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Fluorine atom abstraction by Si „100… II. Model
M. R. Tate, D. P. Pullman,a) Y. L. Li, D. Gosalvez-Blanco, A. A. Tsekouras,b)

and S. T. Ceyerc)

Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

~Received 7 July 1999; accepted 20 December 1999!

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 F2 with 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 F2 molecular 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 the Si~100!~231! 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 stabilizingp interaction between the two unoccupied dangling bonds on a dimer.
© 2000 American Institute of Physics.@S0021-9606~00!70811-7#
ng

de
at
io
a-
m
n
e
o
r
n
e
ag
le
au
po
F

n
en

n a
ec-
on
om
ate
is-
ot
ody-

F

on

ute
e
of
of

. At
om

nd-
h
ion
i
w

rs
I. INTRODUCTION

Recently, the absolute probabilities of all scatteri
channels in the interaction of F2 with Si~100! have been
measured as a function of fluorine coverage.1 These reaction
probabilities display an unexpected, non-Langmuirian
pendence on coverage that arises not from adsorb
adsorbate effects, which are the usual source of deviat
from Langmuir kinetics, but from a nontraditional mech
nism for dissociative chemisorption called ato
abstraction.2,3 In the classic mechanism, cleavage of the bo
between the two atoms of a molecule incident on a surfac
concomitant with the formation of a bond between each
the atoms and the surface. These two events must occu
multaneously because the energy released in the formatio
two surface bonds is necessary to compensate for the en
required to cleave the molecular bond. In contrast, cleav
of the F2 molecular bond upon formation of only a sing
bond to the Si surface is possible in atom abstraction bec
the F2 bond energy is less than the energy released u
formation of the single Si–F bond. The complementary
atom may then scatter into the gas phase, a reaction cha
termed single atom abstraction. Alternatively, it may th
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interact with the Si surface and possibly adsorb, even o
nonadjacent site, if it is scattered with the appropriate traj
tory during the initial atom abstraction. This latter reacti
channel is termed two atom adsorption. Although two at
adsorption results in the formation of two surface-adsorb
bonds just as in classic dissociative chemisorption, it is d
tinct from classic dissociative chemisorption in that it is n
necessarily a concerted process mandated by the therm
namics of the system, but rather is a stepwise process.

In the first of a series of papers on the interaction of2

with Si~100!,1 the absolute probability for F2 to undergo ei-
ther single atom abstraction or two atom adsorption
Si~100! was determined as a function of F2 exposure by mea-
suring the scattered F2 and F atom flux. With the knowledge
of the absolute incident molecular beam flux, the absol
probability for F2 to access one of the two dissociativ
chemisorption channels was determined as a function
fluorine coverage. Figure 1 shows the probability of each
the scattering channels as a function of fluorine coverage
low coverage, the dominant reactive channel is two at
adsorption, which has a probability, P2 , of 0.8360.03 in the
limit of zero coverage. Despite being a seemingly seco
order adsorption process, P2 decreases almost linearly wit
coverage, deviating from linearity only near the saturat
coverage of one monolayer~1 ML, one F atom per surface S
atom!. Single atom abstraction is the minor channel at lo
coverage. Its probability,P1 , is 0.1360.03 in the limit of

ity.
0 © 2000 American Institute of Physics
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zero coverage and also exhibits a non-Langmuirian dep
dence on coverage, actually increasing to a maximum va
of 0.3560.08 as the number of filled sites increases to
ML. At the maximum,P1 and P2 are nearly equal. As the
coverage increases beyond 0.5 ML,P1 and P2 monotoni-
cally decay to zero around 1 ML.

In this second of a series of papers on the interaction
F2 with Si~100!, a simple yet physically intuitive statistica
model is developed to describe the experimentally obser
kinetics of the interaction of low energy F2 with Si~100!. The
model describes the probability of single atom abstract
and two atom adsorption both as a function of exposure to2

and as a function of fluorine coverage, the relevant kine
parameter. The model is based on the premise that two a
adsorption is not a concerted process, like classic disso
tive chemisorption, and is intimately related to single ato
abstraction. Specifically, the two dissociative chemisorpt
channels share a common initial step, F atom abstrac
from the incident F2 molecule by the Si~100! surface. The
fate of the complementary F atom determines whether
overall result is single atom abstraction or two atom adso
tion.

The model is also based on the premise that the reac
ties of the different types of unoccupied sites on the Si~100!
surface are not equivalent, a premise easily rationalized
the structure and bonding of the surface atoms in this co
lent solid. Si~100! reconstructs forming rows of surface S
dimers, yielding a~231! periodicity that is observable by H
and electron diffraction, and leaving one partially filled m
lecular orbital or dangling bond projecting into the vacuu
for each surface Si atom. The remaining dangling bonds
each of the two Si atoms that comprise the dimer interac

FIG. 1. Reaction probability of F2 at Ei50.7 kcal/mol with Si~100! at 250 K
as a function of fluorine coverage for~a! unreactive scatteringP0 , ~b! single
atom abstractionP1 , and ~c! two atom adsorptionP2 . Data shown are
average of six data sets interpolated to a common exposure interva
range. Error bars are propagated uncertainties typical of a single data
n-
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form a weakp bond. The weakness of thep bond effectively
leaves the dangling bonds as radical sites, which hence
very reactive and are the sites for F atom abstraction
adsorption as shown experimentally.1 Nevertheless, when a F
atom is adsorbed on one of the dangling bonds creating
occupied site, the weakp bond is broken, leaving the dan
gling bond of the complementary Si atom in a half-fille
dimer more radical like and hence more reactive than d
gling bonds of an empty dimer which are involved in ap
interaction. Hence, the different reactivities of the two typ
of dangling bonds are based on the occupancy of the d
gling bond on the complementary Si atom in the dimer.

The results of the theoretical model forP1 and P2 , as
well as for P0 , which is the probability of unreactive sca
tering, match the experimental measurements well. Most
portantly, the model correctly predicts two distinct featur
of the experimental results:~1! The nonmonotonic depen
dence on the coverage of the probability of single atom
straction and~2! the linear dependence on the coverage
the probability of two atom adsorption. Both features a
unexpected from the traditional Langmuirian viewpoint
gas–surface chemical kinetics that predicts a power law
pendence on the number of empty sites where the expo
is equal to the number of adsorbates that are created in
process. In other words, the probability of single atom a
straction is expected to be linear while the probability of tw
atom adsorption ought to be quadratic with respect to
number of unoccupied sites. The good agreement betw
the model and the data also provides further support for
atom adsorption as a stepwise dissociative chemisorp
mechanism.

In addition to correctly predicting the experimental
measured kinetics of the gas–surface chemical reaction
model also provides insight into the dynamics of the inter
tion. Scattering cross sections for the elementary steps o
interaction of both the F2 molecule and the F atom with th
different types of sites on the Si~100! surface are determined
The two types of unoccupied sites, those that are membe
empty dimers and those that are members of half-fil
dimers, display a substantially different reactivity towar
fluorine. The allowance for different reactivities of the tw
types of unoccupied sites is shown to be critical for go
agreement between the model and the data. The results
suggest that the orientation of the incident F2 molecule rela-
tive to the surface plane determines the fate of the com
mentary F atom which must interact with the surface in or
for two atom adsorption to occur.

The paper is divided into several sections. Section
gives a brief overview of the experimental results show
the determination of the absolute probabilities of the th
reaction channels as a function of F2 exposure and fluorine
coverage. In Sec. III, the statistical model is developed fr
a minimal set of assumptions and compared to the exp
mental results. Section IV is a discussion of the model a
its implications on the dynamics of the interaction betwe

nd
t.
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F2 and Si~100! as well as its limitations in describing a com
plex chemical interaction in simple statistical terms. The
sults from the experimental measurements and the theore
model are compared with the results of previous experim
tal and theoretical work.

