JOURNAL OF CHEMICAL PHYSICS VOLUME 112, NUMBER 11 15 MARCH 2000

Fluorine atom abstraction by Si  (100) Il. Model
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A model is developed to describe the kinetics of the three scattering channels—unreactive scattering
and dissociative chemisorption via single atom abstraction and two atom adsorption—that are
present in the interaction of,Fwith Si(100. The model provides a good description of the
non-Langmuirian coverage dependence of the probabilities of single atom abstraction and two atom
adsorption, yielding insight into the dynamics of the gas—surface interaction. The statistical model
is based on the premise that the two dissociative chemisorption channels share a common initial
step, F atom abstraction. The subsequent interaction, if any, of the complementary F atom with the
surface determines if the overall result is single atom abstraction or two atom adsorption. The results
are consistent with the orientation of the incident rRolecular axis with respect to the surface
affecting the probability of single atom abstraction relative to two atom adsorption. A perpendicular
approach favors single atom abstraction because the complementary F atom cannot interact with the
surface, whereas a parallel approach allows the F atom to interact with the surface and adsorb. The
fate of the complementary F atom is dependent on the occupancy of the site with which it interacts.
The model distinguishes between four types of dangling bond sites on (th@0%2x1) surface,

based on the occupancy of the site itself and that of the complementary Si atom in the Si surface
dimer. The results show that the unoccupied dangling bond sites on half-filled dimers are about
twice as reactive as those on empty dimers, which is consistent with an enhanced reactivity due to
a loss of a stabilizingr interaction between the two unoccupied dangling bonds on a dimer.

© 2000 American Institute of Physids$0021-9606800)70811-7

I. INTRODUCTION interact with the Si surface and possibly adsorb, even on a
nonadjacent site, if it is scattered with the appropriate trajec-
Recently, the absolute probabilities of all scatteringtory during the initial atom abstraction. This latter reaction
channels in the interaction of,Fwith Si(100 have been channel is termed two atom adsorption. Although two atom
measured as a function of fluorine coveragéese reaction adsorption results in the formation of two surface-adsorbate
probabilities display an unexpected, non-Langmuirian debonds just as in classic dissociative chemisorption, it is dis-
pendence on coverage that arises not from adsorbatetinct from classic dissociative chemisorption in that it is not
adsorbate effects, which are the usual source of deviationsecessarily a concerted process mandated by the thermody-
from Langmuir kinetics, but from a nontraditional mecha- namics of the system, but rather is a stepwise process.
nism for dissociative chemisorption called atom In the first of a series of papers on the interaction of F
abstractiorf:® In the classic mechanism, cleavage of the bondwith Si(100),* the absolute probability for fto undergo ei-
between the two atoms of a molecule incident on a surface ither single atom abstraction or two atom adsorption on
concomitant with the formation of a bond between each ofSi(100) was determined as a function of Exposure by mea-
the atoms and the surface. These two events must occur siuring the scattered,Fand F atom flux. With the knowledge
multaneously because the energy released in the formation of the absolute incident molecular beam flux, the absolute
two surface bonds is necessary to compensate for the energyobability for F, to access one of the two dissociative
required to cleave the molecular bond. In contrast, cleavagehemisorption channels was determined as a function of
of the K, molecular bond upon formation of only a single fluorine coverage. Figure 1 shows the probability of each of
bond to the Si surface is possible in atom abstraction becaugke scattering channels as a function of fluorine coverage. At
the F, bond energy is less than the energy released upolow coverage, the dominant reactive channel is two atom
formation of the single Si—F bond. The complementary Fadsorption, which has a probability, Pof 0.83+0.03 in the
atom may then scatter into the gas phase, a reaction chanrlighit of zero coverage. Despite being a seemingly second-

termed single atom abstraction. Alternatively, it may thenorder adsorption process; Blecreases almost linearly with
coverage, deviating from linearity only near the saturation
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1oF T T T T T form a weaksr bond. The weakness of thebond effectively
0.8 ; _ leaves the dangling bonds as radical sites, which hence are
0.6 °°°°° i very reactive and are the sites for F atom abstraction and
P, 0'4 i Lo° ° ] adsorption as shown experimentdlljevertheless, when a F
0'2 B . © e (a) atom is adsorbed on one of the dangling bonds creating an
1o ¢ ° occupied site, the weak bond is broken, leaving the dan-
0.0 + : : t t : . . .
b) - gling bond of the complementary Si atom in a half-filled
0.4 (b) . . . .
o o, dimer more radical like and hence more reactive than dan-
0.3+ o ° oo - . . . . .
P, o %0, gling bonds of an empty dimer which are involved inma
0.2 ‘} ° %o, 7] interaction. Hence, the different reactivities of the two types
0.1 °°:§ . of dangling bonds are based on the occupancy of the dan-
0.0 t t : gling bond on the complementary Si atom in the dimer.
08§ ) 7 The results of the theoretical model & and P,, as
0.6 ° - well as for Py, which is the probability of unreactive scat-
Pyoal * . _ tering, match the experimental measurements well. Most im-
02l + B portantly, the model correctly predicts two distinct features
’ . l l°°°°.,o,q of the experimental resultg1) The nonmonotonic depen-
0'%,0 0.2 0.4 0.6 0.8 1.0 dence on the coverage of the probability of single atom ab-
F coverage (ML F atom) straction and(2) the linear dependence on the coverage of

) B ) the probability of two atom adsorption. Both features are
FIG. 1. Reaction probability of fat E;= 0.7 kcal/mol with S{100 at 250 K " . . .
as a function of fluorine coverage f@) unreactive scattering,, (b) single uneXpeCtEd from the traditional Langmuirian viewpoint of
atom abstractiorP;, and (c) two atom adsorptiorP,. Data shown are gas—surface chemical kinetics that predicts a power law de-
average of six data sets interpolated to a common exposure interval ar‘gendence on the number of empty sites where the exponent
range. Error bars are propagated uncertainties typical of a single data setiS equal to the number of adsorbates that are created in the

process. In other words, the probability of single atom ab-

zero coverage and also exhibits a non-Langmuirian deper,?_traction is expected to be linear while the probability of two
dence on coverage, actually increasing to a maximum valugtom adsorption ought to be quadratic with respect to the
of 0.35+0.08 as the number of filled sites increases to 0.51umber of unoccupied sites. The good agreement between
ML. At the maximum,P; and P, are nearly equal. As the the model and the data also provides further support for two
coverage increases beyond 0.5 MR; and P, monotoni- atom adsorption as a stepwise dissociative chemisorption
cally decay to zero around 1 ML. mechanism.
In this second of a series of papers on the interaction of  |n addition to correctly predicting the experimentally

F, with Si(100), a simple yet physically intuitive statistical measured kinetics of the gas—surface chemical reaction, the
model is developed to describe the experimentally observeg,o e aiso provides insight into the dynamics of the interac-

kinetics of th? interaction of IO.V.V energy With Si(100. The ._tion. Scattering cross sections for the elementary steps of the
model describes the probability of single atom abstraction

. 4 Interaction of both the Fmolecule and the F atom with the
and two atom adsorption both as a function of exposureto F . . .
and as a function of fluorine coverage, the relevant kineticd'ﬁerent types of sites on Fhe(E'fDO) surface are determined.
parameter. The model is based on the premise that two atori'€ WO types of unoccupied sites, those that are members of
adsorption is not a concerted process, like classic dissoci&MPty dimers and those that are members of half-filled
tive chemisorption, and is intimately related to single atomdimers, display a substantially different reactivity towards
abstraction. Specifically, the two dissociative chemisorptiorfluorine. The allowance for different reactivities of the two
channels share a common initial step, F atom abstractiotypes of unoccupied sites is shown to be critical for good
from the incident & molecule by the $100) surface. The agreement between the model and the data. The results also
fate of the complementary F atom determines whether thguggest that the orientation of the incidentrRolecule rela-
overall result is single atom abstraction or two atom adsorptjve to the surface plane determines the fate of the comple-

tion. ) ) . mentary F atom which must interact with the surface in order
The model is also based on the premise that the reactiv

