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Structures and adsorption energetics for chemisorbed fluorine atoms on Si(100)-2 X 1
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We report first-principles electronic-structure calculations related to the initial fluorination of the
Si(100)-2 X 1 surface. Embedded finite silicon clusters are used to model an extended Si(100)-2X 1 sur-
face. Two theoretical approaches, including a geometry-mapping procedure and an evaluation of lateral
interactions via a dicluster model, are presented. Adsorption of up to 2.0 monolayers of fluorine is con-
sidered. Heats of adsorption, activation barriers, preferred binding sites, equilibrium geometries, charge
transfer, and vibrational frequencies are predicted for this coverage range. Lateral interactions between
various adspecies are found to be critically important in determining their stability. Thermochemical
predictions derived from these calculations are used to postulate a reaction mechanism associated with
the initial etching steps and with the adsorption kinetics of XeF, versus F,.

I. INTRODUCTION

Chemical etching of silicon by a fluorine plasma is one
of the most important materials tailoring techniques in
the manufacture of semiconductor devices. A fluorine
plasma produces a variety of high-energy, reactive atoms,
ions, and even polyatomic radicals, which suggests that
the etching mechanism is exceedingly complicated.!™>
Although a great deal of experimental and theoretical
effort has been expended,! ~*° the mechanism underlying
the fluorine etching process is still not understood
comprehensively. However, it is generally believed that
atomic fluorine is the primary reactive agent in fluorine
plasma etching.! ~%3

In the past ten years, the reactions of atomic F, F,, and
XeF, with Si(111), Si(100), and a-Si (amorphous silicon)
have been studied intensively as simple models of the
fluorine-silicon interactions involved in the actual plasma
etching process.® 2! Although F, and XeF, both chem-
isorb dissociatively to form Fq), experiments have
shown that reactions between atomic F, F,, or XeF, and
silicon each follow different kinetics.”® 11121 X.ray pho-
toelectron spectroscopy (XPS) studies of F and F, ad-
sorption on Si(111) (Ref. 12) suggest that F, acts like
low-pressure XeF,, while F atoms behave more like
high-pressure XeF,. The kinetic differences between the
precursors have been attributed primarily to the initial
adsorption step, rather than the reaction or desorption
steps.'°7 121 [n fact, steady-state exposures of XeF, or
atomic F both lead to spontaneous etching at room tem-
perature.”1°

It is commonly agreed upon that SiF, is the major
etching product.ﬁ’g’ 10,13 However, the relative abun-
dances of reaction intermediates and other etch products
(e.g., SiF;, SiF,, SiF, and polysilyl species) are still con-
troversial. Winters and Houle demonstrated that the pri-
mary volatile product of the XeF, reaction with Si(111) is
SiF, (~85%), with a small amount of SiF and SiF, radi-
cals (~15%) also produced.!® Si,Fg and SiF; were also
observed as gas phase etch products.!* However,
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Engstrom, Nelson, and Engel'® ! found that exposure of
Si(100) to an F, or mixed F and F, beam produces only
SiF, at low coverages and a mixture of SiF, and SiF, at
higher coverages. Steady-state etching of Si(111) pro-
duces an amorphous fluorosilyl layer about 10-20 A
thick, containing SiF;,4, as the dominant adspecies,
along with SiF,4, and SiF,,, in smaller concentra-
tions.!®!¢!7 These observations suggest that formation of
SiF, from SiF; may be the rate-limiting step.'®'%!” How-
ever, earlier kinetic measurements using F atoms as the
etchant found the activation energies for forming gas
phase SiF, and SiF, to be almost the same, 0.0921+0.02
and 0.15%0.02 eV,’ consistent with reported values for
the overall etching energy of 0.108+0.005 eV.” There-
fore, formation of SiF, and SiF, are both possibly rate
limiting. The etching activation energy is significantly
higher (E, =0.4 eV) when F, is used as the reagent.® In
sum, it appears that the product distribution (in both the
gas phase and the adsorbed layer) and the initial reaction
mechanism may be quite sensitive to the structure of the
silicon surface [i.e., (111) versus (100)] and the fluorine
reagent (i.e., F versus F, versus XeF,).

Given the structure sensitivity discussed above, we lim-
it our review of spectroscopic data to those for etching of
Si(100), since this bears directly on the results presented
herein. Shinn et al.'* and McFeely et al.!® examined the
initial chemisorption of fluorine (via XeF,) on the
Si(100)-2 X 1 surface using low-energy electron diffraction
(LEED), XPS, and electron-energy-loss spectroscopy
(EELS). Shinn et al.!* observed an SiF vibration at
~800 cm™! in EELS, which they attributed to SiF,,q
and suggested that this was the primary adspecies at low
coverage. The p(2X1) LEED pattern became more
diffuse upon F adsorption, which indicated that the
fluorosilyl layer was disordered. Since a 1 X1 LEED pat-
tern was not observed after saturation exposures, Shinn,
Morar, and McFeely!* concluded that the surface was
not covered with SiF, groups. As presented below, our
calculations rule out an adlayer of purely SiF, groups.
Analysis of XPS spectra!® taken at ©p~2 monolayers
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(ML) revealed the major surface species to be SiF,4, (1.16
ML) along with 0.39 ML of SiF,4, and a small amount
of SiF;(,q4) (0.11 ML).

Engstrom, Nelson, and Enge measured the kinet-
ics of adsorption for F, and F atoms on Si(100)-2X1 us-
ing modulated molecular beam (MMB) techniques, XPS,
temperature-programmed desorption (TPD), and low-
energy ion-scattering spectroscopy (LEISS). They ob-
served a rapid rate of adsorption up to Op=1.5 ML for
F,, followed by a much slower rate of fluorine incorpora-
tion. The initial adsorption probabilities for molecular
and atomic fluorine are nearly identical (~0.5), but the
F-atom adsorption probability decreases more slowly
with coverage.