II. REVIEW OF EXPERIMENTAL RESULTS

The apparatus has been described in detail previous1,4

The results shown in Fig. 1 are derived from experimen
data1,5–7 in which a F2 beam, with an average translation
energy ofEi50.7 kcal/mol, is incident along the normal o
the ~100! plane of a Si crystal at 250 K. The scattered pro
ucts are detected and identified by a triply differentia
pumped, rotatable quadrupole mass spectrometer and
velocity distribution and flux are measured using a time-
flight technique.

The coverage dependence of the three scattering c
nels is contained in the measurements of the flux of scatt
F and F2 , the products of single atom abstraction and un
active scattering, respectively, as a function of F2 exposure.
The probability is equal to the flux of scattered produ
relative to the incident F2 flux, which is proportional to the
scattered flux of F2 at long exposures where the reaction w
Si has ceased. The simplified equations for the probability
single atom abstraction (P1) and unreactive scattering (P0)
can be written as

P1~e!5S vF

vF2

DSsF2→F1

sF→F1
D S S19~e!

S19~`!
2

S38~e!

S38~`! D , ~2.1!

P0~e!5
S38~e!

S38~`!
, ~2.2!

where e is the exposure in ML F atom,v is the average
velocity, s is the ionization cross section, andS is the mass
spectrometer signal of the scattered particle denoted by
subscript. The probability of two atom adsorption is det
mined by normalization of the three channels

P2~e!512P0~e!2P1~e!. ~2.3!

Having obtainedP1(e) and P2(e) as a function of ex-
posure, the fluorine coverage as a function of exposure
be calculated. By definition of the probabilities, there will
P112P2 fluorine atoms adsorbed on the surface for ea
incoming F2 molecule. Summing over all incoming F2 mol-
ecules, the coverage,u~e!, can be written as

u~e!5E
0

e

I F2
~0.5P1~e!1P2~e!!de, ~2.4!

whereI F2
is the incident F2 flux in ML F atom/s.

The results shown in Fig. 1 represent the average of
six sets of data shown in Fig. 13 of Ref. 1. Because
incident F2 flux, and therefore, the F2 exposure over a fixed
integration time in Eq.~2.4!, varied from data set to data se
the reaction probabilities and coverage determined from e
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of the six data sets are interpolated over a common expo
range~0–15 ML F! and interval~0.1 ML F! using a linear
interpolation algorithm prior to averaging the six data se7

The error bars shown in Fig. 1 represent the typical unc
tainty of a single set of data. The large uncertainty inP1 and
P2 and consequently the fluorine coverage is due to the la
uncertainty in the value8 for the F atom ionization cross sec
tion, sF→F1.

III. DESCRIPTION OF MODEL

A. Probability equations

The statistical model, specifically referred to as the fo
site model in Sec. IV A 5 a, treats the interaction of the inci
dent F2 molecule and its complementary F atom with fo
types of possible sites on the Si~100!~231! surface: Sites tha
are members of filled dimers and hence necessarily occup
the occupied and unoccupied sites of half-filled dimers, a
sites that are member of empty dimers and hence necess
unoccupied. Thus, a site is distinguished not only by its flu
rine occupation, but also by the occupation of its comp
mentary surface dimer atom. The number of sites that
members of a filled dimer is denoted byu2 , whose value
ranges from zero on the clean surface to a maximum of 1
at the saturation coverage when every site and consequ
when every dimer is filled. The number of occupied sites t
are members of a half-filled dimer is denoted byu1 , as is the
number of unoccupied sites that are members of a half-fi
dimer. The value ofu1 ranges from zero on the clean surfa
to a maximum of 0.5 ML when every dimer is half-filled
Finally, sites that are members of an empty dimer are un
cupied sites. Their number is denoted by 12(2u11u2). The
factor of two in the 2u1 term arises because both the occ
pied sites on half-filled dimers and the unoccupied sites
half-filled dimers decrease byu1 the number of unoccupied
sites that are members of empty dimers. The total cover
u, is the sum of the number of occupied sites that are me
bers of both the half-filled and filled dimers,u11u2 .

The model treats the interaction of a F2 molecule inci-
dent on a Si~100! surface as a sequential combination of
to three steps, each with two possible outcomes:

1. Interaction of the F2 molecule with the surfacelead-
ing to either abstraction of the first F atom from the F2 mol-
ecule or unreactive scattering.

2. Assuming F atom abstraction,the trajectory of the
complementary F atomleads to either direct scattering int
the gas phase or the subsequent interaction of the com
mentary F atom with the surface.

3. Assuming the complementary F atom is not direc
scattered into the gas phase,the interaction of the F atom
with the surfaceleads to either adsorption or scattering of t
complementary F atom.

A pictorial representation of Step 1, the initial intera
tion of F2 with the four types of sites, and its two possib
outcomes, F atom abstraction or F2 unreactive scattering, is
shown in the first column of Fig. 2. Cross sectionsA, B, B* ,
C, K, M, M* , N are defined for the two possible outcomes
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FIG. 2. Pictorial representation of all pathways for interaction of F2 with Si~100!~231! based on model described in text. Solid circles represent F atoms
pairs of hollow circles represent Si dimers. Dashed squares represent intermediate states and thick solid squares represent final states in a path.
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the initial interaction that can occur on any type of site.
A[Cross section for F abstraction from incident F2 by a

site in an empty dimer;
B[Cross section for F abstraction from incident F2 by

unoccupied site in half-filled dimer;
B* [Cross section for F abstraction from incident F2 by

occupied site in half-filled dimer;
C[Cross section for F atom abstraction from incident2

by a site in filled dimer;
K[Cross section for unreactive scattering of an incid

F2 by a site in an empty dimer;
M[Cross section for unreactive scattering of incident2

by unoccupied site in half-filled dimer;
M* [Cross section for unreactive scattering of incide

F2 by occupied site in half-filled dimer;
N[Cross section for unreactive scattering of an incid

F2 by a site in a filled dimer.
t

t

t

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

Upon abstraction, the trajectory of the complementar
atom, labeled as Step 2 in Fig. 2, may lead it either to sca
directly into the gas phase, called direct scattering, or to
teract with the surface. A probabilityX is defined as the
fraction of the complementary F atoms that directly sca
into the gas phase leading to single atom abstrac
(P1).

The fraction (12X) of the complementary F atoms tha
do not directly scatter into the gas phase interact with
surface, labeled as Step 3 in Fig. 2. This interaction may l
to adsorption of the F atom, resulting in two atom adsorpt
(P2). If adsorption does not occur, then the F atom is sc
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tered into the gas phase, resulting in single atom abstrac
(P1). Cross sectionsD, E, E* , F, G, H, H* , J are defined
for the two possible outcomes of this step that can occur
any of the four types of sites.

D[Cross section for subsequent F atom adsorption b
site in an empty dimer;

E[Cross section for subsequent F atom adsorption
unoccupied site in half-filled dimer;

E* [Cross section for subsequent F atom adsorption
occupied site in half-filled dimer;

F[Cross section for F atom adsorption by a site in fill
dimer;

G[Cross section for scattering F atom by a site in
empty dimer;

H[Cross section for scattering F atom by unoccup
site in half-filled dimer;

H* [Cross section for scattering F atom by occup
site in half-filled dimer;

J[Cross section for scattering F atom by a site in a fil
dimer.

Again, relationships between the cross sectionsD and G,
cross sectionsE, E* , H, andH* , and cross sectionsF andJ
exist and are derived below.

The probability of a specific pathway in the interactio
of F2 with Si~100! is described by the product of the pro
abilities for the unique sequence of outcomes for the th
individual steps, interaction of F2 with Si, the trajectory of
f
to
:
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the complementary F atom, and the interaction of
complementary F atom with Si, on the four distinct sites. T
probability of a specific process—two atom adsorption (P2),
single atom abstraction (P1), and unreactive scatterin
(P0)—is the sum of the probabilities for all of the pathwa
resulting in the adsorption of two F atoms, one F atom, a
no F atoms, respectively.