Yor two atom adsorption to occur.
ties of the different types of unoccupied sites on the &) . p . . . .
; : . . . The paper is divided into several sections. Section Il
surface are not equivalent, a premise easily rationalized b

the structure and bonding of the surface atoms in this covatélves a brief overview of the experimental results showing

lent solid. S{100) reconstructs forming rows of surface Si the d.etermination of the abs_olute probabilities of the .three
dimers, yielding &2 1) periodicity that is observable by He "€action channels as a function of Exposure and fluorine

and electron diffraction, and leaving one partially filled mo- coverage. In Sec. Ill, the statistical model is developed from
lecular orbital or dangling bond projecting into the vacuuma minimal set of assumptions and compared to the experi-
for each surface Si atom. The remaining dangling bonds omental results. Section IV is a discussion of the model and
each of the two Si atoms that comprise the dimer interact tits implications on the dynamics of the interaction between
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F, and S{100 as well as its limitations in describing a com- of the six data sets are interpolated over a common exposure
plex chemical interaction in simple statistical terms. The retange(0—15 ML P and interval(0.1 MLF) using a linear
sults from the experimental measurements and the theoreticiiterpolation algorithm prior to averaging the six data gets.
model are compared with the results of previous experimenthe error bars shown in Fig. 1 represent the typical uncer-

tal and theoretical work. tainty of a single set of data. The large uncertaintyrinand
P, and consequently the fluorine coverage is due to the large
Il. REVIEW OF EXPERIMENTAL RESULTS uncertainty in the valifefor the F atom ionization cross sec-
tion, OF_F+.

The apparatus has been described in detail prevididsly.
The results shown in Fig. 1 are derived from experimental
datd®>~"in which a B beam, with an average translational
energy ofE;=0.7 kcal/mal, is incident along the normal of
the (100) plane of a Si crystal at 250 K. The scattered prod-!ll. DESCRIPTION OF MODEL
ucts are detected and identified by a triply differentially A, probability equations

pumped, rotatable quadrupole mass spectrometer and their . .
velocity distribution and flux are measured using a time-of- The statistical model, specifically referred to as the four-
flight technique. site model in Sec.M A5 a, treats the interaction of the inci-

The coverage dependence of the three scattering chaf€Nt F2 molecule and its complementary F atom with four

nels is contained in the measurements of the flux of scatterddfPeS of possible sites on the(800)(2x1) surface: Sites that

F and , the products of single atom abstraction and unre&'® members of filled dimers and hence necessarily occupied,

active scattering, respectively, as a function gfeposure. the occupied and unoccupied sit_es of half-filled dimers, anc_:l
The probability is equal to the flux of scattered productsSiteS that are member of empty dimers and hence necessarily
relative to the incident £flux, which is proportional to the ~unoccupied. Thus, a site is distinguished not only by its fluo-
scattered flux of Fat long exposures where the reaction with "€ occupation, but also by the occupation of its comple-
Si has ceased. The simplified equations for the probability off€ntary surface dimer atom. The number of sites that are

single atom abstractiorP() and unreactive scatteringg) ~ Mmembers of a filled dimer is denoted I#y, whose value
can be written as ranges from zero on the clean surface to a maximum of 1 ML

at the saturation coverage when every site and consequently

when every dimer is filled. The number of occupied sites that
Ve || OF—F* | [ Sio(€)  Sag(€) are members of a half-filled dimer is denoteddyy as is the
Pale)= ve \or_pr [\ Sig(0)  Sge() )’ (2.2 number of unoccupied sites that are members of a half-filled
2 — .
dimer. The value of); ranges from zero on the clean surface
to a maximum of 0.5 ML when every dimer is half-filled.
Sag(€) Finally, sites that are members of an empty dimer are unoc-
Pole)= Szg() (2.2) cupied sites. Their number is denoted by (26, + 6,). The

] ] ) factor of two in the @, term arises because both the occu-
where e is the exposure in ML F atomy is the average pieq sites on half-filled dimers and the unoccupied sites on
velocity, o is the ionization cross section, agds the mass | 5ji-filled dimers decrease bg, the number of unoccupied
spectrometer signal of the scattered particle denoted by thgies that are members of empty dimers. The total coverage,
subscript. The probability of two atom adsorption is deter-e, is the sum of the number of occupied sites that are mem-

mined by normalization of the three channels bers of both the half-filled and filled dimers; + 6.
The model treats the interaction of a Folecule inci-
Po(€)=1—Py(€)—Py(e). 2.3 dent on a Sil00) surface as a sequential combination of up

. btainedP q ‘ , ¢ to three steps, each with two possible outcomes:
Having obtainedPy(e) and P(e) as a function of ex- 1. Interaction of the F molecule with the surfackead-

posure, the fluorine coverage as a fumt!‘?’? of exposure C"’mg to either abstraction of the first F atom from therkol-
be calculated. By definition of the probabilities, there will be ecule or unreactive scattering.

P,+2P, fluorine atoms adsorbed on the surface for each 2. Assuming F atom abstractiothe trajectory of the

|nc0|m|ngh5 molecule. Summlgg over all incoming fnol- complementary F atorteads to either direct scattering into
ecules, the coveragé(e), can be written as the gas phase or the subsequent interaction of the comple-
mentary F atom with the surface.

€ 3. Assuming the complementary F atom is not directly
0(e)= fo I£,(0.5P1(€) + Py(€))de, (24 gcattered into the gas phagbe interaction of the F atom
with the surfacdeads to either adsorption or scattering of the
wherel K, is the incident k flux in ML F atom/s. complementary F atom.

The results shown in Fig. 1 represent the average of the A pictorial representation of Step 1, the initial interac-
six sets of data shown in Fig. 13 of Ref. 1. Because thdion of F, with the four types of sites, and its two possible
incident B flux, and therefore, the Fexposure over a fixed outcomes, F atom abstraction oy Bnreactive scattering, is
integration time in Eq(2.4), varied from data set to data set, shown in the first column of Fig. 2. Cross sectigysB, B*,
the reaction probabilities and coverage determined from eac@, K, M, M*, N are defined for the two possible outcomes of
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FIG. 2. Pictorial representation of all pathways for interaction piith Si(100)(2X1) based on model described in text. Solid circles represent F atoms and

pairs of hollow circles represent Si dimers. Dashed squares represent

the initial interaction that can occur on any type of site.

A=Cross section for F abstraction from incidentlly a
site in an empty dimer;

B=Cross section for F abstraction from incident Ify
unoccupied site in half-filled dimer;

B* =Cross section for F abstraction from incidentlfy
occupied site in half-filled dimer;

C=Cross section for F atom abstraction from incident
by a site in filled dimer;

intermediate states and thick solid squares represent final states in a pathway

Relationships between the cross sectidresndK, cross
sectionsB, B*, M, andM*, and cross sectior@ andN exist
and are derived below. The probability of an outcome is the
product of the cross section and the number of sites that are
one of the four possible types.

Upon abstraction, the trajectory of the complementary F
atom, labeled as Step 2 in Fig. 2, may lead it either to scatter

F directly into the gas phase, called direct scattering, or to in-

teract with the surface. A probabilitX is defined as the

K=Cross section for unreactive scattering of an incidenfraction of the complementary F atoms that directly scatter

F, by a site in an empty dimer;
M=Cross section for unreactive scattering of incident
by unoccupied site in half-filled dimer;

into the gas phase leading to single atom abstraction
F(P1).
The fraction (- X) of the complementary F atoms that

M* =Cross section for unreactive scattering of incidentdo not directly scatter into the gas phase interact with the

F, by occupied site in half-filled dimer;

surface, labeled as Step 3 in Fig. 2. This interaction may lead

N=Cross section for unreactive scattering of an incidento adsorption of the F atom, resulting in two atom adsorption

F, by a site in a filled dimer.

