov_l\{hthe ER meck&an:ls;rll if its P defined above is a total probability expressed as the ratio of
reaction ime 1S 'ess than psThus, we regard all these the total number of reactive trajectoridlx = > Ng(b) to all

§k;ort-t|£ne td'rfeﬁt'm?ﬁe Eeg ents hm .the .pres;ntt_}ﬁia@to.rg ¢ trajectories sampletlly = 30 000 over the entir® range of
interaction to foflow the mechanism, in which the incident g, - As shown in Figure 4&(b) is small inb = 0 collisions

atom cannot accommodate 1o the surface temperaire. and then takes the maximum value nbar 0.7, after which it

Ft')glér_?t sa shofws ? modertate (ﬁpende?ce of tthe refafgggrapidly decreases as the impact parameter increases. Beyond
Erotha llybonb.slgir ace emperal urei. p aggsc)?gmeiaours? = 1.5 A, the reaction ceases. The total reaction cross section
» the probablity increases slowly from 0.078 = 0 calculated from the expression

0.240 afTs = 700 K. These probabilities are significantly higher
than those of the related reaction H(g)H(ad)/Si or H(g)+ oc=2n fb'““P(b)b db
Cl(ad)/Si. For example, at the thermal conditions of (1800, 300 0

K), the probability of B formation in H(g)+ H(ad)/Siis 0.1% is 1.19 &
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Figure 4. (a) Dependence of the opacity function on the impact parameter at (1500, 300 K). (b) Distribution of the azimuthdi ahghe
incident atom leading to reaction at (1500, 300 K).

Since the nearest+H distance in a highly covered case is atom surface. The numbering corresponds to the position of each
3.59 A, we can consider a cylindrical region of the radius Si atom along the symmetric dimer rows shown in Figure 1.
1/,(3.59 A) = 1.80 A around the adatom to be an interesting Here, the numbering zero represents the Oth Si atom mentioned
region for the occurrence of reactive events. The equilibrium above. The equilibrium distance between nearest adatoms on a
HCI bond distance is 1.274 A, so the height of the cylindrical given dimer is 3.591 A, whereas the-S8i distance is 2.524
region from the adatom cannot be significantly higher than this A .32 The nearest adatoradatom distance between two nearby
distance. A sharp decreaseRfb) near the impact parameter dimer rows is 4.086 A (see Figure 5). In a given row, the nearest
corresponding to this bond distance seen in Figure 4a clearly dimer—dimer distance is 3.866 A. The radius of the circular
indicates the difficulty experienced by the incident gas atom in region for reactive events around each adatom site is much
abstracting the adatom when the impact parameter is near Orshorter than these interatomic distances, and the plot clearly
greater than the HCI bond distance. The product HCI formed shows strong localization of reactive events in the neighborhood
near the upper limit ofo comes from those gas atoms of the target atom. Around each adatom site there is a higher
approached near the surface at labgee., near the bottom of  concentration of reactive events in half the region opposite the
the cylinder). Such gas atoms rarely form HCI, since they are tjited adatom (e.g., the second and third quadrants of the Oth Si
bounced back by the repulsive energy of the surface atoms.sjte). Note that the adatom is tilted in tide = 0° direction
Thus, the occurrence of reactive events in the range sft9 (i.e., the right-hand side) by 20.6n the Oth, 1st, and 5th Si
= 1.5 A, peaking near 0.5 A, indicates that the events are sjtes as mentioned above; their distributions of reactive impacts
confined to the neighborhood of the adatom site and are 5re essentially identical to one another. However, in the 2nd,
independent of the gasiext-nearest-adatom interaction in the 3rd, and 4th cases, the adatom is tilted indhe= 18C° direction

case of hig_h surface coverage. Such localized reactivity has bger(i_e_, the left-hand side), and the distribution is nearly an image
observed in other systems such as the hydrogen abstractions the oth (as well as 1st and 5th) Si case.
reaction on silicon by the gas-phase atomic hydrogen (H &r D).