The only direct observations of the adsorbed fluorine
surface geometry were recently reported by Bozack
et al.?® and Johnson, Walczak, and Madey,21 who mea-
sured the electron-stimulated desorption ion angular dis-
tributions (ESDIAD) of adsorbed species on a partially
fluorinated Si(100)-2X 1 surface. The F*' emission angle
relative to the surface normal was found to be 36°+5° by
Bozack et al. and 29°%+3° by Johnson, Walczak, and
Madey. Both groups suggest that this angle corresponds
to the Si-F bond direction. In the work of Bozack et al.,
the corresponding fluorine coverages and the surface
compositions were not reported, making it difficult to in-
terpret to which species the F* emission angle corre-
sponds. The study by Johnson, Walczak, and Madey in-
volved adsorption of HF onto Si(100), presumably form-
ing a H-Si-Si-F monofluoro species.

Experimetal studies have contributed a great deal to
our current understanding of the reactive species and
pathways involved in chemical etching. However, little
direct evidence for the primary steps involved in fluorine
etching is available. Thus, it is useful to perform ap-
propriate theoretical calculations able to examine many
possible pathways, in order to evaluate various etching
mechanisms.

Seel and Bagus reported a theoretical investigation of F
on Si,H, (x=4,10; y =9-15) clusters as models for
various sites on an unreconstructed Si(111) surface.?
Since the clusters were rather large, only Hartree-Fock
(HF) calculations were performed. The authors reported
the binding energies for F on different sites and also bar-
riers to penetrate into the subsurface layers. However,
HF calculations do not provide reliable energetics. For
example, the HF prediction for the first Si-F bond energy
in SiF, is in error by about a factor of 2.22 Later, Bagus
reestimated the Si-F bond strength on an open threefold
site to be ~4.0 eV, by correcting their previous HF value
of ~0.5 eV with an estimated HF error of ~3.6 eV.?
While these calculations are not quantitatively accurate,
they did demonstrate that adsorption of F on silicon can
be simulated appropriately using finite cluster models.
Equilibrium properties at the HF level for F chemisorbed
on Siy;H, and SigH,5 cluster models of unreconstructed
Si(111) were also predicted by Illas, Rubio, and Ricart®*
and Mohapatra et al.?® Garrison and Goddard?® pro-
posed an Sy2 mechanism (bimolecular nucleophilic sub-
stitution) for the formation of SiF, from surface-bound
SiF; groups, based on multiconfiguration-self-
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consistent-field calculations performed on H,Si-SiF;+F.
In this Sy2 process, an F atom attacks the backside of
the SiF; group to form SiF,, which would then desorb.
Finally, local-density-approximation (LDA) cluster?’ and
slab?®?° calculations of F-atom adsorption and absorp-
tion on Si(111) have also been carried out.

All of the above calculations examined etching of the
unreconstructed Si(111) surface rather than the techno-
logically more important Si(100) surface. Recently, Craig
and Smith® reported the only related study on the
Si(100)-2 X 1 surface for adsorption of a monolayer of HF
or F, using a semiempirical method. F atoms were found
to form stable bonds to the 2 X 1-reconstructed Si surface.
Geometries for F adsorbed on the surface Si dimers were
calculated as well.

Since experiments have demonstrated that the initial
etching steps are surface structure dependent, it is useful
to carry out first-principles calculations (including elec-
tron correlation) on larger cluster models that better
characterize the actual surface structure. Given the lack
of direct experimental data probing elementary reaction
steps and the lack of high level calculations for fluorine
adsorption on Si(100), we have undertaken a study of the
initial stages of fluorinating the Si(100)-2X 1 reconstruct-
ed surface. We carried out first-principles electronic-
structure calculations of atomic F bound to embedded
finite silicon clusters (vide infra) to serve as models for the
localized bonding interactions present on an extended
Si(100)-2 X 1 surface. These calculations include the dom-
inant electron correlation effects [at the generalized
valence bond®! (GVB) level, along with correlation-
consistent configuration interaction®*** (CCCI)] required
to obtain accurate energetics (errors of ~0.1-0.2 eV).
In this paper, we predict heats of reaction, activation bar-
riers, and equilibrium surface configurations as a function
of fluorine coverage up to 2.0 ML. In addition, we report
the local equilibrium geometries, the extent of charge
transfer, bond character, and harmonic vibrational fre-
quencies for surface fluorosilyl species. We then compare
our results with related previous experimental and
theoretical data. Based on our calculations, we propose a
reaction mechanism for the beginning stages of the etch-
ing process.**

II. CALCULATIONAL DETAILS

A. Surface reaction models

The Si(100)-2X1 surface reconstruction produces a
unit cell that contains a Si-Si o bond and two singlet-
coupled dangling bonds between two neighboring surface
Si atoms forming a so-called Si dimer.®

ANRAY

unreconstructed Si(100) surface

dimerization

reconstructed Si(100)-2x1 surface

We model the Si(100)-2 X 1 surface by finite silicon clus-
ters in which the subsurface silicon atoms are constrained
to bond tetrahedrally to the atoms around them (as in the
crystal) by saturating the subsurface dangling bonds with



45 STRUCTURES AND ADSORPTION ENERGETICS FOR . . .

hydrogen atoms. However, in order to avoid unrealistic
charge transfer that would occur between silicon and hy-
drogen, modified hydrogen atoms (H), with basis sets ad-
justed to have the same electronegativity as silicon, were
used to embed the subsurface atoms in the clusters (see
Sec. II B).

The larger clusters employed in our calculations, such
as SigH,, [shown in Fig. 1(a)], consist of nine Si atoms
(two surface Si atoms representing a surface Si dimer,
four second-layer Si atoms, two third-layer Si atoms, and
one fourth-layer Si atom) and are embedded in 12 H
atoms. In order to carry our large configuration-
interaction (CI) calculations, we developed a strategy of
geometry mapping (GM), which appears to be accurate
to ~0.1 eV.”® It works as follows. We employ large
clusters to obtain fully gradient-optimized (vide infra)
geometries at the GVB level of theory. Then we utilize
those geometries to fix atomic positions in smaller clus-
ters that are used in CI calculations to obtain bond ener-
gies and heats of reaction. The GM procedure is shown
in Fig. 1, where (a) is mapped onto (b), (c) onto (d), and (e)
onto (f). Based on the largest CI calculations we can car-
ry out on both the large and small clusters (a complete
active space CI, i.e., a full CI within the GVB orbitals),
we estimate the error incurred by using the smaller clus-
ters to represent the surface to be ~0.1 eV (vide infra).