(P,). If adsorption does not occur, then the F atom is scat-
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tered into the gas phase, resulting in single atom abstractiotne complementary F atom, and the interaction of the
(P4). Cross section®, E, E*, F, G, H, H*, J are defined complementary F atom with Si, on the four distinct sites. The
for the two possible outcomes of this step that can occur oprobability of a specific process—two atom adsorptien)(,

any of the four types of sites. single atom abstractionP{), and unreactive scattering
D=Cross section for subsequent F atom adsorption by &P,)—is the sum of the probabilities for all of the pathways

site in an empty dimer; resulting in the adsorption of two F atoms, one F atom, and
E=Cross section for subsequent F atom adsorption byio F atoms, respectively.

unoccupied site in half-filled dimer; Given these considerations, the probability of unreactive
E* =Cross section for subsequent F atom adsorption bgcattering Py) is the sum of the individual probabilities for

occupied site in half-filled dimer; the four pathways leading to unreactive scattering
F=Cross section for F atom adsorption by a site in filled

dimer;
G=Cross section for scattering F atom by a site in an

empty dimer; Po=K(1—(260,+ 6,))+M6b;+M* 0;+N6,. (3.1

H=Cross section for scattering F atom by unoccupied

site in half-filled dimer; _ _ The terms, in the order in which they are shown, represent

~ H*=Cross section for scattering F atom by occupiedg pronanility for i to unreactively scatter from a site that
site in half-filled dimer; _ ___ is.amember of an empty dimer, to unreactively scatter from

~ J=Cross section for scattering F atom by a site in afilledan, ynoccupied site of a half-filled dimer, to unreactively
dimer. scatter from an occupied site of a half-filled dimer and to
Again, relationships between the cross sectiGnsind G, unreactively scatter from a site that is a member of a filled
cross sectiong, E*, H, andH*, and cross sectioriSandJ  dimer, respectively. Because no complementary F atom is
exist and are derived below. produced during unreactive scattering, there is no need to

The probability of a specific pathway in the interaction consider the subsequent complementary F atom dynamics.

of F, with Si(100) is described by the product of the prob- The probability of two atom adsorptiorPg) is the sum
abilities for the unique sequence of outcomes for the threef the individual probabilities for the sixteen pathways lead-
individual steps, interaction of ,Fwith Si, the trajectory of ing to two atom adsorption

Py=A(1—(20;+ 6,))(1—X)D(1— (20, + 6,)) + A(1— (26, + 0,))(1— X)E0;
+A(L— (20,4 0,)) (1= X)E* O+ A(1— (260, + 0,))(1— X)F 0,4 B O, (1—X)
XD(1—(20,+ 0,)+BOy(1—X)Ef;+ B (1—X)E* 9,+ B, (1— X)F 6,
+B* 0,(1—X)D(1— (260, + 0,)) +B* 9,(1—X)E O, +B* 6,(1— X)E* 6, +B* 6,(1— X)F 6,
+COy(1—X)D(1— (26,4 05)) + COx(1— X)E B+ COy(1— X)E* 6+ Chy(1— X)F 6. (3.2

The sixteen pathways are all of the possible combinations focomplementary F atom, none of the pathways resulting in
the two essential outcomes, F atom abstraction and F atoiwo atom adsorption include direct scattering of the comple-
adsorption, occurring at each of the four possible sites: Anentary F atom with its probabilit, an outcome that nec-

filled dimer site, an occupied or unoccupied site of a half-essarily prevents adsorption of the complementary F atom.
filled dimer and an empty dimer site. For example, the first Single atom abstraction requires F atom abstraction from
term in P, which constitutes the probability of the pathway the 2 molecule, but the complementary F atom cannot ad-

involving atom abstraction on a site of an empty dimer foI_sorb to the surface. Sixteen of the pathways resulting in

lowed by a trajectory of the complementary F atom interact-smgle. atqm abstraction are glmllar to _the ;lxteen pathways
. . . . r?sultmg in two atom adsorption described in E8.2), ex-
ing with the surface and subsequent adsorption on a site 0

. o I ) cept that the complementary F atom scatters from the surface
an empty dimer, is given by the probability for abstraction on b b y

; ) e instead of adsorbing onto it. However, unlike two atom ad-
a site of an empty dimefA(1—(20,+ 0,)], multiplied by g5piion, there are four additional pathways that include di-
the probability of an interacting trajectory 1X) and mul-  yect scattering of the complementary F atom, an outcome

tiplied by the probability of adsorption of the complementary that necessarily results in single atom abstraction. The prob-
F atom on a site of an empty diméD(1—(26,+6,)].  ability of single atom abstractionP(;) is the sum of the
Since two atom adsorption requires F atom abstraction fronindividual probabilities for the twenty pathways leading to
the F, molecule and the subsequent adsorption of thesingle atom abstraction:
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Pi=A(1—(20,+ 6,))(1—X)G(1— (20, + 0,)) + A(1—(20,+ 6,))(1—X)H 6,
FA(L— (20,4 0) (1= X)H* 0+ A(1— (260, + 62)) (1= X) IO+ By (1—X)
XG(1—(260,+ 0,))+BO;(1—X)H O+ B (1— X)H* 6+ By (1—X) IO+ B* 6,(1—X)
X G(1—(20,+ 0,))+B* 0,(1— X)H 0,4+ B* 6,(1— X)H* 9.+ B* 6,(1—X)J 6,
+CO(1—X)G(1—(20,+ 0,)) +Chy(1—X)H 0, + COy(1— X)H* 6+ C,(1—X) I 0,
+A(L— (20,4 0,)) X+ B O, X+ B* ;X +Ch,X. (3.3

The first sixteen terms represent pathways for the two outp, =[A(1—(26,+ 6,))+B6;](1—X)
comes, F atom abstraction and the interaction of the comple-

mentary F atom with the surface, occurring at each of the -~ * L
four distinguishable sites. The last four terms represent path- X|G(1=(200+ 62)+ (H+HT) 61436, + 1—X) }
ways for F atom abstraction on any of the four distinguish- 3.8
able sites followed by direct scattering of the complementary

F atom. Po=K(1—(26,+6,))+(M+M*)6;+N86,. (3.9

This statistical representation of the reaction probabili- ¢ there are only three possible channels through which a

ties given in Eqs(3.1)—(3.3) assumes that both the Mol- £ 5jecule incident on a Gi00) surface may interact, then
ecule and the F atom, if produced by the initial atom abstrace sum of their probabilities described by E¢3.7)—(3.9)
tion, only interact one time with the surface. Physically, this, st pe unity

assumption rules out the presence of a mobile precursor, ei-
ther intrinsic or extrinsic. In addition, this representation as-  Ptota= Po+ P2+ P1=1. (3.10

sumes that the cross sections are independent of coveragg.aqdition, the sum of the probabilities for every outcome in
The validity 01_‘ these ass.u.mptlons is _dlscussed in Sec. IVCgq given step must be unity. Specifically, in Step 1 shown in
The reaction probabilities given in Eq8.1)-(3.3 are  Eig. 2 the sum of the probabilities of the eight outcomes,

simplified by grouping the components of each of the thregjther F atom abstraction op, Enreactive scattering, must be
individual steps that comprise an overall pathway for theunity:

interaction of i with Si(100)
PSteple(l_(291+ 92))+B€1+ K(l_(201+ 02))