Given these considerations, the probability of unreact
scattering (P0) is the sum of the individual probabilities fo
the four pathways leading to unreactive scattering

P05K~12~2u11u2!!1Mu11M* u11Nu2 . ~3.1!

The terms, in the order in which they are shown, repres
the probability for F2 to unreactively scatter from a site tha
is a member of an empty dimer, to unreactively scatter fr
an unoccupied site of a half-filled dimer, to unreactive
scatter from an occupied site of a half-filled dimer and
unreactively scatter from a site that is a member of a fil
dimer, respectively. Because no complementary F atom
produced during unreactive scattering, there is no need
consider the subsequent complementary F atom dynami

The probability of two atom adsorption (P2) is the sum
of the individual probabilities for the sixteen pathways lea
ing to two atom adsorption
P25A~12~2u11u2!!~12X!D~12~2u11u2!!1A~12~2u11u2!!~12X!Eu1

1A~12~2u11u2!!~12X!E* u11A~12~2u11u2!!~12X!Fu21Bu1~12X!

3D~12~2u11u2!!1Bu1~12X!Eu11Bu1~12X!E* u11Bu1~12X!Fu2

1B* u1~12X!D~12~2u11u2!!1B* u1~12X!Eu11B* u1~12X!E* u11B* u1~12X!Fu2

1Cu2~12X!D~12~2u11u2!!1Cu2~12X!Eu11Cu2~12X!E* u11Cu2~12X!Fu2 . ~3.2!
in
le-
-
m.
om
ad-

in
ays

face
d-
di-
me

rob-

to
The sixteen pathways are all of the possible combinations
the two essential outcomes, F atom abstraction and F a
adsorption, occurring at each of the four possible sites
filled dimer site, an occupied or unoccupied site of a ha
filled dimer and an empty dimer site. For example, the fi
term in P2 , which constitutes the probability of the pathwa
involving atom abstraction on a site of an empty dimer f
lowed by a trajectory of the complementary F atom intera
ing with the surface and subsequent adsorption on a sit
an empty dimer, is given by the probability for abstraction
a site of an empty dimer@A(12(2u11u2)#, multiplied by
the probability of an interacting trajectory (12X) and mul-
tiplied by the probability of adsorption of the complementa
F atom on a site of an empty dimer@D(12(2u11u2)#.
Since two atom adsorption requires F atom abstraction f
the F2 molecule and the subsequent adsorption of
or
m

A
-
t

-
t-
of

m
e

complementary F atom, none of the pathways resulting
two atom adsorption include direct scattering of the comp
mentary F atom with its probabilityX, an outcome that nec
essarily prevents adsorption of the complementary F ato

Single atom abstraction requires F atom abstraction fr
the F2 molecule, but the complementary F atom cannot
sorb to the surface. Sixteen of the pathways resulting
single atom abstraction are similar to the sixteen pathw
resulting in two atom adsorption described in Eq.~3.2!, ex-
cept that the complementary F atom scatters from the sur
instead of adsorbing onto it. However, unlike two atom a
sorption, there are four additional pathways that include
rect scattering of the complementary F atom, an outco
that necessarily results in single atom abstraction. The p
ability of single atom abstraction (P1) is the sum of the
individual probabilities for the twenty pathways leading
single atom abstraction:
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P15A~12~2u11u2!!~12X!G~12~2u11u2!!1A~12~2u11u2!!~12X!Hu1

1A~12~2u11u2!!~12X!H* u11A~12~2u11u2!!~12X!Ju21Bu1~12X!

3G~12~2u11u2!!1Bu1~12X!Hu11Bu1~12X!H* u11Bu1~12X!Ju21B* u1~12X!

3G~12~2u11u2!!1B* u1~12X!Hu11B* u1~12X!H* u11B* u1~12X!Ju2

1Cu2~12X!G~12~2u11u2!!1Cu2~12X!Hu11Cu2~12X!H* u11Cu2~12X!Ju2

1A~12~2u11u2!!X1Bu1X1B* u1X1Cu2X. ~3.3!
u
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The first sixteen terms represent pathways for the two o
comes, F atom abstraction and the interaction of the com
mentary F atom with the surface, occurring at each of
four distinguishable sites. The last four terms represent p
ways for F atom abstraction on any of the four distinguis
able sites followed by direct scattering of the complement
F atom.

This statistical representation of the reaction probab
ties given in Eqs.~3.1!–~3.3! assumes that both the F2 mol-
ecule and the F atom, if produced by the initial atom abstr
tion, only interact one time with the surface. Physically, th
assumption rules out the presence of a mobile precursor
ther intrinsic or extrinsic. In addition, this representation
sumes that the cross sections are independent of cove
The validity of these assumptions is discussed in Sec. IV

The reaction probabilities given in Eqs.~3.1!–~3.3! are
simplified by grouping the components of each of the th
individual steps that comprise an overall pathway for
interaction of F2 with Si~100!

P25@A~12~2u11u2!!1~B1B* !u11Cu2#~12X!

3@D~12~2u11u2!!1~E1E* !u11Fu2#, ~3.4!

P15@A~12~2u11u2!!1~B1B* !u11Cu2#~12X!

3FG~12~2u11u2!!1~H1H* !u11Ju21S X

12XD G ,
~3.5!

P05K~12~2u11u2!!1~M1M* !u11Nu2 . ~3.6!

The reaction probabilities given in Eqs.~3.4!–~3.6! are fur-
ther simplified by incorporating the experimental observat
that the initial F atom abstraction cannot occur if the incid
F2 interacts with a filled site. Specifically, the experimen
results1 show that the 1 ML of dangling bonds on the Si~100!
surface are the only sites for abstraction and adsorption
that a F2 molecule must unreactively scatter from a satura
surface so thatP2(u51 ML) 50, P1(u51 ML) 50, and
P0(u51 ML) 51. Therefore, it is necessary thatB* 50 and
C50 in Eqs. ~3.4!–~3.6!. Analogously, if the complemen
tary F atom interacts with a filled site, then F atom adso
tion cannot occur. To satisfy this assumption, it is necess
that E* 50 andF50 in Eqs.~3.4!–~3.6! leading to

P25@A~12~2u11u2!!1Bu1#~12X!

3@D~12~2u11u2!!1Eu1#, ~3.7!
t-
e-
e
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P15@A~12~2u11u2!!1Bu1#~12X!

3FG~12~2u11u2!!1~H1H* !u11Ju21S X

12XD G ,
~3.8!

P05K~12~2u11u2!!1~M1M* !u11Nu2 . ~3.9!

If there are only three possible channels through whic
F2 molecule incident on a Si~100! surface may interact, then
the sum of their probabilities described by Eqs.~3.7!–~3.9!
must be unity

Ptotal5P01P21P151. ~3.10!

In addition, the sum of the probabilities for every outcome
a given step must be unity. Specifically, in Step 1 shown
Fig. 2, the sum of the probabilities of the eight outcom
either F atom abstraction or F2 unreactive scattering, must b
unity:

PStep 15A~12~2u11u2!!1Bu11K~12~2u11u2!!

1~M1M* !u11Nu251. ~3.11!

Alternatively, Eq.~3.11! can be rationalized in the following
manner: The first step in the interaction of F2 with Si~100! is
the F atom abstraction from F2 or the unreactive scattering o
F2 . The probability of F atom abstraction from the incide
F2 molecule is given by

Pabstraction5@A~12~2u11u2!!1Bu1#. ~3.12!

If the initial abstraction does occur, the resulting over
event must be either two atom adsorption (P2) or single
atom abstraction (P1) but it cannot result in unreactive sca
tering (P0). So, if the initial abstraction does not occur, th
incident F2 must unreactively scatter. Therefore, the abse
of the initial abstraction is the sole contribution to unreact
scattering (P0) so that

P05@K~12~2u11u2!!1~M1M* !u11Nu2#

512@A~12~2u11u2!!1Bu1#, ~3.13!

which is equivalent to Eq.~3.11! After some algebra, Eq
~3.13! becomes

~K1A21!1~M1M* 1B22A22K !u1

1~N2K2A!u250, ~3.14!

resulting in a system of three equations

K1A2150,
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M1M* 1B22A22K50, N2K2A50. ~3.15!