The above calculations indicate that the dominant

F(1) F(2)
N7

H(1) H(2)

(9)

FIG. 1. Schematic pictures of silicon clusters used in calcula-
tions for modeling (i) the bare Si(100)-2 X 1 surface by (a) the ful-
ly optimized SigH , cluster and (b) the GM-Si;H, cluster; (ii) a
half-fluorinated silicon dimer (Si-Si-F) by (c) the fully optimized
SigH,,F cluster and (d) the GM-Si,H,F cluster; (iii) a fully
fluorinated silicon dimer (F-Si-Si-F) by (e) the fully optimized
SigH,F, cluster and (f) the GM-Si,H,F, cluster; and (iv) a
difluorosilyl species (SiF,) by (g) the fully optimized Si,H,F,
cluster. Si atoms in the SigH;, clusters are numbered from the
surface layer downward. Small black circles represent H atoms.
The fourth-layer Si atom is not shown. Medium-sized gray cir-
cles represent F atoms.
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physics in chemisorption on covalently bonded materials
such as silicon is captured by properly describing the lo-
cal surface wave function. To take a specific example,
the predicted reconstructed Si(100)-2X1 surface
geometry is derived from optimization of the unrecon-
structed cluster SigH,,. Since SigH,, is too large a cluster
on which to perform high level CI calculations, we
mapped the geometry obtained from SigH |, onto a cluster
where all subsurface atoms are replaced with H, i.e., a
Si,H, cluster with the Si-H bond length R(Si-H) fixed at
1.729 A [taken from R(Si-H) of the optimized larger clus-
ters]. Then CI calculations are carried out on this small
GM cluster.

Qualitative evidence for the success of this geometry
mapping idea is illustrated in Fig. 2, where we compare
the surface wave functions of the silicon dimer (two
dangling-bond orbitals and the silicon o bond) in the op-
timized SigH,, cluster with those of the GM-Si,H, and
the relaxed Si,H, clusters. The relaxed Si,H, cluster has
two dangling-bond orbitals almost normal to the ‘“‘sur-
face” that form a 7 bond, while the dangling-bond orbit-
als in the GM-Si,H, cluster look essentially identical to
those of the larger SigH,, cluster. The Si-Si bonds in all
three clusters are similar, although the Si-Si bond in the
relaxed Si,H, cluster has less p character (63%) than in
the more realistic SigH;, or the GM-Si,H, clusters (76%
and 82%, respectively) due to the formation of a Si-Si 7
bond that is purely p in character in the relaxed Si,H,
cluster. Thus, the relaxed Si,H, cluster in no way
represents the surface properly: geometry mapping is
critical to obtaining the proper local wave function.

B. Basis sets

Since the Si clusters we studied were quite large, all of
the core electrons of the Si atoms were replaced by
effective core potentials, ECP’s, while all Si valence elec-
trons were treated explicitly with double-§ (DZ) contract-
ed Gaussian basis sets.’” Additional d polarization func-
tions (£9=0.3247) were added to the surface Si atoms. A
triple-§ basis set contracted to a minimal basis (i.e., where
the coefficient ratios are fixed between the three func-
tions) was optimized for the H atoms using a Si(SiH;),
cluster. The criterion for optimization was that the cen-
tral Si atom be neutral, following the idea of Redondo
et al.’® The resulting (3s/1s) minimum basis set for the
H atoms is listed in Table I. The radial extent of this or-
bital is very similar to a Si 3s orbital. For F atoms, we
used the Dunning (9s5p /3s2p) valence DZ contraction®
of the Huzinaga primitive Gaussian basis set,*® one set of
d polarization functions (9= 1.34), and one set of diffuse
s and p functions (§°=0.112 and {#=0.076). We denote
this F basis as VDZP + DIF.

C. GVB calculations, geometry optimizations,
and vibrational frequencies

In all of the GVB calculations, the important bond
pairs were described at the GVB perfect pairing (GVB-
PP) level,®! while all other electron pairs were treated at
the HF level. Thus, for the SigH,,(! 4,) cluster, the o
bond and the singlet-coupled dangling bonds of the Si di-
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FIG. 2. Contour plots of one-electron GVB orbitals for the
silicon dangling-bond pair (top) and the silicon dimer o-bond
pair (bottom) for (a) the optimized SigH,('4,); (b) the GM-
Si,H,(' 4,); and (c) the optimized Si,H,('4,) clusters. Spacing
between the contours is 0.02 a.u. Solid lines represent positive
amplitude, while dashed lines represent negative amplitude.
The same convention is used in all plots.
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TABLE I. Gaussian (3s/1s) minimum basis set for the H
atom (see text).

i §i G

1 1.150476 0.558913
0.270400 —1.304 640

3 0.132320 2.80000

mer were correlated as GVB pairs. For fluorinated clus-
ters, we always treated the Si-F bonds as additional GVB
pairs. GVB(N /2N) calculations were carried out, where
N equals the number of correlated electron pairs and 2N
equals the number of natural orbitals (two per GVB
pair).! The geometries of the bare and fluorinated large
clusters (SigH,, SiyH,,F, and SiyH,,F,) were optimized
self-consistently at the GVB-PP level by analytic gradient
techniques.*"*? At the same time, harmonic vibrational
frequencies were calculated via diagonalization of numer-
ical mass-weighted second derivative matrices.*"*?