+(M+M*)6;+Nb,=1. (3.1)
— *
X[D(A=(20,+07)) +(E+E) 6, +F 0,], (34 Alternatively, Eq.(3.11) can be rationalized in the following
P.=[A(1=(26:+6.))+(B+B*)0,+Co,1(1—X manner: The first st_ep in the interaction qf\!\?nh S|(100) is
1= (A= (20:+ 02))+( )0 2)( ) the F atom abstraction from,r the unreactive scattering of
. X F,. The probability of F atom abstraction from the incident
X|G(1—=(260,+65))+(H+H*)0,+30,+ =%/ | F, molecule is given by
(3.5 P abstractior [A(1— (26, + 6,)) +Bo,]. (3.12
Po=K(1—(20,+ 6,))+(M+M*) 6, +N6b,. 3.6 If the initial abstraction does occur, the resulting overall

event must be either two atom adsorptioR,) or single

The reaction probabilities given in Eqg8.4)—(3.6) are fur- ~ atom abstractionR;) but it cannot result in unreactive scat-
ther simplified by incorporating the experimental observatiorf€"ing (Po). So, if the initial abstraction does not occur, the
that the initial F atom abstraction cannot occur if the incidentncident i, must unreactively scatter. Therefore, the absence
F, interacts with a filled site. Specifically, the experimental©f the initial abstraction is the sole contribution to unreactive
resultd show that the 1 ML of dangling bonds on thé®i0)  scattering Po) so that
surface are the only sites for abstraction and adsorption and  p —[K(1—(26;+ 6,))+ (M +M*) g, +N#,]
that a b molecule must unreactively scatter from a saturated
surface so thatP,(#=1ML)=0, P,(#=1ML)=0, and =1-[A(1— (26,1 6,)) +Bb4], (3.13
Po(0=1ML)=1. Therefore, it is necessary tat =0 and  hich s equivalent to Eq(3.1]) After some algebra, Eq.
C=0in Eqs'. (3.4)—(3.6)'. Anal_ogougly, if the complemen- (3.13 becomes
tary F atom interacts with a filled site, then F atom adsorp-
tion cannot occur. To satisfy this assumption, it is necessar{K +A—1)+(M+M* +B—2A—-2K) 6,

. o .
thatE* =0 andF=0 in Eqgs.(3.4—(3.6) leading to +(N=K—A)6,=0, (3.14

P2=[A(1—(26,+65)) +B6:1](1—X) resulting in a system of three equations
X[D(1—(26,+ 6,))+E0,], (3.7) K+A—1=0,
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M+M*+B—-2A-2K=0, N-K-A=0. (3.19

These equalities constrain the cross sectiamslative toK,
as well asB relative toM +M*

K=1—A, (3.1

M+M*=2-B. (3.17
The equality also yields the value of the cross sechion

N=1. (3.18

Tate et al.

X[1-[D'(1—-(26,+6,))+E'6,]], (3.28
(3.29

where the new cross sectiols and E’ are related to the
original cross sectionB andE by:

Po=1-[A(1-(26,+6,))+B6,],

D'=D(1-X), (3.30

E'=E(1—-X). (3.31)

Because of these cons;[raints_, the cross setiand the sum e reqyiting simplified probability equations, E¢8.27)—
of cross section® +M* are justifiably eliminated from the (3.29 have an appealingly straightforward interpretation.

model.

The first factor inP, is given by Eq.(3.12 and is the prob-

In an analogous manner, the sum of the probabilities fog,jjivy of F atom abstraction from an incideng Folecule.
the eight distinct outcomes for either F atom adsorption or Fryis tactor is multiplied by the probability of adsorption of

atom direct scattering of Step 3 in Fig. 2 must be unity

PStep3: D(l_(261+ 62))+ E61+ G(l_(201+ 02))

+(H+H*)0,+36,=1. (3.19
After some algebra, Eq3.19 becomes
(D+G—1)+(E+H+H*-2D-2G)6,
+(J—-D—G)#,=0, (3.20
resulting in a system of three equations:
D+G—-1=0,
E+H+H*-2D—-2G=0, J-D-G=0. (3.2

These equalities constrain the cross secti@nslative toD,
as well asH+H* relative toE

G=1-D, (3.22

H+H*=2—E. (3.23
The equality also yields the value of the cross secfion

J=1. (3.29

the complementary F atom to yield the total probability for
two atom adsorptionP,. Likewise, P, is the product of the
probability of F atom abstraction and the probability of the
complementary F atormot adsorbing, or one minus the
probability of it adsorbing. The probability of unreactive
scattering,Py, is one minus the probability of F atom ab-
straction, as noted in the discussion of Eg13).

B. Coverage equations

The solution of Eqs(3.27—(3.29 for the three prob-
abilities depends on knowledge of the number of the occu-
pied sites in half-filled dimers§,, and the number of occu-
pied sites in filled dimers@,, as a function of k exposure.
However, these two types of occupied sites are not distin-
guishable in these experiments described above. Instead, the
simplifying assumption is made that the occupancy of each
type of site develops randomly. Starting from a clean sur-
face, the initial infinitesimal fluorine coverage arises from
the number of F atoms adsorbed via a statistical distribution
of pathways at zero coverage over an infinitesimal exposure
range. One a F atom is adsorbed on a site, it does not dif-

Because the normalization relationships lead to redundarﬁ'tj_Se or desorb. The coverage increases by iteratively consid-

cross sections, the cross sectidband H+H* are justifi-
ably eliminated from the model. Substituting E¢8.22—
(3.29 into Egs.(3.7) and(3.8) yields

Po=[A(1—(26,+65))+B6](1—X)

P1=[A(1—(26,+65))+B6](1—X)
(3.26

Redistributing the (+ X) factor and incorporating it into the

cross section® andE allows the probability factoX to be
eliminated from the probability equations

X[D'(1—(261+ 65))+E"64], (3.2

ering the distribution of pathways at the new coverage.
Mathematically, the coverage is the integral over exposure of
the product of the incident Fflux and the probability for
each relevant reaction pathway weighted by the number of F
atoms adsorbed along each pathway. Thus, the number of
occupied sites in a half-filled dime#,, is the sum of con-
tributions from the pathways leading to two atom adsorption
(P,) and single atom abstractiof?{) that create half-filled
dimers minus the contributions from the pathways that de-
stroy half-filled dimers by creating filled dimers

1

91(6)=§|FJ {2A(1—-(26,+6,))D"(1—(26,+ 6,))
+A(L—(260,+ 0,))[1—[D'(1—(26,+ 6,))
+E'6,]]-2B0,E' 6, —BO,[1-[D'(1— (26,
+6;))+E'6,]]}de, (3.32

which simplifies to
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6 (ML) ]
02 () ] Pyo0at .
00 I 2l 1 i 1
0 1 2 3 4 5 6 0.2
F, exposure (ML F atom) 0.0 L 1
0.0 0.2 0.4 0.6 0.8 1.0
FIG. 3. Reaction probability of Fwith Si(100) as a function of i exposure F coverage (ML F atom)

for (a) unreactive scatterinB,, (b) single atom abstractioR,, and(c) two
atom adsorptiorP, derived from best fit of model to dat&d) Fluorine
coverage as a function of,[Exposure. Datéhollow circleg, taken from Fig.

1, are plotted as a function of, Exposure instead of fluorine coverage. Error
bars on exposure reflect uncertainty in beam flux.

FIG. 4. Reaction probability of Fwith Si(100 as a function of fluorine
coverage for(a) unreactive scatterin®,, (b) single atom abstractioR,
and(c) two atom adsorptiof?, derived from best fit of model to data. Data
(hollow circleg from Fig. 1.

1 which simplifies to

01(6):§|FJ{A(l—(201+02)) 1
oe)=51r, | TAQ- 200+ 0,))+B0,)

X[1+D'(1—-(26,+6,))—E'6,]-Bo,

X[1-D'(1—(26;,+ 6,))+E’ 6;]}de. (3.33

The number of occupied sites that are members of a fille
dimer, 6,, is the sum of the contributions from two atom
adsorption and single atom abstractid?y) to create filled
dimers

X[1+D'(1—(26,+6,))+E'6,]de.  (3.3D

he coverage equations fat; and 6, [Egs. (3.33 and
3.39] are verified by checking that E(B.37) is equal to the
integral of the product of the sum of the weighted probabili-
ties and the incident flux

o e)=1r, [ {AL=(20,+ 0, 0,+B0,D" Ho=tr, | (Pa+ 1Py (5:98

, The validity of the constraints on diffusion and desorp-
X(1=(260,+06,)) +2BO,E"0,+B0, tion as well as on the homogeneity of the spatial distribution
X[1—[D'(1—(20,+ 6,))+E'6,]]}de, of adsorbed F atoms that are inherent in the development of
(334 the coverage equations is discussed in Sec. IV B.

which simplifies to C. Fitting algorithm and measure of the goodness
of fit

Oa(€) =1 sz {A(1—(26,+6,))E" 6, +BO(1+E'6,)}de. There are four unique cross sectioAsB, D', andE’ in
(3.35 the three equations for the reaction probabilities. The values
igf two of the factors can be determined from the experimen-