These equalities constrain the cross sectionsA relative toK,
as well asB relative toM1M*

K512A, ~3.16!

M1M* 522B. ~3.17!

The equality also yields the value of the cross sectionN

N51. ~3.18!

Because of these constraints, the cross sectionK and the sum
of cross sectionsM1M* are justifiably eliminated from the
model.

In an analogous manner, the sum of the probabilities
the eight distinct outcomes for either F atom adsorption o
atom direct scattering of Step 3 in Fig. 2 must be unity

PStep 35D~12~2u11u2!!1Eu11G~12~2u11u2!!

1~H1H* !u11Ju251. ~3.19!

After some algebra, Eq.~3.19! becomes

~D1G21!1~E1H1H* 22D22G!u1

1~J2D2G!u250, ~3.20!

resulting in a system of three equations:

D1G2150,

E1H1H* 22D22G50, J2D2G50. ~3.21!

These equalities constrain the cross sectionsG relative toD,
as well asH1H* relative toE

G512D, ~3.22!

H1H* 522E. ~3.23!

The equality also yields the value of the cross sectionJ,

J51. ~3.24!

Because the normalization relationships lead to redund
cross sections, the cross sectionsG and H1H* are justifi-
ably eliminated from the model. Substituting Eqs.~3.22!–
~3.24! into Eqs.~3.7! and ~3.8! yields

P25@A~12~2u11u2!!1Bu1#~12X!

3@D~12~2u11u2!!1Eu1#, ~3.25!

P15@A~12~2u11u2!!1Bu1#~12X!

3F12@D~12~2u11u2!!1Eu1#1S X

12XD G .
~3.26!

Redistributing the (12X) factor and incorporating it into the
cross sectionsD andE allows the probability factorX to be
eliminated from the probability equations

P25@A~12~2u11u2!!1Bu1#

3@D8~12~2u11u2!!1E8u1#, ~3.27!
r
F

nt

P15@A~12~2u11u2!!1Bu1#

3@12@D8~12~2u11u2!!1E8u1##, ~3.28!

P0512@A~12~2u11u2!!1Bu1#, ~3.29!

where the new cross sectionsD8 and E8 are related to the
original cross sectionsD andE by:

D8[D~12X!, ~3.30!

E8[E~12X!. ~3.31!

The resulting simplified probability equations, Eqs.~3.27!–
~3.29! have an appealingly straightforward interpretatio
The first factor inP2 is given by Eq.~3.12! and is the prob-
ability of F atom abstraction from an incident F2 molecule.
This factor is multiplied by the probability of adsorption o
the complementary F atom to yield the total probability f
two atom adsorption,P2 . Likewise,P1 is the product of the
probability of F atom abstraction and the probability of t
complementary F atomnot adsorbing, or one minus th
probability of it adsorbing. The probability of unreactiv
scattering,P0 , is one minus the probability of F atom ab
straction, as noted in the discussion of Eq.~3.13!.

B. Coverage equations

The solution of Eqs.~3.27!–~3.29! for the three prob-
abilities depends on knowledge of the number of the oc
pied sites in half-filled dimers,u1 , and the number of occu
pied sites in filled dimers,u2 , as a function of F2 exposure.
However, these two types of occupied sites are not dis
guishable in these experiments described above. Instead
simplifying assumption is made that the occupancy of e
type of site develops randomly. Starting from a clean s
face, the initial infinitesimal fluorine coverage arises fro
the number of F atoms adsorbed via a statistical distribu
of pathways at zero coverage over an infinitesimal expos
range. Once a F atom is adsorbed on a site, it does not d
fuse or desorb. The coverage increases by iteratively con
ering the distribution of pathways at the new covera
Mathematically, the coverage is the integral over exposur
the product of the incident F2 flux and the probability for
each relevant reaction pathway weighted by the number
atoms adsorbed along each pathway. Thus, the numbe
occupied sites in a half-filled dimer,u1 , is the sum of con-
tributions from the pathways leading to two atom adsorpt
(P2) and single atom abstraction (P1) that create half-filled
dimers minus the contributions from the pathways that
stroy half-filled dimers by creating filled dimers

u1~e!5
1

2
I F2
E $2A~12~2u11u2!!D8~12~2u11u2!!

1A~12~2u11u2!!@12@D8~12~2u11u2!!

1E8u1##22Bu1E8u12Bu1@12@D8~12~2u1

1u2!!1E8u1##%de, ~3.32!

which simplifies to
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u1~e!5
1

2
I F2
E $A~12~2u11u2!!

3@11D8~12~2u11u2!!2E8u1#2Bu1

3@12D8~12~2u11u2!!1E8u1#%de. ~3.33!

The number of occupied sites that are members of a fi
dimer, u2 , is the sum of the contributions from two ato
adsorption and single atom abstraction (P1) to create filled
dimers

u2~e!5I F2
E $A~12~2u11u2!!E8u11Bu1D8

3~12~2u11u2!!12Bu1E8u11Bu1

3@12@D8~12~2u11u2!!1E8u1##%de,

~3.34!

which simplifies to

u2~e!5I F2
E $A~12~2u11u2!!E8u11Bu1~11E8u1!%de.

~3.35!

The total coverage, an experimentally determined quantity
the sum ofu11u2

u~e!5I F2
E $ 1

2$A~12~2u11u2!!@11D8~12~2u11u2!!

2E8u1#%%2 1
2$Bu1@12D8~12~2u11u2!!1E8u1#%

1$A~12~2u11u2!!E8u11Bu1~11E8u1!%de,

~3.36!

FIG. 3. Reaction probability of F2 with Si~100! as a function of F2 exposure
for ~a! unreactive scatteringP0 , ~b! single atom abstractionP1 , and~c! two
atom adsorptionP2 derived from best fit of model to data.~d! Fluorine
coverage as a function of F2 exposure. Data~hollow circles!, taken from Fig.
1, are plotted as a function of F2 exposure instead of fluorine coverage. Err
bars on exposure reflect uncertainty in beam flux.
d

is

which simplifies to

u~e!5
1

2
I F2
E @A~12~2u11u2!!1Bu1#

3@11D8~12~2u11u2!!1E8u1#de. ~3.37!

The coverage equations foru1 and u2 @Eqs. ~3.33! and
~3.35!# are verified by checking that Eq.~3.37! is equal to the
integral of the product of the sum of the weighted probab
ties and the incident flux

u~e!5I F2
E ~P21 1

2P1!de. ~3.38!

The validity of the constraints on diffusion and desor
tion as well as on the homogeneity of the spatial distribut
of adsorbed F atoms that are inherent in the developmen
the coverage equations is discussed in Sec. IV B.

C. Fitting algorithm and measure of the goodness
of fit

There are four unique cross sections,A, B, D8, andE8 in
the three equations for the reaction probabilities. The val
of two of the factors can be determined from the experim
tal data in the limit of zero coverage

P2~u50!5AD850.8360.03, ~3.39!

P1~u50!5A~12D8!50.1360.03, ~3.40!

P0~u50!512A50.0460.03. ~3.41!

Therefore,

A50.9660.03 ~3.42!

FIG. 4. Reaction probability of F2 with Si~100! as a function of fluorine
coverage for~a! unreactive scatteringP0 , ~b! single atom abstractionP1 ,
and~c! two atom adsorptionP2 derived from best fit of model to data. Dat
~hollow circles! from Fig. 1.
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and

D850.8760.04. ~3.43!