D. CI calculations

Generalized valence bond theory with the correlation-
consistent configuration-interaction method was used to
obtain our final predictions of energetics. This method
has been shown to provide predictions of known single
bond dissociation energies to within 0.1-0.2 eV.3243#
The first-order GVB wave functions were utilized as a
basis for the CCCI calculations. From the RCI (restrict-
ed CI, which allows direct products of all three possible
configurations in each GVB pair; i.e., 3" configurations
for N GVB pairs) reference space, the CCCI technique al-
lows all single and double excitations from the active
electron pair(s) involved in the process of interest
(RCI*[SDy,; 1 +SDp,i2+ - - - 1). Additionally, all single
excitations from all valence orbitals are included (S, ),
to account for orbital hybridization changes during a re-
action. This method is nearly size-consistent (to within
~0.01 eV) (Ref. 32) and includes most of the important
electron correlation, leading to quite accurate predictions
of bond energies. Upon dissociation, the corresponding
fragments are treated at the same level, where now SD
becomes S, because the bond has disappeared. For the
F atom, this means HF*S ,,, which turns out to have the
same total energy as the HF total energy (to the mi-
crohartree level).

Complete active space CI calculations, defined here as
a full CI within the GVB space (GVB-CI), were also car-
ried out. Multiconfiguration—self-consistent-field
(MCSCF) calculations were performed for processes in-
volving multiple resonance structures, where the GVB-
PP wave function would have restricted the description
to only one resonance structure. The MCSCF wave func-
tions were also employed in resonance-CCCI calcula-
tions, which included the relevant resonance structures in
the reference space. We find that the differential changes
in zero-point energies are very small (~0.05-0.09 eV)
between different fluorinated clusters, and hence the re-
ported bond energies, D,, are essentially the same as D,
(within our error bars).
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E. Evaluation of lateral interactions

Lateral interactions between fluorosilyl groups were
calculated at the GVB-PP level by varying the distance
between two rigidly oriented clusters. Counterpoise
corrections for basis-set superposition errors** were in-
cluded in the evaluation of these nonbonded interactions,
at each distance that the lateral repulsions were evalu-
ated. The resulting interaction energies then were added
to the heats of adsorption and/or reaction calculated for
the zero coverage limit, in order to estimate heats of reac-
tion and/or adsorption at specific coverages. Further-
more, a criterion of minimum repulsion was used to ex-
tract equilibrium positions for the adspecies at various
coverages. Examples follow in Sec. III.

III. RESULTS AND DISCUSSION

We investigated a number of possible pathways at
different fluorine coverages (©g): ©<0.5 ML; 0.5 ML
<Or=<1.0 ML; 10 ML<O6<1.5 ML; and 1.5
ML <O =2.0 ML, where 1 ML is defined by the number
of surface atoms on Si(100).

A. Addition of F atoms to the clean
Si(100)-2 X 1 surface (O <0.5 ML)

Two high-symmetry pathways and subsequent adsorp-
tion sites were examined: (i) adsorption of an F atom
directly onto a Si dangling bond to form a monocoordi-
nated F atom, and (ii) adsorption of an F atom directly
on top of a Si dimer to form a bridging, dicoordinated F
atom. Redondo and Goddard*® previously predicted that
the coupling between the Si dangling bonds on a Si dimer
is very weak, with a singlet-triplet splitting of
AE¢;~0.03 eV. We have confirmed this with our fully
optimized structure of SigH;,, where we find
AEy=0.025 eV. Therefore, those dangling bonds on
the surface atoms are quite similar in nature to radical
electrons and hence should be highly reactive. Given the
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direction of the dangling bonds outward from the Si di-
mer bond [see Fig. 1(b)], one might expect that mono-
coordinated Si-F bond formation is more likely to occur.
Indeed, our calculations indicate that if an F atom ap-
proaches a dangling bond of a Si dimer, it forms an ex-
tremely strong Si-F bond worth 6.4 eV, with no activa-
tion barrier associated with this bond formation. We also
find that an F atom can form a stable bridge bond (worth
3.0 eV) with a Si dimer. However, in the latter case we
find that no barrier exists for the bridging F atom to slide
toward a silicon dimer dangling bond to form the more
stable monocoordinated Si-F bond. We now consider in
turn both cases in more detail.

1. F adsorption onto the dangling bond
of a Si dimer

Figure 1(c) depicts the optimized structure of the
SigH,F cluster, where the F atom is bound to a dimer
dangling bond. Table II shows the predicted geometrical
parameters, with a predicted equilibrium Si-F bond
length R(Si-F)=1.646 A, a Si dimer bond length R (Siy-
Si;)=2.426 A, and a surface Si-atom-second-layer Si-
atom bond length R (Si;-Sig,,)=2.350 A. The latter
value for R (Siy-Sig,) is in exact accord with the known
bulk bond length in Si,*’ while the Si-Si dimer bond
length (which lengthens by only 0.18 A from the bare di-
mer upon fluorination) is in good agreement with experi-
mental values for the Si dimer bond length (2.36-2.47
A).3% The Si-Si bond lengths remain nearly constant be-
fore and after addition of atomic F, in accordance with
the localized bonding picture and the weak coupling be-
tween the dimer dangling bonds. Our prediction of a Si-
F bond length of 1.646 A is consistent with typical Si-F
bond lengths of ~1.6 A for gas phase molecules [e.g.,
R(Si-F)=1.590 and 1.598 A for SiH;F and Si,H,F, re-
spectively].*® Since no surface Si-F bond lengths have
been elucidated experimentally, the only other compar-
ison we can make is with the semiempirical calculations

TABLE II. The important internal coordinates of the optimized SioH ,F cluster. Labels refer to Fig.

1(c).