The total coverage, an experimentally determined quantity, ) o
d P y d y tal data in the limit of zero coverage

the sum ofé,+ 6,

P,(#=0)=AD’=0.83+0.03, (3.39
—E'6,1}}—3{B6[1-D'(1—(26,+6,))+E' 6,1} Po(#=0)=1—A=0.04+0.03. (3.4
+{A(1—(26,+ 6,))E’ 6;+BO,(1+E’6;)}de, Therefore,

(3.36 A=0.96+0.03 (3.42
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and dent B molecule, is common to both channels while the
D’ =0.87+0.04. (3.43 outcomes of the second and_third steps_, the _trajectory of the
complementary F atom and its interaction with the surface,
Thus, there are two parameters, cross secasdE’, that  gistinguishes between the two channels. The fate of the
are adjusted to fit the model to the experimental measure:omplementary F atom is independent of the abstraction and
ments of the probabilities. The probabilities are calculated b)édsorption of the first F atom because the energy liberated by
numerically solving the system of coupled differential equa-gne Si—F bond is sufficient to overcome the bond energy in
tions for ¢, and 6, described by Egs(3.33 and (3.39,  the incident i molecule. Second, the reactivity of a dangling
respectively, and substituting these solutions into the equayond site is dependent not only on its occupancy, but on the
tions for the reaction probabilities, Eq8.27—-(3.29. Fig-  occupancy of the complementary atom in the dimer on the
ure 3 is a plot of the three reaction probabilities and theSi(100)(2><1) surface. The purpose of the discussion is to
coveragg Eq. (3.37] as a function of f exposure, derived provide further evidence and justification for the physical
from the beSt f|t Of the mOdel to the data. The beSt f|t Value$easonab|eness and plaus|b|||ty of the model and to gain in-

areB=1.68+0.06 andE’ =1.03+0.14, where the uncertain- sjght into the dynamics of the interaction of ®ith Si(100).
ties represent the standard deviation of the fitting

parameter$.Figure 4 shows the same reaction probabilitiesp Physical implications of the model

as in Figs. 89)—-3(c) but plotted as a function of fluorine ) )

coverage. The model is fit to the interpolated and average&‘ Total cross sections for reaction

experimental data described in Sec. Il using the Levenberg— A cross section is a common concept in gas-phase scat-

Marquardt least-squares nonlinear fitting algorithm. tering dynamics and represents the “target area” that one
The goodness of fit is determined by a chi squay®) (  particle presents to another particle in a specific scattering
function that is defined as the sum of the individydlval- ~ event. It is a valuable quantity because it describes the like-

ues of the two independent functions, the probability of unJihood of a reaction in terms of collision trajectories. Given
reactive scatteringH,) and the probability of single atom equal opacity functions, a small cross section implies a head-
abstraction P) on, small impact parameter collision for the scattering event

10 to occur, whereas a large cross section implies attractive
Xzzz Pgbs( &) —PoH(e) 2+ Pcl)bs( €)—PTe) ? forces that bring the colliding particles together even if the

= op,(€) op,(€) ' two particles do not appear to be on a collision course.
(3.44) The cross section is related to the rate of a reaction by
the concentration and velocity of the reactants. For the pro-
totypical gas-phase reactioh+B—C, the rate of produc-
‘tion of C is given by

The uncertainties ifPy(€;) and P4(¢;), denoted asrpo(ei)
and op (€), respectively, are representative of the uncer

tainties for a single set of data as described in Sec. II.the g
function is evaluated over the first 1 ML F exposure yA N _f J

. : —_= Naf ngf dvdug, 4.1
value of 3.4 is obtained foB=1.68 andE’ =1.03. A search dat  J,, UBUU(U) af(vangf(ve)duadug @1
over the two_-d|mens_|onal phase space /perforrned by 8Mihereu is the relative velocity §o—vg) betweenA andB,
domly selecting starting values f@& and E’' ranging from () Is the cross section for reaction, ang andf(u,)
0%-200% of the best fit values consistently converged at th& Y ' » U Ux

best fit values confirming that the fit corresponded to a globa‘i7lre the number density, velocity, and velocity distribution of

minimum in the x2 function, Over the exposure range de- particle X, respectively. In the case of nteracting with Si,

fined by the summation ig? of Eq. (3.44), there are twenty :22 séllscsi:atl)c;n;ry S0 tcvehircerlﬁgvz Vif)i:il:x;t;quxsfon;rfgr-
degrees of freedom corresponding to the ten values each for y  URy PP y

Po(€) and Py(e). The minimumy? value is significantly getic in a supersonic beam so the integration over velocity

less than the number of degrees of freedom, satisfying thEn be ignored. Therefore, by analogy to a gas-phase scatter-

standard criterion for the appropriateness of using a certailf'd €vent, the rate of unreactive scattering from a site on a

model to describe a given set of ddtdowever, the data and filled dimer is:
the fit to the data do not match well at exposures above 1 rate of unreactive scattering)anNannfS”i'Ed dimer
ML, which is outside of the range over which tlgé value is

. 4.2
calculated. The discrepancy between the model and the data filled dimer

at high exposures and consequently at high coverages is di¢herensi— " is the two-dimensional number density of
cussed below. occupied sites in a filled dimer. Note that the product of the

velocity and the k- number density is simply the flux of,F

IV. DISCUSSION rate of unreactive scattering  onng® M. (4.3

The model provides a reasonably accurate description of The cross sections, B, D', andE’ determined from the
the kinetics of the interaction of low energy with Si(100) fit of this model to the data and the cross sectiéhsM
at 250 K. The model treats the two dissociative chemisorp--M*, N, G, H+H*, andJ, determined from relationships
tion channels, single atom abstraction and two atom adsorge the independent cross sections, are related to their gas-
tion, as a series of three distinct steps. The initial step, thehase counterpartsry, og, opr, Og/, Ok, Oyt OM*,
abstraction and adsorption of the first F atom from the inci-oy, og, o4+ oy, andoy, respectively. For example, the
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probability of unreactive scattering of,From a site of a
filled dimer is the product of the cross sectibhand the
fraction of the total sites that are members of filled dimers: : }

(a)

filled dime|

illed di Si . 8
PEn?eac{in\;l:r:N( ntota ') (4-4) \ * /
Si A\

The cross sectiofl is related to the rate of unreactive scat- @d - bd
tering from a filled dimer site because the rate is the product
of the probability of unreactive scattering and the flux of
incident B molecules: (b)

rate of unreactive scattering g, P e

filled dime

STV - oy <
=IeN| e |- 45 Od*bd

A comparison of Eq(4.5 with Eq. (4.3 yields a relation-
ship between the cross sectibhand its gas-phase counter-

part, o
FIG. 5. Pictorial representation @& perpendicular andb) parallel ap-
P N (4.6) proach geometries of,FF Dashed line in(a) at 30° with respect to surface
N @' ’ normal represents maximum acceptance angle resulting in direct F atom