Thus, there are two parameters, cross sectionsB andE8, that
are adjusted to fit the model to the experimental meas
ments of the probabilities. The probabilities are calculated
numerically solving the system of coupled differential equ
tions for u1 and u2 , described by Eqs.~3.33! and ~3.35!,
respectively, and substituting these solutions into the eq
tions for the reaction probabilities, Eqs.~3.27!–~3.29!. Fig-
ure 3 is a plot of the three reaction probabilities and
coverage@Eq. ~3.37!# as a function of F2 exposure, derived
from the best fit of the model to the data. The best fit valu
areB51.6860.06 andE851.0360.14, where the uncertain
ties represent the standard deviation of the fitt
parameters.7 Figure 4 shows the same reaction probabilit
as in Figs. 3~a!–3~c! but plotted as a function of fluorine
coverage. The model is fit to the interpolated and avera
experimental data described in Sec. II using the Levenbe
Marquardt least-squares nonlinear fitting algorithm.

The goodness of fit is determined by a chi square (x2)
function that is defined as the sum of the individualx2 val-
ues of the two independent functions, the probability of u
reactive scattering (P0) and the probability of single atom
abstraction (P1)

x25(
i 51

10 F S P0
obs~e i !2P0

exp~e i !

sP0
~e i !

D 2

1S P1
obs~e i !2P1

exp~e i !

sP1
~e i !

D 2G .

~3.44!
The uncertainties inP0(e i) and P1(e i), denoted assP0

(e i)
and sP1

(e i), respectively, are representative of the unc
tainties for a single set of data as described in Sec. II. Thex2

function is evaluated over the first 1 ML F exposure. Ax2

value of 3.4 is obtained forB51.68 andE851.03. A search
over the two-dimensional phase space performed by
domly selecting starting values forB and E8 ranging from
0%–200% of the best fit values consistently converged at
best fit values confirming that the fit corresponded to a glo
minimum in thex2 function. Over the exposure range d
fined by the summation inx2 of Eq. ~3.44!, there are twenty
degrees of freedom corresponding to the ten values eac
P0(e i) and P1(e i). The minimumx2 value is significantly
less than the number of degrees of freedom, satisfying
standard criterion for the appropriateness of using a cer
model to describe a given set of data.9 However, the data and
the fit to the data do not match well at exposures abov
ML, which is outside of the range over which thex2 value is
calculated. The discrepancy between the model and the
at high exposures and consequently at high coverages is
cussed below.

IV. DISCUSSION

The model provides a reasonably accurate descriptio
the kinetics of the interaction of low energy F2 with Si~100!
at 250 K. The model treats the two dissociative chemiso
tion channels, single atom abstraction and two atom ads
tion, as a series of three distinct steps. The initial step,
abstraction and adsorption of the first F atom from the in
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dent F2 molecule, is common to both channels while t
outcomes of the second and third steps, the trajectory of
complementary F atom and its interaction with the surfa
distinguishes between the two channels. The fate of
complementary F atom is independent of the abstraction
adsorption of the first F atom because the energy liberate
one Si–F bond is sufficient to overcome the bond energy
the incident F2 molecule. Second, the reactivity of a danglin
bond site is dependent not only on its occupancy, but on
occupancy of the complementary atom in the dimer on
Si~100!~231! surface. The purpose of the discussion is
provide further evidence and justification for the physic
reasonableness and plausibility of the model and to gain
sight into the dynamics of the interaction of F2 with Si~100!.

A. Physical implications of the model

1. Total cross sections for reaction

A cross section is a common concept in gas-phase s
tering dynamics and represents the ‘‘target area’’ that o
particle presents to another particle in a specific scatte
event. It is a valuable quantity because it describes the l
lihood of a reaction in terms of collision trajectories. Give
equal opacity functions, a small cross section implies a he
on, small impact parameter collision for the scattering ev
to occur, whereas a large cross section implies attrac
forces that bring the colliding particles together even if t
two particles do not appear to be on a collision course.

The cross section is related to the rate of a reaction
the concentration and velocity of the reactants. For the p
totypical gas-phase reactionA1B→C, the rate of produc-
tion of C is given by

dnc

dt
5E

vA

E
vB

vs~v !nAf ~vA!nBf ~vB!dvAdvB , ~4.1!

wherev is the relative velocity (vA2vB) betweenA andB,
s(v) is the cross section for reaction, andnx , vx , and f (vx)
are the number density, velocity, and velocity distribution
particleX, respectively. In the case of F2 interacting with Si,
the Si is stationary so the relative velocityv is equivalent to
the velocity of F2 , vF2

, which is approximately monoener
getic in a supersonic beam so the integration over velo
can be ignored. Therefore, by analogy to a gas-phase sca
ing event, the rate of unreactive scattering from a site o
filled dimer is:

rate of unreactive scattering5vF2
sNnF2

nSi
filled dimer,

~4.2!

wherenSi
filled dimer is the two-dimensional number density o

occupied sites in a filled dimer. Note that the product of t
velocity and the F2 number density is simply the flux of F2

rate of unreactive scattering5I F2
sNnSi

filled dimer. ~4.3!

The cross sectionsA, B, D8, andE8 determined from the
fit of this model to the data and the cross sectionsK, M
1M* , N, G, H1H* , andJ, determined from relationship
to the independent cross sections, are related to their
phase counterparts,sA , sB , sD8 , sE8 , sK , sM1sM* ,
sN , sG , sH1sH* , andsJ , respectively. For example, th
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probability of unreactive scattering of F2 from a site of a
filled dimer is the product of the cross sectionN and the
fraction of the total sites that are members of filled dime

Punreactive
filled dimer5NS nSi

filled dimer

nSi
total D . ~4.4!

The cross sectionN is related to the rate of unreactive sca
tering from a filled dimer site because the rate is the prod
of the probability of unreactive scattering and the flux
incident F2 molecules:

rate of unreactive scattering5I F2
Punreactive

filled dimer

5I F2
NS nSi

filled dimer

nSi
total D . ~4.5!

A comparison of Eq.~4.5! with Eq. ~4.3! yields a relation-
ship between the cross sectionN and its gas-phase counte
part,sN

sN5
N

nSi
total. ~4.6!

Equivalent relationships hold for all the cross sections in
model. The quantity,nSi

total, is the two-dimensional density o
dangling bond sites, either occupied or unoccupied, on
Si~100! surface. Based on a unit cell lattice spacing of 3
Å, it has a value ofnSi

total56.7831014cm22. The inverse of
this quantity, 1/nSi

total514.7310216cm2, is the cross-sectiona
area of a Si~100! surface site.

In the development of the model, the cross sectionN for
unreactive scattering of F2 from an occupied site of a filled
dimer is determined to be equal to one which yields a va
of 14.7310216cm2 for sN . This approximation forsN ef-
fectively treats the collision radius of F2 ~0.92 Å!10 as small
compared to the radius of a surface site, 2.2 Å, as calcul
from its cross-sectional area, 14.7310216cm2. Similarly, the
cross sectionJ for unreactive scattering of a F atom from an
occupied site of a filled dimer is determined to be equa
unity which yields a value of 14.7310216cm2 for sJ .
Again, this approximation treats the collision radius of a
atom as small compared to the radius of a surface site. Th
fore, the cross sectionssN and sJ represent the statistica
probability of colliding with the appropriate site.

Similarly, Eq.~4.6! yields values for the cross section fo
F atom abstraction from a F2 molecule by an unoccupied sit
in an empty dimer,sA514.0310216cm2, and by an unoc-
cupied site in a half-filled dimer,sB524.7310216cm2. The
cross section for adsorption of the complementary F atom
a site in an empty dimer,sD8 , is 12.8310216cm2 and by a
site in a half-filled dimer,sE8 , is 15.1310216cm2. Al-
though these cross sections do not reflect accurate abs
values, their values relative to the cross section of a sur
site and their values relative to each other do reveal the r
tive reactivities of the different sites and different proces
in the interaction of F2 with Si~100!.