In the present model, we define = 0 in the direction where . A i
the adatom is tilted, and the origin df to be the point on the impact parameter presented in Figure 6a indicates the occurrence
! of significant vibrational excitation of product HCI in nonzero-

surface where the surface normal axis meets the adatom. The .
initial value of ® is selected randomly between 0 and, 2nd impact parameter collisions. The general features of the plot

Figure 4b shows the distribution of this angle for reactive events. are that the number of react_lve events is smail a0 CO”'S'QHS .

The distribution indicates a greater number of reactive events &S N0ted above (also see Figure 4a) and the extent of vibrational

occurring between 90 and 2708ince the adatom is tilted by ~ €XCitation decreases as the impact parameter increases toward

20.6, the distance between this atom and the axis normal to -5 A Figure 6b indicates that the vibrational population

the Oth Si atom is 1.51 sim = 0.53 A. Thus, the tilting exposes dlStI‘IbutIOﬂl is npn-BoItzmann, with the maximum appearing

the five surface atoms of the second and third quadrants to the®@r the vibrational energy of 0.4 eV. From the eigenvalue

incident gas atom that is loosely bound to the adatom on the EXPressiorEvin(vhc) = hewe(vici + /2) — hawee(vmel + )2

Oth silicon during the interaction. We expect the openness of With @e = 2990.95 cm*, wexe = 52.82 cm*,* we find the

this region to steer efficiently the gas atom to stay bound at the ViPrational energies 0.185, 0.542, 0.886, and 1.218 e\ider

adatom site, thus enhancing the occurrence of reaction. Such= 0: 1, 2 and 3, respectively. The comparison of these energies

steering is less effective in the first and fourth quadrants becauseWith the energy scale used in Figure 6b indicates that about

the tilting causes the region to be less open to the incident atom.40% of the product molecules have their vibrational energies

Consequently, the probability of the incident gas atom reacting close tov = 1. SinceDj g is 3.50 eV andD] o, = 4.434 eV,

with the adatom is greater when it approaches the second andhe reaction exothermicity and the initial collision energy are

third quadrants around the Oth Si atom (i.e., between 90 andlarge enough to produce such moderately excited molecules.

270). To mimic the quantum vibrational distribution, we use a binning
To present a clearer picture of localized reactive events procedure of assigning quantum numbgg corresponding to

occurring in the vicinity of adatom sites and tthedependence  the calculated vibrational energy through the relatipg =

of such reactive events, we consider that all nine surface sitesint[Eyip nc/Evin(vhcr)]. Using this procedure, we find that of a

including the Oth Si site are covered by adatoms and we repeattotal of 5255 reactive trajectories, 2630 belongut@ = O,

the calculation for each adatom. Figure 5 shows the distribution 2419 tovyc = 1, 203 tovpc = 2, and 3 tovyg = 3. That is,

of reaction impacts around each adatom site on the nine Si-the intensity ratio obyc) = 1 to vpc) = 0 is 0.92, which is far

The dependence of HCI vibrational enerByp nci on the
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Figure 5. Location of reactive events around the adatom site. The reaction on nine adatom sites belonging to three dimers of the left-hand-side
symmetric row (see 0, 1, ..., 5) and one-half of the nearby row (see 6, 7, 8) was considered at (1500, 300 K).
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Figure 6. Distribution of the vibrational energy at (1500, 300 K): (a) dependence of the vibrational energy on the impact parameter; (b) vibrational
population distribution.
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greater than that predicted by the Boltzmann distribution even by collecting molecules reaching the “reaction chamber-to-

at a temperature as high &ig= 1500 K. At this temperature,  detector” distance of 30 cm. A smooth distribution of product

the Boltzmann distribution for the fraction of molecules in the velocities indicates the occurrence of a single type of reactive

ith energy level, collision, namely, the direct-mode collision. The distribution
fits well with a velocity function of the form