Bond length (A)

Bond angle (deg)

R(F-Si(1)) 1.646
R(Si(1)-Si(2)) 2.426
R(Si(1)-Si(3))
=R(Si(1)-Si(5)) 2.350
R(Si(2)-Si(4))
=R(Si(2)-8i(6)) 2.360
R(Si(3)-Si(7))
=R(Si(5)-Si(8)) 2.361
R (Si(4)-Si(7))
=R(Si(6)-Si(8)) 2.365
R(Si(7)-Si(9))
=R(Si(8)-Si(9)) 2.352
R (Si(3)-Si(4))
=R(Sil(5)-Si(6)) 3.624
R (8Si(3)-Si(5)) 3.698
R (Si(4)-Si(6)) 3.660

O(F-Si(1)-Si(2)) 113.4
O(F-Si(1)-Si(3))
=6(F-Si(1)-Si(5)) 114.0
0(8Si(3)-Si(1)-Si(2))
=6(8i(5)-Si(1)-Si(2)) 105.3
0(8Si(4)-Si(2)-Si(1))
=0(8i(6)-Si(2)-Si(1)) 104.1
0(8i(3)-Si(1)-Si(5)) 103.8
6(Si(4)-Si(2)-Si(6)) 101.7
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for HF adsorbed on Si(100).° Their values of R(Si-
F)=1.760 A and R (Si,;-Si;)=2.406 A are close to our
predictions. The angle between a Si-F bond and the Si di-
mer is predicted to be 113.4° or 23.4° away from the sur-
face normal. This is in reasonable agreement with
ESDIAD data of a 29°13° or 36°+5° tilt of F away from
the surface normal on Si(100)-2 X 1,%%2! especially consid-
ering that image charge effects may act to increase the
measured bond angle (equated with the F*' trajectory
direction). The predicted Si-Si-F angle is also in accord
with the semiempirical prediction of 110.1°.

The harmonic vibrational frequencies of the optimized
SigH,,F cluster were obtained from a normal mode
analysis, which gives rise to a fairly localized stretching
mode of the Si-F bond at 924 cm~!. Other F-derived
modes (e.g., bending frequencies) coupled with motions of
substrate silicon atoms occur at ~158-376 cm™! (in the
range of the silicon bulk phonon frequencies). Shinn,
Morar, and McFeely!* observed a Si-F derived loss in
EELS at ~800 cm™ !, in the same spectral region as our
prediction.

In order to understand doping effects on etching, it is
important to discern the extent to which F resembles an
ion or a neutral atom on the Si(100)-2X1 surface. We
calculated the charge distributions for the F, Si, and H
atoms in the optimized SiyH,,F cluster by Mulliken pop-
ulation analysis (listed in Table III). Although this tech-
nique is basis set dependent, it yields a generally reliable
qualitative picture. We find that 0.38e is transferred to
the adsorbed fluorine primarily from the silicon atom
that forms the Si-F bond. The other silicon atom on the
surface dimer and all subsurface silicon atoms remains
nearly neutral, i.e., with about the same charge distribu-
tion as in the bare SigH,, cluster. The embedded H
atoms also remain virtually neutral. Thus, the adsorption
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of F onto the dangling bond of a Si dimer leads to a Si-F
bond with localized ionic character.

As explained in Sec. II, the GM-Si,H, and Si,H,F clus-
ters were constructed from the geometries of the opti-
mized SigH,, and SigH,F clusters. These smaller GM
clusters are depicted schematically in Figs. 1(b) and 1(d).
Contour plots of the one-electron GVB orbitals of the
remaining dangling orbital of the Si dimer, the Si-F o
bond pair, and the Si-Si dimer o bond pair for the opti-
mized SigH,F and the GM-Si,H,F clusters are plotted in
Figs. 3(a) and 3(b), respectively. As in the case of the bare
clusters, the surface wave function represented by the op-
timized SigH ,F cluster is extremely similar to that of the
GM-Si,H,F cluster. In addition, the contour plot of the
Si-F bond pair demonstrates unequivocally that the Si-F
bond is localized at the surface. Thus, the Si-F bond of
the GM-Si,H,F cluster should adequately represent the
Si-F interaction on the Si(100)-2 X 1 surface.

As in our previous calculations of bond dissociation en-
ergies,’>*>* we constructed a thermodynamic cycle to
obtain correlation-consistent energetics (see Fig. 4). Since
the fluorinated dimer has silicon orbitals that most close-
ly resemble uncoupled Si dangling bonds, we break the
Si-F bond to form the B, state of the dimer, which is
then allowed to relax to its ' 4; ground state. The first
Si-F bond strength calculated from both the larger clus-
ters (SigH;, and SigH,,F) and the smaller GM clusters
(Si,H, and Si,H,F) is listed as a function of increasing
electron correlation in Tables IV and V, respectively.
The GVB-CI calculations on the larger and the smaller
GM clusters predict Si-F bond strengths of 4.7 and 4.8
eV, respectively. Thus, as mentioned in Sec. II, errors in-
troduced by using the smaller model clusters with the
same geometry as the larger cluster are ~0.1 eV at com-
parable levels of electron correlation. In order to illus-

TABLE III. The net charges (a.u.) for F, Si, and H atoms obtained from Mulliken population analyses for optimized and

geometry-mapped bare and fluorinated silicon clusters.

Positions Centers  Si,H, Si,H,F Si,H,F, GM-Si,H, GM-Si,H,F GMS,H,;F, SiH,F SiH,F,
Adsorbate F —0.38 —0.39 —0.21 —0.22 —-0.16  —021
Surface layer Si +0.04  +0.42° +0.44 —0.06 +0.17® +0.16 +0.14  +041
+0.08° —0.06°
Second layer Si —0.12 —0.15¢ —0.15
—0.13¢
H +0.05  +0.06 —0.07 +0.03 +0.03¢ +0.03 +0.01 +0.01
+0.04  +0.05 —0.05 +0.02¢
+0.04
+0.03
Third layer Si —0.01 —0.05 —0.06
H +0.06 +0.08 +0.09
Fourth layer Si —0.15 —0.14 —0.14
H +0.06 +0.06 +0.06

?Net charge for the Si atom bonded to the F atom.
®Net charge for the Si atom with a dangling orbital.