2. Initial F atom abstraction

The first step in both single atom abstraction and t
atom adsorption is the abstraction of a F atom from the
:
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cident F2 molecule. This initial abstraction can only occur o
an unoccupied dangling bond site as shown by the exp
mental results. The good agreement between the model
the data indicates that the reactivity of a given site is dep
dent on the occupation of its complementary dimer ato
Specifically, the cross section for F atom abstraction from
F2 molecule by an unoccupied site in a half-filled dimer,sB ,
is 24.7310216cm2 and that by a site of an empty dimer,sA ,
is 14.0310216cm2. The large values of both cross sectio
compared to the cross-sectional area of a surface site,
310216cm2, suggest that there is no significant energe
barrier to the abstraction of a F atom from a F2 molecule by
a Si dangling bond, in agreement with the experimental
servation. In addition,sB is larger than the cross-section
area of a surface site by almost a factor of two. Its larg
value implies that the empty site on the half-filled dimer
much more reactive than expected from simple statist
considerations and that the interaction potential between
unoccupied Si dimer atom and the F2 molecule is attractive.
The specific site reactivity is discussed further in Sec. IV A

After the initial abstraction occurs, the fate of th
complementary F atom, as discussed in the following s
tion, is still unknown. However, regardless of the outcom
dissociative chemisorption has occurred.

3. Neighbor independent single atom abstraction

Single atom abstraction occurs if the complementary
atom does not adsorb to the surface, but remains a gas-p
F atom. Figure 5 shows two limiting scenarios for the traje
tory of the F atom that depend on the orientation of t
incident F2 molecule. If the initial abstraction occurs with th
F2 molecular bond axis in a perpendicular approach geo
etry with respect to the surface plane@Fig. 5~a!#, the exother-
micity will propel the F atom away from the surface, givin
no opportunity for the F atom to interact with it. This mech

FIG. 5. Pictorial representation of~a! perpendicular and~b! parallel ap-
proach geometries of F2 . Dashed line in~a! at 30° with respect to surface
normal represents maximum acceptance angle resulting in direct F a
scattering as determined from results of model.
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nism for single atom abstraction is termed ‘‘neighbor ind
pendent’’ because the complementary F atom scatters
the gas phase regardless of the occupancy of the neighb
sites. This direct scattering into the gas phase is describe
the probabilityX. The value ofX cannot be uniquely deter
mined because of its relationship to the other cross sect
in the model, but an upper bound can be determined in
following manner. The probability of single atom abstracti
in Eq. ~3.8! can be written as

P15@A~12~2u11u2!!1Bu1#

3@G8~12~2u11u2!!1H8u11~12X!u21X#,

~4.7!

whereJ51 and the cross sectionsG8 andH8 are related to
the original factorsG andH1H* by:

G8[G~12X!, H8[~H1H* !~12X!. ~4.8!

In the limit that the cross sectionG8 for unreactive scattering
of a F atom from a site on an empty dimer is vanishing
small, the probability of single atom abstraction at zero c
erage simplifies to

P1~u50!5AX50.1360.03. ~4.9!

Therefore, ifA50.9660.03, thenX50.1360.03 is the up-
per bound for the probability of direct F atom scattering. T
above physical picture suggests that the value ofX is propor-
tional to the solid angle of molecular orientations leading
direct scattering relative to the 2p steradians of the hemi
sphere above the surface. From purely geometric consi
ations, the F2 molecular axis would have to lie within 30° o
the surface normal for single atom abstraction to occur
the direct F atom scattering mechanism.

4. Neighbor-dependent single atom abstraction and
two atom adsorption

On the other hand, if the initial abstraction occurs w
the molecular axis of the F2 molecule at angle greater tha
30° from the surface normal@Fig. 5~b!#, the complementary
F atom will scatter along the surface. Because the Si sur
is so corrugated, the F atom will probably have only o
interaction with the surface. If this interaction occurs at
occupied site, the F atom will be scattered into the gas ph
leading to single atom abstraction. However, if this inter
tion occurs at an unoccupied site, the F atom may eit
scatter into the gas phase or adsorb on the surface leadi
single atom abstraction or two atom adsorption, respectiv

The cross section for F atom adsorption by an unoc
pied site on a half-filled dimer,sD8 , is 15.1310216cm2 and
that by a site on an empty dimer,sE8 , is 12.8310216cm2.
Like the initial F atom abstraction from the incident F2 mol-
ecule, the values of both cross sections are large with res
to the cross-sectional area of a surface site, 1
310216cm2, suggesting that there is no significant energe
barrier to adsorption of a F atom on a Si dangling bond. I
fact, the values ofsD8 andsE8 suggest that the F atom wi
almost always adsorb if it interacts with an empty site le
ing to two atom adsorption. On the other hand, it is kno
from the experimental results that the F atom cannot ads
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if it interacts with an occupied site and, therefore, is scatte
into the gas phase. This mechanism for single atom abst
tion is termed ‘‘neighbor dependent’’ because it is depend
on the occupancy of the neighboring sites. It is this mec
nism that is responsible for the nonmonotonic parabolic
pendence of the probability for single atom abstraction w
coverage. In particular, the maximum inP1 arises from the
competition between the number of empty sites necessar
effect the initial F atom abstraction which decreases w
coverage and the number of filled sites necessary to pre
the complementary F atom adsorption which increases w
coverage. Therefore, given that the probability of neighb
independent single atom abstraction is small,P1 at low cov-
erage~u,0.5 ML! is always lower thanP2 because the num
ber of empty sites for F atom adsorption outnumbers
number of filled sites which prevent F atom adsorption. Co
versely, at high coverage~u.0.5 ML!, single atom abstrac
tion is the dominant reactive channel. This qualitative obs
vation based on the model is in accordance with
experimental results even at high coverage where the m
cannot quantitatively describe the data well. The observa
that two atom adsorption is the dominant channel at l
coverage is in stark contrast to the conclusions of previ
experimental investigations11 which suggested and theoret
cal investigations12 which calculated that single atom ab
straction was the dominant channel in the limit of zero co
erage.

5. Surface site reactivity

a. Nondifferentiation of sites: two-site model.The im-
portance of the distinguishability of the adsorption sites
the basis of the occupancy of the complementary dimer
for agreement between the model and the data is investig
by carrying out a calculation in which they are not differe
tiated. Specifically, the effect of not differentiating betwe
the reactivity of empty and half-filled dimers is probed b
equating the cross section for F atom abstraction on an
occupied site of an empty dimer to that of a half-filled dime
A5B, as well as by equating the cross section for adsorp
of the complementary F atom on an unoccupied site of
empty dimer to that of a half-filled dimer,D85E8. Incorpo-
rating these equalities into Eqs.~3.27!–~3.29! yields simpli-
fied equations forP2 , P1 , andP0 , respectively, for what is
now effectively a two-site model consisting of occupied a
unoccupied sites

P25AD8~12u!2, ~4.10!

P15A~12u!@12D8~12u!#, ~4.11!

P0512@A~12u!#. ~4.12!

These probability equations lead to simplified covera
equations@cf. Eqs.~3.33! and ~3.35!#

u1~e!5
1

2
I F2
E @A~12u!1AD8~12u!2

22Au1~11D8~12u!!#de, ~4.13!
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u2~e!5
1

2
I F2
E Au1~11D8~12u!!de. ~4.14!

The system of coupled differential equations, Eqs.~4.13! and
~4.14!, is solved numerically and their solutions are subs
tuted into Eqs.~4.10!–~4.12! to determine the reaction prob
abilities. There are no adjustable parameters in the two-
model because the two cross sections,A and D8, are both
determined from the experimentally measured probabili
at zero coverage

P2~u50!5AD850.8360.03, ~4.15!

P1~u50!5A~12D8!50.1360.03. ~4.16!