scattering as determined from results of model.
Equivalent relationships hold for all the cross sections in the
model. The quantityn>® is the two-dimensional density of
dangling bond sites, either occupied or unoccupied, on theident i, molecule. This initial abstraction can only occur on
Si(100 surface. Based on a unit cell lattice spacing of 3.84an unoccupied dangling bond site as shown by the experi-
A, it has a value ohy=6.78<10"cm 2. The inverse of mental results. The good agreement between the model and
this quantity, 12'¥=14.7x10 *cn?, is the cross-sectional the data indicates that the reactivity of a given site is depen-
area of a Si100 surface site. dent on the occupation of its complementary dimer atom.
In the development of the model, the cross sechdior ~ Specifically, the cross section for F atom abstraction from a
unreactive scattering of,Ffrom an occupied site of a filled F, molecule by an unoccupied site in a half-filled dimeg,,
dimer is determined to be equal to one which yields a valués 24.7x 10~ *6cn? and that by a site of an empty dimer, ,
of 14.7x10 ®cn? for oy. This approximation forry ef-  is 14.0< 10" ®cn?. The large values of both cross sections
fectively treats the collision radius of,£0.92 A as small compared to the cross-sectional area of a surface site, 14.7
compared to the radius of a surface site, 2.2 A, as calculates 10 '®cn?, suggest that there is no significant energetic
from its cross-sectional area, 1420 '®cn?. Similarly, the  barrier to the abstractionf@ F atom from a k molecule by
cross sectiord for unreactive scatteringf@ F atom from an  a Si dangling bond, in agreement with the experimental ob-
occupied site of a filled dimer is determined to be equal toservation. In additiongg is larger than the cross-sectional
unity which yields a value of 14710 ¥cn? for o;. area of a surface site by almost a factor of two. Its larger
Again, this approximation treats the collision radius of a Fvalue implies that the empty site on the half-filled dimer is
atom as small compared to the radius of a surface site. Thereauch more reactive than expected from simple statistical
fore, the cross sectionsy and o; represent the statistical considerations and that the interaction potential between the
probability of colliding with the appropriate site. unoccupied Si dimer atom and theg molecule is attractive.
Similarly, Eq.(4.6) yields values for the cross section for The specific site reactivity is discussed further in Sec. IV A 3.
F atom abstraction from a,fnolecule by an unoccupied site After the initial abstraction occurs, the fate of the
in an empty dimerg,=14.0<10 *cn?, and by an unoc- complementary F atom, as discussed in the following sec-
cupied site in a half-filled dimekrg=24.7<10"%cn?. The tion, is still unknown. However, regardless of the outcome,
cross section for adsorption of the complementary F atom odissociative chemisorption has occurred.
a site in an empty dimeiyp , is 12.8< 10 ¥cn? and by a
site in a half-filed dimer,oe:, is 15.2x10°*°cn. Al- 3 Neighbor independent single atom abstraction
though these cross sections do not reflect accurate absolute _. . :
values, their values relative to the cross section of a surface Single atom abstraction occurs if the com_plementary F
site and their values relative to each other do reveal the rel£©°™ does not adsorb to the surface, but remains a gas-phase

tive reactivities of the different sites and different processeg atom. Figure 5 shows two limiting scenarios for .the trajec-
in the interaction of k with Si(100 tory of the F atom that depend on the orientation of the

incident B molecule. If the initial abstraction occurs with the
F, molecular bond axis in a perpendicular approach geom-
etry with respect to the surface plaftég. 5a)], the exother-
The first step in both single atom abstraction and twomicity will propel the F atom away from the surface, giving
atom adsorption is the abstraction of a F atom from the inno opportunity for the F atom to interact with it. This mecha-

2. Initial F atom abstraction
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nism for single atom abstraction is termed “neighbor inde-if it interacts with an occupied site and, therefore, is scattered
pendent” because the complementary F atom scatters intmto the gas phase. This mechanism for single atom abstrac-
the gas phase regardless of the occupancy of the neighboritign is termed “neighbor dependent” because it is dependent
sites. This direct scattering into the gas phase is described lyn the occupancy of the neighboring sites. It is this mecha-
the probabilityX. The value ofX cannot be uniquely deter- nism that is responsible for the nonmonotonic parabolic de-
mined because of its relationship to the other cross sectiongendence of the probability for single atom abstraction with
in the model, but an upper bound can be determined in theoverage. In particular, the maximum Iy arises from the
following manner. The probability of single atom abstractioncompetition between the number of empty sites necessary to
in Eq. (3.8) can be written as effect the initial F atom abstraction which decreases with
_ coverage and the number of filled sites necessary to prevent
P1=[A(1=(20,102) +B6] the complementary F atom adsorption which increases with
X[G'(1—=(26,+6,))+H'6,+(1-X)6,+X], coverage. Therefore, given that the probability of neighbor
@7 independent single atom abstraction is snfall,at low cov-

' erage(6<0.5 ML) is always lower thafP, because the num-
whereJ=1 and the cross sectiol®’ andH' are related to  ber of empty sites for F atom adsorption outnumbers the
the original factorsG andH +H* by: number of filled sites which prevent F atom adsorption. Con-

G'=G(1-X), H'=(H+H*)(1-X). (4.9 v_ers_ely, at high coverag(es_?>0.5 ML), single atom a_bstrac-
tion is the dominant reactive channel. This qualitative obser-
In the limit that the cross sectidB’ for unreactive scattering yation based on the model is in accordance with the
of a F atom from a site on an empty dimer is vanishingly experimental results even at high coverage where the model
small, the probability of single atom abstraction at zero cov¢annot quantitatively describe the data well. The observation
erage simplifies to that two atom adsorption is the dominant channel at low
P,(6=0)=AX=0.13+0.03. (4.9 ~ coverage is in stark contrast to the conclusions of previous

experimental investigatiohswhich suggested and theoreti-

Therefore, ifA=0.96+0.03, thenX=0.13£0.03 is the up-  ¢4| investigation& which calculated that single atom ab-
per bound for the probability of direct F atom scattering. Thegiraction was the dominant channel in the limit of zero cov-
above physical picture suggests that the valuX i&f propor- erage.

tional to the solid angle of molecular orientations leading to

direct scattering relative to them2steradians of the hemi-

sphere above the surface. From purely geometric consider-

ations, the & molecular axis would have to lie within 30° of 5. Surface site reactivity
the surface normal for single atom abstraction to occur via

the direct F atom scattering mechanism a. Nondifferentiation of sites: two-site moddlhe im-

portance of the distinguishability of the adsorption sites on
the basis of the occupancy of the complementary dimer site
4. Neighbor-dependent single atom abstraction and for agreement between the model and the data is investigated
two atom adsorption by carrying out a calculation in which they are not differen-
On the other hand, if the initial abstraction occurs withtiated. Specifically, the effect of not differentiating between
the molecular axis of the Fmolecule at angle greater than the reactivity of empty and half-filled dimers is probed by
30° from the surface normdFig. 5b)], the complementary equating the cross section for F atom abstraction on an un-
F atom will scatter along the surface. Because the Si surfacgccupied site of an empty dimer to that of a half-filled dimer,
is so corrugated, the F atom will probably have only oneA=B, as well as by equating the cross section for adsorption
interaction with the surface. If this interaction occurs at anof the complementary F atom on an unoccupied site of an
occupied site, the F atom will be scattered into the gas phasgmpty dimer to that of a half-filled dimeD’=E’. Incorpo-
leading to single atom abstraction. However, if this interac+ating these equalities into Eg8.27)—(3.29 yields simpli-
tion occurs at an unoccupied site, the F atom may eithefied equations foP,, P,, andP,, respectively, for what is
scatter into the gas phase or adsorb on the surface leading tow effectively a two-site model consisting of occupied and
single atom abstraction or two atom adsorption, respectivelyunoccupied sites
The cross section for F atom adsorption by an unoccu-

pied site on a half-filled dimekyp. , is 15.1x 10" ¥cn? and P,=AD'(1-6)?, (4.10
that by a site on an empty dimerg, , is 12.8< 10 16cn?. P,=A(1-6)[1-D'(1-6)], .11
Like the initial F atom abstraction from the incident fol-

ecule, the values of both cross sections are large with respect Py=1—-[A(1-6)]. (4.12

to the cross-sectional area of a surface site, 14. . . o

X 10~ 1%cn?, suggesting that there is no significant energetic hese probability equations lead to simplified coverage
barrier to adsorptionfoa F atom on a Si dangling bond. In equationgcf. Egs.(3.33 and(3.39]

fact, the values ofrp, andog, suggest that the F atom will 1

almost always adsorb if it interacts with an empty site lead- 01(6)=§|FJ [A(1-6)+AD’(1-6)?

ing to two atom adsorption. On the other hand, it is known

from the experimental results that the F atom cannot adsorb —2A0,(1+D'(1-6))]de, (4.13
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pected for unreactive scattering. Therefore, the unexpected

1o nonlinearity of the experimental data fBp suggests that the
08 reactivity is not described so simply.

p, 06 However, the two-site model does describe the probabil-
0.4 ity of single atom abstractiorR;, about as well as the four-