“Net charge for an atom bonded to the surface Si described in footnote a.
9Net charge for an atom bonded to the surface Si described in footnote b.
°H atoms listed in each layer are the ones that are attached to the Si atoms in that layer.
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trate the importance of this theoretical strategy, we also
carried out calculations of the Si-F bond energy using
Si,H,F and Si,H, clusters with relaxed geometries (i.e.,
optimized for the small cluster itself). The Si-F bond en-

ONE ONE
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[PaiR]
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(b) ’ .
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FIG. 3. Contour plots of one-electron GVB orbitals for the
remaining silicon dangling orbital (top), Si-F o-bond pair (mid-
dle), and the silicon dimer o-bond pair (bottom) for (a) the opti-
mized SigH,F(®4’) and (b) the GM-Si,H,F(*4’) clusters.
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FIG. 4. The thermodynamic cycle for calculating the Si-F
bond strength of a Si-Si-F species.

ergies and adiabatic singlet-triplet splittings for the latter
calculations are listed in Tables V and VI, respectively.
Most of the energetic difference between fluorinating the
relaxed Si,H, cluster and the GM-Si,H, cluster is due to
the singlet-triplet splitting of Si,H,. As shown in Fig.
2(c), the optimized structure of Si,H, converts the
dangling-bond pair into a 7 bond, which results in a
singlet-(cis) triplet splitting that is much higher
(AE¢r=1.0 eV) than those of the GM-Si,H, (AE¢;=0.2
eV) and optimized SigH,, (AEg; =0.03 eV) clusters.

The CCCI calculations for the GM Si,H, and Si,H,F
clusters predict that fluorine forms an extremely strong
bond of 6.4 eV to a dangling bond of a silicon dimer.
Experimental Si-F surface thermochemistry is not avail-
able for direct comparison. However, we can compare to
the experimental gas phase SiH;-F bond strength of
6.710.4 eV,* % which is close to our prediction.

We also calculated a trajectory for F attacking Si(100)-
2X1 along the dimer dangling-bond direction [O(F-Si-
Si)=113.4°] on the rigid GM-Si,H, cluster.

F

C_ P N

WA AYAY

HH HBEA H H H
The potential curves calculated at the GVB-CI and CCCI
levels are plotted in Fig. 5. This reaction experiences no
activation barrier, suggesting that the initial sticking
probability of atomic F may be close to unity. This is
consistent with empirical’! and ab initio derived** dynam-
ical simulations that found a near unity sticking probabil-
ity. By contrast, Engstrom, Nelson, and Engel'® report
S7=0.5x0.3 for a mixed F, and F beam scattering off of
Si(100). The discrepancy between theory and experiment
may be due to perturbations caused by the presence of F,
or due to the inherent limitations on detection via XPS
(0.1-0.2 ML).

2. F atom adsorption in a bridge site on a Si dimer

1|
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We also studied chemisorption of atomic F at a two-
fold site of the Si(100)-2X1 surface, forming a dimer
bridge bond with the two resonance structures shown
below.
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TABLE IV. The first and second Si-F bond dissociation energies (D,, in eV) of an F-Si-Si-F species obtained from the optimized
SigH,-F and SigH,F-F cluster calculations. The HF total energy for the F atom within the VDZP + DIF basis used here is
—99.395 61 hartrees. 1 hartree is equal to 627.5096 kcal/mol = 27.21162 eV=219474.8 cm™". Equilibrium geometries optimized at
the GVB-PP level are used for all molecules (see text).

Total energies (hartrees)

Calculation® Si,H,, °B,) SigH,F (24") SigH,F, ('4,) D, (Si,H,,-F)° D, (SiyH,,F-F)°
HF —2605.213 98 —2704.766 18 —2804.317 62 4.2 42
(/1 (/1 (1/1
GVB-PP —2605.22123 —2704.791 80 —2804.317 62 4.7 4.7
272 4/4) (8/8)
GVB-RCI —2605.22126 —2704.791 92 —2804.36177 4.7 47
4/4) (9/17) (27/37
GVB-CI —2605.223 29 —2704.793 36 —2804.362 709 4.7 4.7
(8/8) (51/75) (141/175)

*The corresponding number of spatial configurations and spin eigenfunctions for each wave function are given beneath each total en-

ergy. The orbitals are optimized self-consistently at the GVB-PP level.

°D, (SigH,,-F)=E(SigH,,, *B,)+E (F,’P)— E(SigH,,F, 24')— AEq;,

where AEgy is the singlet-triplet splitting of the SioH,, cluster

(AEsr=0.03 eV) at the RCI*SDdang,ins vona level (' 4, total energy is equal to —2605.243 59 hartrees and ’B, total energy is equal to

—2605.242 67 hartrees).
°D,(SisH ,F-F)= E(SigH ,F, 2 4')+ E (F,2P)— E(SioH,,F,, '4,).

The GM-Si,H, cluster was used to mimic a rigid surface
dimer. Surface relaxation during bridge bond formation
was not considered, therefore the binding energy we cal-
culate is a lower bound to the exact binding energy. The
potential curves calculated at the generalized valence
bond-configuration interaction—self-consistent  field
(GVB-CI-SCF) and CCCI levels are plotted in Fig. 6 for
approach of F along the surface normal direction at the
midpoint of the Si-Si dimer bond. The resonance struc-
tures make it important to correlate the Si-Si o and the
dangling bonds of the dimer, as well as the three F 2p
electrons that reside in the bonding plane. Those seven
electrons are treated via a full CI within six orbitals in
the GVB-CI calculations. The GVB-CI-SCF calculations

then allow the orbital shapes to change from the GVB-PP
orbitals to orbitals optimized for the GVB-CI. The
GVB-CI-SCF results suggest that atomic F can form a
stable twofold bridge bond to the dimer, with an equilib-
rium perpendicular distance from the surface (R ) of
1.6 A. The barrier associated with this pathway is almost
negligible (E,~0.03 eV). Higher-order CCCI calcula-
tions were performed in order to estimate the bond ener-
gy more accurately. The CCCI calculations began with
the GVB-CI-SCF wave functions as the first-order wave
function and included both resonance configurations in
the multireference space. Resonance-CCCI predicts a
bridging Si-F-Si bond strength of 3.0 eV, much weaker
than the heat of adsorption of 6.4 eV for monocoordinat-

TABLE V. The Si-F bond energy of an F-Si-Si species (D,, in eV) obtained from calculations of the optimized Si,H,F and Si,H,

clusters, and the GM-Si,H, and the GM-Si,H,F clusters.