Figures 6~a!–6~c! is a comparison of the reaction prob
abilities as a function of coverage derived from the two-s
model and the experimental results. The two-site model d
not describe the data well. Thex2 value, as defined in Eq
~3.44!, is 1012 which is orders of magnitude greater than t
from the four-site model. In particular, the two-site model
unable to describeP0 , the probability of unreactive scatte
ing. According to Eq.~4.12!, it predicts a linear dependenc
of P0 on coverage, in striking contrast to the nonlinear d
pendence observed experimentally. The contribution ofP0 to
the x2 function @the first term in Eq.~3.44!# is 1009 for the
two-site model compared to 3.1 for the four-site mod
Since unreactive scattering is the process that results wh
atom abstraction from F2 does not occur and since F ato
abstraction requires one empty site, leading to an expecta
of a linear dependence on the number of empty sites, a lin
dependence on the number of filled sites or coverage is

FIG. 6. Reaction probability of F2 with Si~100! as a function of fluorine
coverage for~a! unreactive scatteringP0 , ~b! single atom abstractionP1 ,
and ~c! two atom adsorptionP2 derived from best fit of model to data
without site differentiation,A5B, andD85E8. Data~hollow circles! from
Fig. 1.
-

ite

s

e
es

t

-

.
F

on
ar
x-

pected for unreactive scattering. Therefore, the unexpe
nonlinearity of the experimental data forP0 suggests that the
reactivity is not described so simply.

However, the two-site model does describe the proba
ity of single atom abstraction,P1 , about as well as the four
site model. The contribution ofP1 to the x2 function @the
second term in Eq.~3.44!# is 3.1 for the two-site model com
pared to 0.25 for the four-site model. Both values are mu
less than 20, the number of degrees of freedom, and there
are reasonably accurate descriptions of the data over the
1 ML F exposure range. In contrast, the probability of tw
atom adsorption, P2 , a value that is dependent on the pro
ability of the other two reaction channels, is inaccurate
described by the two-site model. In particular, the two-s
model predicts the standard Langmuirian coverage dep
dence that is quadratic in the number of empty sites,
(12u)2, whereas the data are essentially linear with resp
to the number of sites except at high coverages. On the o
hand, the four-site model is able to accurately describe P2 . It
is a mathematical necessity that the probability of two at
adsorption be essentially quadratic in the number of em
sites because this process requires the adsorption of tw
oms on two empty sites. Thus, every term in Eq.~3.2! is the
product of two terms that are related to the number of em
sites. However, the differentiation of sites allows the uno
cupied sites in empty and half-filled dimers to contribu
unequally to two atom adsorption resulting in an overall
action probability that is quasilinear as opposed to quadr
with respect to the number of empty sites. In contrast, sin
atom abstraction is dominated by the filled sites prevent
the adsorption of the complementary F atom. Unlike sin
atom abstraction which requires filled sites, which are
equally unreactive, to prevent F atom adsorption, two at
adsorption requires empty sites, which are not equally re
tive, for F atom adsorption. Therefore, the two-site mod
gives a description for single atom abstraction that is sim
to that of the four-site model, but it does not for two ato
adsorption.

The differentiation between the reactivity of the emp
and half-filled dimers yields a dramatic improvement in t
goodness of fit of the model to the experimental data, es
cially with regard toP0 andP2 . Although the improvement
could be a natural consequence of the four-site model ha
two more adjustable parameters than the two-site mode
will be shown in the next section that there is a physi
basis for the differentiation of sites on the Si~100! surface.

b. Dimer pairing energy. The unreconstructed Si~100!
surface consists of Si atoms that aresp3-coordinated to two
Si atoms below the surface. The remaining two valence e
trons each occupy one of the remaining twosp3 orbitals of
the tetrahedron that project into the vacuum. These sin
occupied orbitals are the dangling bonds. The dimerizat
that occurs in the~231! reconstruction of the Si~100! surface
is primarily a sigma interaction between one pair of dangl
bonds from two surface Si atoms. The remaining two d
gling bonds interact weakly through ap interaction.13 The
magnitude of thisp interaction is the subject of controvers
in the literature.14–16

The enhanced reactivity of an unoccupied site in a h
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filled dimer relative to that in an empty dimer for both
atom abstraction and adsorption of the complementar
atom, as evidenced by the larger value ofB compared toA
and ofD8 compared toE8, can be understood in terms of th
stability of the Si dimer. The dimer is destabilized when o
of the dangling bonds reacts because there is the loss o
stabilizing p interaction between the two dangling bond
The unusual first order recombinative desorption kinetics
H2 from Si~100! has been attributed to the pairing of H a
oms on Si dimers to overcome the destabilization of the
dimer p interaction.14–16 Models for the kinetics of therma
desorption of H2 from Si~100! suggest that the driving forc
behind the pairing of H atoms to completely fill a dimer s
is the p-bond stabilization of the unoccupied Si–
dimers.14,15 In addition, STM ~scanning tunneling micro
scope! measurements by Boland16 on the H–Si~100! system
show that when H atoms adsorb on the Si~100!~231! sur-
face, they tend to occupy both sites on a single dimer ra
than a single site on two different dimers. Thus, if a H atom
binds on an empty dimer, there is a loss of thep-bond sta-
bilization, whereas if it binds on a half-filled dimer, there
no increase in the total energy. Estimates of thep-bond sta-
bilization range from a few kcal/mol14,15 based on the mod
eling of the thermal desorption kinetics to 18 kcal/mol bas
on the STM results.16 The effect is not limited to the inter
action of hydrogen with Si~100!. STM measurements hav
suggested that O2 preferentially dissociatively chemisorbs
the unoccupied sites of half-filled dimers on hydrogen ter
nated Si~100!17 and that Cl2 preferentially dissociatively
chemisorbs onto the adjacent sites within a single em
dimer on Si~100!.18

The enhanced reactivity of an unoccupied site in a h
filled dimer relative to that in an empty dimer for adsorpti
of the complementary F atom observed in the present s
is in contrast to the predictions of a molecular dynam
simulation to describe the interaction of F2 with Si~100!. The
simulation results suggest that two atom adsorption occ
preferentially, although not exclusively, across adjac
dimer rows12 as opposed to on the same dimer. This con
diction with experiment, along with that regarding the re
tive probabilities of single atom and two atom adsorptio
indicates that the currently available potential12 is an inaccu-
rate representation of the interaction between F2 and Si.

c. Molecular steering. Recently there have been man
experimental19,20and theoretical21–23investigations of a phe
nomenon termed molecular steering in which the incid
molecule is oriented by the gas–surface interaction poten
along a more favorable trajectory to reaction than expec
from a random orientation. This effect is expected to be
centuated in experiments employing supersonic molec
beams because the extreme rotational cooling (Trot;5 K) of
the molecules in the beam makes them more susceptib
rotation by an external force, such as the gas–surface in
action potential. The large value for the cross section fo
atom abstraction from F2 incident on Si~100!, B524.7
310216cm2, relative to the cross-sectional area of a surfa
site, 14.7310216cm2, suggests the presence of an attract
gas–surface interaction potential that is consistent with
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notion of molecular steering in the interaction of F2 with
Si~100!.

B. Limitations of model

Although the four-site model offers a good descripti
of the kinetics of the interaction of F2 with Si~100! as well as
a physically intuitive picture of this gas–surface interactio
a few assumptions were made in its development that w
rant further discussion.

One of the limitations of the model is that the saturati
coverage of F on Si is defined to be 1 ML, the number
dangling bonds on the Si~100! surface. While the experimen
tal results show that the saturation coverage is indeed abo
ML, the measured value, 0.9460.11 ML, falls just short.
However, the uncertainty in the experimental measurem
does not preclude the value from being 1 ML. The larg
source of error is the literature value for the electron bo
bardment ionization cross section of the F atom, which
an uncertainty of 20%. Because the probability of sing
atom abstraction (P1) is directly proportional to it and the
probability of two atom adsorption (P2) is directly related to
P1 , the experimentally determined saturation coverage d
increase to 1 ML upon increasing the value of the ionizat
cross section by 20%. On the other hand, it is possible
the saturation coverage is slightly lower than 1 ML becau
of defects on the surface that might eliminate dimer atom
and hence eliminate dangling bonds, leading to a decreas
the total number of available adsorption sites. Scanning t
neling microscope images of clean Si~100! surfaces have
shown defect densities on the order of a few percent.24 While
the model could have been modified by redefining the sa
ration coverage,usat, to be less than 1 ML, this modificatio
would have created an additional variable,usat for which
there is no clear justification.