f = g honclkD)§ g ifoncl/(KT) o
I £ f(U) — AU3e (Z/ 1/0)2/0.2

wherei = vyq), gives the corresponding intensity ratio as low with v = 1550 m/s anda. = 329 m/s, whereA is the
as 0.053. normalization constant. Thesganda values indicate that the
The amount of energy deposited in the translational motion velocity distribution is highly non-Boltzmann with a mean
of HCl is somewhat larger than the vibrational energy (compare energy {-mucivo?> = 0.448 eV) far in excess dfTs = 0.026
Figures 6a and 7a). The ensemble-averaged translational energgV or evenkTy = 0.129 eV. The most probable speed
is 0.434 eV, whereas the ensemble average of the vibrationaldetermined from the distribution function is 1512 m/s, which
energies displayed in Figure 6a is 0.371 eV. Figure 7a showscorresponds to 0.426 eV. Note that the mean energy calculated
that some molecules recede from the surface with a translationalfrom the time-of-flight distribution is very close to the ensemble-
energy larger than 1 eV, clearly indicating high translational averaged translational energy of 0.434 eV mentioned above.
excitation. This figure also shows the diminished number of It is interesting to compare the energy distribution in the
reactive events with translational energy less than about 0.2 eV.present reaction Cl(g}t H(ad)/Si with that of the related
In this case, more energy is deposited in the vibrational motion. reaction H(g)+ Cl(ad)/Si, where the light atom interacts with
Thus, such vibrationally excited molecules leave the surface the heavy atomd.(+ HH). Both reactions are driven by reaction
more slowly. Figure 7b shows a time-of-flight distribution of exothermicities of similar magnitude (6-8.0 eV). However,
product molecules along the fitted curve. The points are obtainedthe two reactions have very different mass distributions, which
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Figure 7. Distribution of the translational energy at (1500, 300 K): (a) dependence of the translational energy on the impact parameter; (b)
time-of-flight distribution for HCI from the surface.
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Figure 8. (a) Relative intensity of the rotational population distribution at (1500, 300 K). (b) Distribution of the angle between the axis of rotation
and the surface normal.

lead to unusual kinematics directly affecting the outcome of = int[EncirofErot(Inci)], Where Erof(Juc)) = Jnct (Jner + 1A%
the product energy distribution in each reaction. As shown in (2luckT). The relative intensity of the rotational population
Figure 6b, the vibrational population does not follow the distribution shown in Figure 8a indicates a characteristic of the
Boltzmann distributionf;, and this population distribution is  bimodal form of the intensity. The main peak appears dear
fundamentally different from that of the H(g) Cl(ad)/Si 13, which deviates significantly from the Boltzmann distribution.
reaction, where the distribution is statistié4lln the present The maximum obtained from the Boltzmann distributig
reaction, the heavy incident atom favors energy deposit in the = Y,[(2kT/B)¥2 — 1] with B = 10.58 cm! at 1500 K is 7.
vibrational motion of the HCI molecule, thus producing a Although the intensity varies slightly below = 10, there
vibrational distribution which is non-Boltzmann. In the present appears to be another mode with the intensity peaking hear
reaction H + LH), the light adatom moves back and forth = 2. The present analysis reveals the interesting case of the
between the two heavy atoms, efficiently transferring energy rotational alignment of HCI at the instant of desorption from
between théd---L andL ---H bonds with most of the available the surface. To examine this aspect, we have calculated the angle
energy in their vibrational motions. In this reaction, therefore, between the axis of rotation of HCI and the surface noriial,
the reaction probability is significantly larger than that inthe ~ when the Cl atom turns the corner with H and begins the journey
+ HH case, where the heavy adatom blocks energy flow from outward. The relative intensity plotted in Figure 8b is for the
L---H to H—H. The occurrence of such energy flow blockage ensemble of all reactive events. The angles are heavily
by heavy atoms has already been reported by of3et3. distributed near 90 where the rotational axis is parallel to the
Furthermore, the energy that has managed to accumulate in thesurface. That is, HCI product molecules leave the surface in a
H—H bond can dissipate more readily to the surface than that cartwheel-like rotation. As noted above, the collinear configu-
intheH + LH case, thus leading to less energy accumulation ration for the tilted Si--H with Cl occurs neab = 0.5 A, where
in theH—H bond. Therefore, different dynamic features during the energy release at the instant of dissociation will tend to
the course of reaction affect seriously the outcome of the propel H upward, causing the atom in HCI to rotate clockwise.
reactions. All those gas atoms steered to remain near the tilted adatom by
The amount of energy taken up by the rotational motion of the surface atoms of the second and third quadrants are likely
the HCI molecule is small, in contrast to the translational and to undergo the same type of rotation when they react with ClI
vibrational motions. Here, the rotational energig, ot = L% in a nonzerds collision. In the distribution presented in Figure
(2unciruc®), where the angular momentum= upci(z6 — p2) 5, therefore, HCI formed on the right-hand-side Si (i.e., Oth,
with the corresponding quantum numbBer L/A. The ensemble-  1st, 5th) rotates clockwise, whereas that formed on the left-
averaged rotational energy is only 0.210 eV. As in the hand-side Si (i.e., 2nd, 3rd, 4th) rotates counterclockwise. Thus,
vibrational case discussed above, we apply the binning proceduren the narrow range of the dimer strand measuring about 8 A
of assigning rotational quantum numhki, corresponding to (i.e., 3.591 A+ 4.086 A), there can be two distinct directions
the calculated rotational ener@ci o through the relatiodyc for the rotational motion of the HCI molecules produced on
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Figure 9. Dynamics of the representative trajectory at (1500, 300 K):
(a) time evolution of the Cl-to-H and H-to-Si distances; (b) time
evolution of the CI-to-H interaction energy and the-Hi vibrational
energy.