0.2 site model. The contribution oP; to the y? function [the

0.0 second term in Eq3.44)] is 3.1 for the two-site model com-
04 ] (b) A pared to 0.25 for the four-site model. Both values are much
less than 20, the number of degrees of freedom, and therefore

0.3 are reasonably accurate descriptions of the data over the 0 to
1o.2 1 ML F exposure range. In contrast, the probability of two
01 atom adsorption, B a value that is dependent on the prob-
ability of the other two reaction channels, is inaccurately
0.0 described by the two-site model. In particular, the two-site
0.8 model predicts the standard Langmuirian coverage depen-
0.6 dence that is quadratic in the number of empty sites, i.e.,
P, 0.4 (1— 6)?, whereas the data are essentially linear with respect
to the number of sites except at high coverages. On the other
0.2 hand, the four-site model is able to accurately describetP
. is a mathematical necessity that the probability of two atom
0.0 0.2 0.4 0.6 0.8 1.0 adsorption be essentially quadratic in the number of empty
F coverage (ML F atom) sites because this process requires the adsorption of two at-

FIG. 6. Reaction probability of Fwith Si(100) as a function of fluorine oms on two empty sites. Thus, every term in E%i2) is the
coverage for(a unreactive scatterin®,, (b) single atom abstractioR,, p_rOdUCt of two terms t_hat are_ re_lated to_ the number of empty
and (c) two atom adsorptiorP, derived from best fit of model to data Sites. However, the differentiation of sites allows the unoc-
without site differentiationA=B, andD’=E’. Data(hollow circleg from  cupied sites in empty and half-filled dimers to contribute
Fig. 1. unequally to two atom adsorption resulting in an overall re-
action probability that is quasilinear as opposed to quadratic
with respect to the number of empty sites. In contrast, single
1 ) atom abstraction is dominated by the filled sites preventing
02(6):§|FJ A9 (1+D’(1-6))de. (419 the adsorption of the complementary F atom. Unlike single
. . ) atom abstraction which requires filled sites, which are all
The system of coupled differential equations, Bdsl3 and o4 ally unreactive, to prevent F atom adsorption, two atom
(4.14),. is solved numerically and the'lr solutions are SUbSt"adsorption requires empty sites, which are not equally reac-
tUt?_d_ Into Eqs(4.l®—(4.12} to determine the rer?\ctlon prob-. tive, for F atom adsorption. Therefore, the two-site model
abilities. There are no adjustable parameters in the Wo-Sitg; o5 5 description for single atom abstraction that is similar

1 !
model _because the wo cross sectiohsand D', are bOt_h_ ._to that of the four-site model, but it does not for two atom
determined from the experimentally measured probab|I|t|esddsorption

at zero coverage The differentiation between the reactivity of the empty

P,(#=0)=AD’'=0.83+0.03, (4.15  and half-filled dimers yields a dramatic improvement in the
o o goodness of fit of the model to the experimental data, espe-
P1(6=0)=A(1-D")=0.13+0.03. (4.19 cially with regard toPy andP,. Although the improvement

Figures 6a)—6(c) is a comparison of the reaction prob- could be a natural consequence of the four-site model having
abilities as a function of coverage derived from the two-sitetwo more adjustable parameters than the two-site model, it
model and the experimental results. The two-site model doewill be shown in the next section that there is a physical
not describe the data well. The value, as defined in Eq. basis for the differentiation of sites on the(B10) surface.
(3.44), is 1012 which is orders of magnitude greater than that  b. Dimer pairing energy. The unreconstructed @i00)
from the four-site model. In particular, the two-site model issurface consists of Si atoms that ag*-coordinated to two
unable to describ®, the probability of unreactive scatter- Si atoms below the surface. The remaining two valence elec-
ing. According to Eq(4.12), it predicts a linear dependence trons each occupy one of the remaining tep’ orbitals of
of Py on coverage, in striking contrast to the nonlinear de-the tetrahedron that project into the vacuum. These singly
pendence observed experimentally. The contributioBgpio ~ occupied orbitals are the dangling bonds. The dimerization
the x? function [the first term in Eq(3.44)] is 1009 for the that occurs in thé2x 1) reconstruction of the £100) surface
two-site model compared to 3.1 for the four-site model.is primarily a sigma interaction between one pair of dangling
Since unreactive scattering is the process that results whenbbonds from two surface Si atoms. The remaining two dan-
atom abstraction from JFdoes not occur and since F atom gling bonds interact weakly through  interaction'® The
abstraction requires one empty site, leading to an expectatiamagnitude of thisr interaction is the subject of controversy
of a linear dependence on the number of empty sites, a linean the literature-*~16
dependence on the number of filled sites or coverage is ex- The enhanced reactivity of an unoccupied site in a half-
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filled dimer relative to that in an empty dimer for both F notion of molecular steering in the interaction of @ith
atom abstraction and adsorption of the complementary [5j(100).

atom, as evidenced by the larger valueBo€ompared toA

and ofD’ compared td&&’, can be understood in terms of the

stability of the Si dimer. The dimer is destabilized when oneB. Limitations of model

of the dangling bonds reacts because there is the loss of the Although the four-site model offers a good description
stabilizing 7 interaction between the two dangling bonds. uf the kinetics of the interaction of,Fwith Si(100) as well as
The unusual first order recombinative desorption kinetics of physically intuitive picture of this gas—surface interaction,

H, from Si(100 has been attributed to the pairing of H at- 3 few assumptions were made in its development that war-
oms on Si dimers to overcome the destabilization of the Siant further discussion.

dimer 7 interaction.*~'® Models for the kinetics of thermal One of the limitations of the model is that the saturation
desorption of H from Si(100) suggest that the driving force coverage of F on Si is defined to be 1 ML, the number of
behind the pairing of H atoms to completely fill a dimer site dangling bonds on the 00 surface. While the experimen-

is the m-bond stabilization of the unoccupied Si—Si tal results show that the saturation coverage is indeed about 1
dimers***® In addition, STM (scanning tunneling micro- ML, the measured value, 0.80.11 ML, falls just short.
scopg measurements by Bolatdon the H-S{100) system  However, the uncertainty in the experimental measurement
show that when H atoms adsorb on th€180)(2x1) sur- does not preclude the value from being 1 ML. The largest
face, they tend to occupy both sites on a single dimer rathesource of error is the literature value for the electron bom-
than a single site on two different dimers. ThdsaiH atom  bardment ionization cross section of the F atom, which has
binds on an empty dimer, there is a loss of théond sta- an uncertainty of 20%. Because the probability of single
bilization, whereas if it binds on a half-filled dimer, there is atom abstractionH,) is directly proportional to it and the

no increase in the total energy. Estimates of thibond sta- ~ probability of two atom adsorptiorR,) is directly related to
bilization range from a few kcal/mb\*° based on the mod- P1, the experimentally determined saturation coverage does
eling of the thermal desorption kinetics to 18 kcal/mol basedncrease to 1 ML upon increasing the value of the ionization
on the STM result$® The effect is not limited to the inter- Cross section by 20%. On the other hand, it is possible that
action of hydrogen with $100. STM measurements have the saturation coverage is slightly lower than 1 ML because
suggested that Opreferentially dissociatively chemisorbs at Of defects on the surface that might eliminate dimer atoms,
the unoccupied sites of half-filled dimers on hydrogen termi-2nd hence eliminate dangllng bonds,.lead!ng toa degrease n
nated S(100Y7 and that CJ preferentially dissociatively the total number of available adsorption sites. Scanning tun-

chemisorbs onto the adjacent sites within a single emptj?€ling microscope images of clean(ElQ surfaces have
dimer on Si100).28 shown defect densities on the order of a few perééwthile

f_the model could have been modified by redefining the satu-
ration coveraged.,;, to be less than 1 ML, this modification
ould have created an additional variablg, for which
ere is no clear justification.