Regardless of the absolute value ofusat, the values ofP1

and P2 decay towards zero as the coverage approachesusat

far more rapidly than predicted by the model. This effect
probably a result of the last remaining unoccupied dangl
bonds being less accessible due to steric hindrance than
pected according to simple statistics or much less reac
because of the effects of neighboring adsorbates. The
sence of any effect from neighboring adsorbates other t
the complementary surface atom of the dimer pair is ano
significant limitation of the model. The effect of neighborin
adsorbates could be incorporated into the model by incor
rating a coverage dependence into the cross sections anX.
Although this modification certainly would have been a mo
accurate description of reality, the additional complex
would diminish the physical insight gained from the simpli
ity of the model.

The model also assumes thatX, the fraction of comple-
mentary F atoms that scatter directly into the gas phase
independent of the type of site on which the initial abstra
tion occurs. This assumption implies that the dynamics of
direct scattering of the F atom after an abstraction event o
dangling bond of a half-filled dimer are not significantly di
ferent from that of an empty dimer. It is justified by th
independence of the angular and velocity distributions of
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scattered F atom on coverage,1 because the relative numbe
of unoccupied sites on a half-filled and on an empty dim
vary significantly with coverage.

Finally, the statistical basis of the model is founded
the assumption that adsorption sites are accessed rand
by the incident F2 molecules and that there is no diffusion
desorption of an adsorbed F atom once it is bound to a d
gling bond site. The diffusion constraint eliminates any
homogeneity in the spatial distribution of adsorbates t
might arise from their islanding, allowing the global cove
age to be truly representative of the local adsorbate den
in the vicinity of the random site of the interaction. Th
simplifying assumption is justified by STM images
Si~111! at low fluorine coverage11 which show random fluo-
rine adsorption sites with no significant islanding or clust
ing of adsorbates. In addition, repeated imaging of the
orinated surface shows no significant adsorbate mot
through either diffusion or desorption. Both constraints
additionally justified by the high bond strength of the Si–
bond, 150 kcal/mol,25,26 relative to the diffusion and desorp
tion barriers. In general, adsorbate diffusion barriers are
the order of 5%–20% of the surface–adsorbate b
strength27 and desorption barriers are at least equivalen
the surface–adsorbate bond strength, making both barrie
this system much greater than kT. In addition, the deple
of adsorbed F atoms by desorption of a fluorosilane e
product is not observed to occur in the interaction of lo
energy F2 with Si~100! at 250 K.1

The model is also based on the assumption that the
no diffusion of F2 as a molecularly adsorbed precursor,
ther extrinsic or intrinsic, prior to reaction. This assumpti
is justified by lack of experimental evidence for a precur
molecule. Specifically, the strong dependence of the unr
tive scattering probability,P0 , on coverage precludes th
existence of an extrinsic precursor while the lack of a dep
dence of the F2 scattering and reaction dynamics on the
cident energy below 1.5 kcal/mol indicates the absence o
intrinsic precursor. Sholl28 has examined the effect of a phy
sisorbed precursor mechanism using Monte Carlo sim
tions that incorporate a model similar to the two-site mo
described above in Sec. IV A 5 a. A comparison of these
simulations with the experimental results shown in Fig
suggests that a precursor mechanism has no significan
any, contributions to the kinetics of the interaction of F2 with
Si.

V. CONCLUSIONS

Molecular fluorine interacts with Si~100! via a novel dis-
sociative chemisorption mechanism called atom abstrac
and results in two reactive channels, single atom abstrac
and two atom adsorption in which one and two F ato
adsorb to the surface, respectively. The distinguishing
ture of single atom abstraction and two atom adsorption fr
classic dissociative chemisorption is that only one surfac
adsorbate bond is necessary to liberate sufficient energ
cleave the incident molecular bond. As a consequence,
fate of the complementary F atom is not necessarily as
adsorbate on the surface as it is in classic dissociative ch
sorption in which the two fragments of the cleaved molec
r
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adsorb to the surface in a concerted process. The com
mentary F atom may scatter into the gas phase leadin
single atom abstraction, or it may subsequently interact w
the surface and adsorb leading to two atom adsorption.

The kinetics of the interaction of F2 with Si~100!~231!
cannot be described by traditional gas–surface kinetics m
els. Instead, a statistical model is able to describe the kine
of single atom abstraction and two atom adsorption tha
based on the premise that single atom abstraction and
atom adsorption share a common initial step, F atom abst
tion, and that the four distinct types of sites, sites on em
dimers and filled dimers as well as unoccupied and occup
sites on half-filled dimers, interact differently with the inc
dent F2 molecule and scattered F atom. The model descri
the data well, and the results are consistent with a stepw
mechanism in which the initial atom abstraction is central
both single atom abstraction and two atom adsorption. T
result is expected since there is no thermodynamic driv
force requiring the adsorption of the second F atom. T
results of the model suggest that the fate of the complem
tary F atom is determined, in part, by the orientation of t
incident F2 molecular axis with respect to the surface. If th
molecular axis of the incident F2 is oriented within 30° of the
surface normal, the complementary F atom will likely b
ejected away from the surface making two atom adsorp
impossible. This mechanism is termed ‘‘neighbo
independent’’ because the fate of the complementary F a
is independent of the occupancy of the other sites on
surface. At zero coverage, it is this mechanism that yields
nonzero probability for single atom abstraction. On the ot
hand, if the F2 molecular axis is oriented more than 30° fro
the surface normal, the complementary F atom will like
interact with the surface. If the F atom interacts with
unoccupied site, adsorption may occur. This mechanism
termed ‘‘neighbor-dependent’’ because the occupancy of
site with which the F atom interacts determines whether
overall result is single atom abstraction or two atom adso
tion. It is the competition between the need for an unoc
pied site for the initial atom abstraction, and the subsequ
need for an occupied site to prevent adsorption of
complementary F atom that yields the unusual coverage
pendence of the probability of single atom abstraction wh
is signified by a maximum likelihood at about 0.5 ML cov
erage.

The results of the model also show that the unoccup
sites on half-filled dimers are about twice as reactive as
unoccupied sites on empty dimers. The cross section fo
atom abstraction by an unoccupied dangling bond on a h
filled dimer is 24.7310216cm2 while that on an empty
dimer is 14.0310216cm2. This result is consistent with a
lower stability of the unoccupied dangling bond in a ha
filled dimer because of the absence of thep interaction that
exists between the two unoccupied dangling bonds in
empty dimer and, therefore, a higher reactivity. The nec
sity for differentiation of the reactivity of the distinct surfac
sites is demonstrated by the poor ability of the model
describe the data when there is no differentiation of sit
Finally, the total reaction probability is near unity at ze
coverage which indicates that there is no barrier to react
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The results of the model suggest that the unoccupied site
the half-filled dimer are so reactive that they are able
attract the incident F2 molecule from a distance extendin
beyond the cross sectional area of the site itself. These
sults likely reflect the phenomenon of molecular steering
which the incident molecules are aligned into a favora
orientation for reaction.

Atom abstraction is not unique to the interaction of2

with Si~100!. Atom abstraction ought to be present in a
gas–surface system in which the energy liberated by the
mation of a single surface–adsorbate bond is sufficien
cleave the incident molecular bond. Although no previo
experimental investigation has provided direct evidence
atom abstraction, several investigations have provided
perimental evidence that is consistent with the presenc
atom abstraction.11,29–32Despite the dearth of experiment
evidence demonstrating atom abstraction, this gas-sur
mechanism may have significant implications in importa
chemical processes like heterogeneous catalysis, chem
vapor deposition, and semiconductor etching. The possib
of atom abstraction ought to be considered in reaction s
tems in which atom abstraction is energetically favorab
especially in situations in which the production of radic
atoms and molecules may have a significant effect on the
of the system.
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