the silicon surface. It should be both interesting and important
to test this prediction of circular polarization experimentally.
We note that there are no desorbing molecules rotating like
helicopters.

The amount of energy transfer to the silicon surface is small
because of the large difference between the masses of H an
Si. The reaction taking place at the thermal conditions (1500, O

K) gives a much clearer picture of energy transfer to the surface
as the surface atoms are initially at rest, and there are no
systematic or random forces exerted by the heat bath. In this

case the entire energy that has propagated from the aeglatom
surface vibration to the vibration of the Oth atom of tka@tom

chain has dissipated into the chain and then into the heat bath

There is no flow of energy back from the heat bath. Thus, we
can determine the energy transfer to the solid unequivocally.

Kim et al.

(see Figure 9b). It rapidly decreases near 0, reaching near
zero, while the H-Si vibrational energy rapidly rises to the
H—Si dissociation threshold of 3.63 eV. Figure 9b clearly shows
an efficient exchange flow of energy from the Cl-to-H inter-
action to the H-Si vibration in a brief period of about 0.3 ps.
The decrease of the Cl-to-H interaction occurs stepwise. In the
present mass distribution éf + LH, the light atom oscillates
between two heavy atoms, pumping energy from-Elto
H—Si. Thus, the incident atom initially trapped in the upper
region of the potential well rapidly cascades down the well
through ladder-climbing (or declimbing) processes in which the
Cl-to-H interaction loses its energy in a series of small steps.
In contrast, in th&e + HH case (e.g., the H- CI/Si reaction),

the process of deactivation occurs in a single-step pré¢ess.
Figure 9b also shows that the vibrational energy of HCI finally
settles at a constant value of 0.209 e\ at +0.48 ps. Since
impact occurs at = +0.12 ps, the reaction time for this
representative event can be determined as 0.36 ps. As noted
above, the collision begins &t= —0.10 ps, so the duration of
collision can be determined as 0.46 ps.

IV. Concluding Comments

The gas-surface reaction Cl(g} H(g)/Si— HCI(g) + Si
through the EleyRideal mechanism is shown to be efficient
in the gas temperature range 16®500 K on a silicon surface
maintained at 300 K. All reactive events occur on the sub-
picosecond time scale, following the direct-mode collision
between the incident gas atom and the adatom. The occurrence
of these reactive events is concentrated in the immediate
neighborhood of the adatom, and there is no evidence of product
molecules trapped on the surface. The largest fraction of the
reaction exothermicity is deposited in the product translation,
followed by vibration and rotation. These product energy
istributions are found to be non-Boltzmann. The amount of
he reaction energy dissipated to the surface is small. The
product molecules rotate cartwheel-like when they leave the
surface.
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At these thermal conditions, the ensemble-average of energypaferences and Notes

transfer to the surface is 0.024 eV.
Finally, we look into several important aspects of the
dynamics of this reaction. As noted in the early part of this

section, all reactive events of the 30 000 trajectories sampled
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