The enhanced reactivity of an unoccupied site in a hal
filled dimer relative to that in an empty dimer for adsorption
of the complementary F atom observed in the present stud

is in contrast to the predictions of a molecular dynamics
P y Regardless of the absolute valuedyf;, the values oP,

simulation to describe the interaction of with Si(100. The
. . . and P, decay towards zero as the coverage approaéhgs
simulation results suggest that two atom adsorption occur,

. . . far more rapidly than predicted by the model. This effect is
preferentially, although not exclusively, across adjacen - . .
probably a result of the last remaining unoccupied dangling

. 2 . . L
d!m_er r°"_V§ as opposed to on th_e same dlmer._ This Contrabonds being less accessible due to steric hindrance than ex-
diction with experiment, along with that regarding the rela-

i babilit f single at dt ‘ d " pected according to simple statistics or much less reactive
,'VO? pro ahl : |ehs 0 smgle aOT §|n Woﬁga:m adsorplion.pacause of the effects of neighboring adsorbates. The ab-
Indicates that t gcurrent y avaiiable pote an inaccu-  gence of any effect from neighboring adsorbates other than
rate representation of the interaction betwegrafid Si.

) the complementary surface atom of the dimer pair is another
¢ Molecul%r steering. F\’.ecenzt;y there have been many gy nificant limitation of the model. The effect of neighboring
experimentdf?°and theoretical~

investigations of a phe-  g4sorhates could be incorporated into the model by incorpo-
nomenon termed molecular steering in which the '”C'de”Pating a coverage dependence into the cross section¥.and
molecule is oriented by the gas—surface interaction potentiathough this modification certainly would have been a more
along a more favorable trajectory to reaction than expectedccurate description of reality, the additional complexity
from a random orientation. This effect is expected to be acyould diminish the physical insight gained from the simplic-
centuated in experiments employing supersonic moleculdfy of the model.

beams because the extreme rotational coolifig{5K) of The model also assumes thétthe fraction of comple-

the molecules in the beam makes them more susceptible {@entary F atoms that scatter directly into the gas phase, is
rotation by an external force, such as the gas—surface intefndependent of the type of site on which the initial abstrac-
action potential. The large value for the cross section for Rion occurs. This assumption implies that the dynamics of the
atom abstraction from Fincident on S{100, B=24.7 direct scattering of the F atom after an abstraction event on a
x 10 ®cn?, relative to the cross-sectional area of a surfacedangling bond of a half-filled dimer are not significantly dif-
site, 14.7K 10" 8cn?, suggests the presence of an attractiveferent from that of an empty dimer. It is justified by the
gas—surface interaction potential that is consistent with théndependence of the angular and velocity distributions of the
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scattered F atom on coverafbecause the relative numbers adsorb to the surface in a concerted process. The comple-
of unoccupied sites on a half-filled and on an empty dimementary F atom may scatter into the gas phase leading to
vary significantly with coverage. single atom abstraction, or it may subsequently interact with
Finally, the statistical basis of the model is founded onthe surface and adsorb leading to two atom adsorption.
the assumption that adsorption sites are accessed randomly The kinetics of the interaction of,Fwith Si(100)(21)
by the incident i molecules and that there is no diffusion or cannot be described by traditional gas—surface kinetics mod-
desorption of an adsorbed F atom once it is bound to a darels. Instead, a statistical model is able to describe the kinetics
gling bond site. The diffusion constraint eliminates any in-of single atom abstraction and two atom adsorption that is
homogeneity in the spatial distribution of adsorbates thabased on the premise that single atom abstraction and two
might arise from their islanding, allowing the global cover- atom adsorption share a common initial step, F atom abstrac-
age to be truly representative of the local adsorbate densityon, and that the four distinct types of sites, sites on empty
in the vicinity of the random site of the interaction. This dimers and filled dimers as well as unoccupied and occupied
simplifying assumption is justified by STM images of sites on half-filled dimers, interact differently with the inci-
Si(111) at low fluorine coverage which show random fluo-  dent F, molecule and scattered F atom. The model describes
rine adsorption sites with no significant islanding or cluster-the data well, and the results are consistent with a stepwise
ing of adsorbates. In addition, repeated imaging of the flumechanism in which the initial atom abstraction is central to
orinated surface shows no significant adsorbate motiorhoth single atom abstraction and two atom adsorption. This
through either diffusion or desorption. Both constraints areresult is expected since there is no thermodynamic driving
additionally justified by the high bond strength of the Si—Fforce requiring the adsorption of the second F atom. The
bond, 150 kcal/maf?*relative to the diffusion and desorp- results of the model suggest that the fate of the complemen-
tion barriers. In general, adsorbate diffusion barriers are ofary F atom is determined, in part, by the orientation of the
the order of 5%-20% of the surface—adsorbate bonghcident F, molecular axis with respect to the surface. If the
strengtfi’ and desorption barriers are at least equivalent tanolecular axis of the incident,s oriented within 30° of the
the surface—adsorbate bond strength, making both barriers ¥yrface normal, the complementary F atom will likely be
this system much greater than kT. In addition, the depletioréjected away from the surface making two atom adsorption
of adsorbed F atoms by desorption of a fluorosilane etC'ﬂnpossible. This mechanism is termed “neighbor-
prOdUCt is not observed to occur in the interaction of |0Windependent” because the fate of the Comp|ementary F atom
energy K with Si(100) at 250 K is independent of the occupancy of the other sites on the
The model is also based on the assumption that there igrface. At zero coverage, it is this mechanism that yields the
no diffusion of K, as a molecularly adsorbed precursor, ei-nonzero probability for single atom abstraction. On the other
ther extrinsic or intrinsic, prior to reaction. This assumptionpang, if the L molecular axis is oriented more than 30° from
is justified by lack of experimental evidence for a precursofhe surface normal, the complementary F atom will likely
molecule. Specifically, the strong dependence of the unreagnteract with the surface. If the F atom interacts with an
tive scattering probabilityPo, on coverage precludes the ynoccupied site, adsorption may occur. This mechanism is
existence of an extrinsic precursor while the lack of a depengg;meg “neighbor-dependent” because the occupancy of the
dence of the f scattering and reaction dynamics on the in-gjte with which the F atom interacts determines whether the
cident energy below 1.5 kcal/mol indicates the absence of agyerg|| result is single atom abstraction or two atom adsorp-
Intrinsic precursor. Shdt has examined the effect of a phy- jon. It is the competition between the need for an unoccu-
sisorbed precursor mechanism using Monte Carlo simulasieq site for the initial atom abstraction, and the subsequent
tions that incorporate a model similar to the two-site modelaaq for an occupied site to prevent adsorption of the
described above in SecVAS5a. A comparison of these .qmplementary F atom that yields the unusual coverage de-
simulations with the experimental results shown in Fig. 1penqence of the probability of single atom abstraction which

suggests that a precursor mechanism has no significant, i gjgnified by a maximum likelihood at about 0.5 ML cov-
any, contributions to the kinetics of the interaction gfvfith erage.

Si. The results of the model also show that the unoccupied
sites on half-filled dimers are about twice as reactive as the
V. CONCLUSIONS unoccupied sites on empty dimers. The cross section for F
Molecular fluorine interacts with §i00) via a novel dis- atom abstraction by an unoccupied dangling bond on a half-
sociative chemisorption mechanism called atom abstractiofilled dimer is 24.% 10 *cn? while that on an empty
and results in two reactive channels, single atom abstractiodimer is 14.0< 10" cn?. This result is consistent with a
and two atom adsorption in which one and two F atomdower stability of the unoccupied dangling bond in a half-
adsorb to the surface, respectively. The distinguishing feafilled dimer because of the absence of thénteraction that
ture of single atom abstraction and two atom adsorption fronexists between the two unoccupied dangling bonds in an
classic dissociative chemisorption is that only one surface-empty dimer and, therefore, a higher reactivity. The neces-
adsorbate bond is necessary to liberate sufficient energy ity for differentiation of the reactivity of the distinct surface
cleave the incident molecular bond. As a consequence, thates is demonstrated by the poor ability of the model to
fate of the complementary F atom is not necessarily as adescribe the data when there is no differentiation of sites.
adsorbate on the surface as it is in classic dissociative chemirinally, the total reaction probability is near unity at zero
sorption in which the two fragments of the cleaved moleculecoverage which indicates that there is no barrier to reaction.
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