Geometry optimized cluster
Total energies (hartrees)

Geometry-mapped (GM) cluster
Total energies (hartrees)

Calculation® SiL,H,F 4')  Si,H, CB,) D, Si,H-F® GM-Si,HF *4') GM-Si,H, (B,) D, (GM-Si,H,-F)
GVB(2/4)-PP —679.17142  —579.59008 4.1 —679.11280 —579.537 86 49
(4/4) 2/2) (4/4) (2/2)
GVB-RCI(2/4) —679.17190  —579.59019 41 —679.11289 —579.53794 49
9/17) 4/4) 9/17) (4/4)
GVB-CI(2/4) —679.17211  —579.59194 4.0 —679.11343 —579.54030 438
(19/35) (8/8) (19/35) (8/8)
GVB-RCIQ2/4)*SDsr  —679.17903  —579.59480 4.1 ~679.12000 —579.54244 4.9
(1337/3645) (34/62) (1337/3645) (34/62)
CCCI1(2/4) —679.24257  —579.60441 5.6 ~679.184 71 —579.55278 6.4
(2940/10070)  (192/432) (2940/10070) (192/432)

“The corresponding number of spatial configurations and spin eigenfunctions for each wave function are given beneath each total en-
ergy. The geometries of Si,H, and Si,H,F clusters were optimized at the GVB(2/4)-PP level, while the geometries of the GM-Si,H,
and GM-Si,H,F clusters were taken from the optimized SigH,, and SigH ,F clusters (see text).

°D,(Si,H,-F)=E (Si,H,, *B,)+ E(F, *P)— E (Si,H,F, 2 4')— AE, where AEg; =1.0 eV, taken from the singlet-triplet splitting of the
optimized Si,H, cluster (see Table VI).

CDe(GM—SiZITL;-F)=E(GM-Si7_P—I4, 3B,)+E(F, *P)— E(GM- Si,H,F, 24')—AEg;, where AE¢; =0.03 eV, taken from the singlet-triplet
splitting of the optimized SigH,, cluster.
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TABLE VI. Singlet-triplet splittings (AEgr) and total energies for '4, and 3B, states of the opti-

mized Si,H, cluster.

Total energies (hartrees)

Calculation® ‘4, 3B, AEg (eV)
GVB(2/4)-PP —579.616 38 —579.59008 0.7
(4/4) (272)
GVB-RCI(2/4) —579.624 30 —579.590 19 0.9
(9/10) (4/4)
GVB-CI(2/4) —579.623 68 —579.591 94 0.9
(19/20) (8/8)
GVB-RCI(2/4)*(SD)pg® —579.632 31 —579.595 67 1.0
(549/697) (268/404)

*The corresponding number of spatial configurations and spin eigenfunctions for each wave function
are given beneath each total energy. The orbitals are optimized self consistently at the GVB(2/4)-PP

level.
°DB denotes dangling bonds.

ed fluorine. Thus, a thermodynamic preference exists for
the first F atom to attack the dangling bond rather than
the Si-Si bond of a dimer.

Given the greater stability of monocoordinated over
bridging F atoms, it is likely that F atoms adsorbed ini-
tially near a bridge site will convert to onefold F,4). We
investigated this diffusion of F from the bridge to the
dangling-bond site by generating potential curves for an
F atom moving from the equilibrium bridge bond posi-
tion (R, =0 A) toward a dangling bond of the silicon di-
mer, keeping the vertical distance fixed between the F

atom and the Si(100)-2 X1 surface at R, ., =1.6 A.
<—F
/ \\ 16 A

Substrate relaxation was not allowed. The resulting po-
tential curves at the GVB-CI and CCCI levels are shown
in Fig. 7, where we see that no activation barrier is asso-
ciated with this motion. The minimum position in the
potential curve (R =1.6 AR =16 A) is exactly at the

equilibrium position of the Si-F bond in the fully opti-
mized SigH,F cluster [R,(Si-F)=1.646 A), lending

1.0
0.0 GVB-Cl
AE (eV) oA
-2.01
3.0
4.0 1
501 cecl

-6.0 1

-7.0 T T
1.0 2.0 3.0 4.0

R(Si-F) (A)

FIG. 5. Potential curves for a fluorine atom approaching a
silicon dimer along the dangling-bond direction as a function of
the Si-F distance [R(Si-F)], generated at the GVB-CI and CCCI
levels for the GM-Si,H,F cluster.

credence to the rigid cluster approximation used in this
last set of calculations.

In summary, we find that at low coverages of fluorine
on Si(100)-2 X 1 (O <0.5 ML), the first F atom prefers to
add along the dangling bond of a silicon dimer, rather
than bridge a Si-Si dimer bond. If an F atom approaches
the surface at a significantly different angle than the
dangling-bond direction, it is likely to encounter an at-
tractive force and diffuse toward the dangling bond with
no activation barrier.

B. Reaction of F atoms with the Si(100)-2 X 1 surface
at 0.5 ML <©6;<1.0 ML

After one Si-F bond is formed on each Si dimer, one
dangling-bond orbital remains. Saturation of this un-
paired electron by another atomic F is expected to be the
most energetically favored reaction. Another possible
pathway for an F atom would be formation of a SiF,
group, requiring cleavage of the Si-Si dimer o bond. Our
calculations indicate that monofluorination (to form F-
Si-Si-F) is preferred over difluorination (to form Si +
SiF,). We now discuss the details of these two possible
reaction pathways.

1.0
GVB-CI-SCF
AE (eV) 0.0
1.0 1
2.0
ccal
3.0 > . r
1.0 15 2.0 2.5 3.0
R (A

FIG. 6. Potential curves for a fluorine atom adsorbing onto a
bridge site of a silicon dimer as a function of the perpendicular
distance (R,) between the fluorine atom and the Si(100)-2X 1
surface, generated at the GVB-CI-SCF and CCCI levels for the
GM-Si,H,F cluster.
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FIG. 7. Potential curves for fluorine atom diffusion from the
twofold bridge-bonded position (R;=0 A) to the onefold
dangling-bond site of a silicon dimer (R =1.6 A), as a function
of the parallel distance (R) between the F atom and the origi-
nal twofold bridge-bonded position. The vertical distance be-
tween the F atom and the surface was kept fixed at
R, ,=1.6 A. Both GVB-CI and CCCI levels for the GM-
Si,H,F cluster are shown.

1. Monofluorination

In order to predict the equilibrium structure of an F-
Si-Si-F species, the structure of the SigH,,F, cluster was
optimized at the GVB(3/6)-PP level, where the two Si-F
bonds and the Si-Si dimer o bond were correlated as
GVB pairs. The optimized SigH,,F, cluster is shown in
Fig. 1(e), while the geometrical parameters of this cluster
are given in Table VII. The equilibrium bond lengths of
the Si-F and the Si-Si dimer are 1.643 and 2.435 A re-
spectively, while the angle between the Si-F bond to sur-
face normal is 23.1°, very close to the geometry of the
first Si-F bond. In addition, the SigH,F, cluster exhibits
symmetric and antisymmetric Si-F stretching frequencies
at 612 and 919 cm ™!, respectively. The bending motions
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of F atoms are mixed with the other vibrational modes of
the lattice in the low-frequency range of ~205-375
cm™!. Again, these geometries and vibrational frequen-
cie]s4 %e close to those calculated or measured previous-
ly.'®

The second Si-F bond is similar in character to that of
the first Si-F bond. For instance, Mulliken population
analysis of the optimized SigH,,F, cluster reveals that
0.39¢ is transferred to the F atom directly from the Si
atom to which it is bonded, while all subsurface Si atoms
retain nearly the same charge distribution as the bare Si
cluster and the optimized SigH;,F cluster (Table III).
One-electron GVB contour plots of the three GVB bond
pairs (the two Si-F o bonds and the Si-Si dimer o bond)
for the optimized SigH,F, cluster are displayed in Fig. 8.
Qualitatively, we see that the Si-F interaction is again ex-
tremely localized to the surface region.

The binding energy for the second Si-F bond of an F-
Si-Si-F species calculated from both the larger (SigH,,F
and SigH,,F,) and the smaller GM (Si,H,F and Si,H,F,)
clusters are tabulated as a function of electron correlation
in Tables IV and VIII, respectively. GVB-CI calcula-
tions on both clusters again show that the error incurred
by replacing the larger SigH,F, clusters with the smaller
GM-Si,H,F, clusters is less than 0.1 eV. Our best pre-
diction (CCCI) of the second Si-F bond strength calculat-
ed from the smaller GM Si,H,F and Si,H,F, clusters is
6.1 eV, 0.3 eV smaller than the first Si-F bond.

Once the dangling bonds are saturated, the surface is
covered with F-Si-Si-F species where the Si-Si dimer
bonds remain intact (Op=1.0 ML, shown below).

395A
l«——»]

Wi hYi s
2.44 A' 524 A I

The nearest Si-Si distance between neighboring dimers in

F

VAW

TABLE VII. The important internal coordinates of the optimized SisH,,F, cluster. Labels refer to

Fig. 1(e).

Bond length (A)

Bond angle (deg)

R(F(1)-Si(1))

=R(F(2)-Si(2)) 1.643
R(Si(1)-8i(2)) 2.435
R(Si(1)-8i(3))

=R (Si(1)-Si(5))

=R(Si(2)-Si(4))

=R(Si(2)-Si(6)) 2.348
R(Si(3)-Si(7))

= R(Si(5)-8i(8))

=R (5i(4)-8i(7))

= R(8Si(6)-Si(8)) 2.362
R(Si(7)-Si(9))

=R (Si(8)-Si(9)) 2.352
R(Si(3)-Si(4))

=R (Si(5)-Si(6)) 3.624
R(Si(3)-Si(5))

=R (Si(4)-Si(6)) 3.608
R(Si(7)-Si(8)) 3.840

6(F(1)-Si(1)-Si(2))
=0(F(2)-Si(2)-Si(1))
6(F(1)-Si(1)-Si(3))
= O(F(1)-Si(1)-Si(5))
=0(F(2)-Si(2)-Si(4))
= 0(F(2)-Si(2)-Si(6))
6(Si(3)-Si(1)-Si(5))
= 0(Si(4)-Si(2)-Si(6))
6(Si(3)-Si(1)-Si(2))
=6(Si(5)-Si(1)-8i(2))
= 6(Si(4)-Si(2)-Si(1))
=6(Si(6)-Si(2)-Si(1))

113.1

114.5

104.4

104.7
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adjacent rows is 3.24 A, while the F-F nearest-neighbor
distance is 3.95 A in adjacent rows and 3.84 A in the
same dimer row. At this surface coverage, we find that
no repulsion exists between fluorines bonded to neighbor-
ing dimers, either in the same row or adjacent rows.

2. Difluorination

Difluorination is modeled by the process shown below.

S40ev l/

H
The SiF,H, cluster [shown in Fig. 1(g)] was fully opti-
mized at the GVB (2/4)-PP level with two Si-F bonds
treated as GVB pairs. This small cluster was chosen to
model SiF,,4,. The geometrical parameters of this clus-
ter are listed in Table IX. The equilibrium Si-F bond
length in the SiF, species is 1.618 A, which is close to
that of the monofluorosilyl species. The angle between
the Si-F bond and the surface normal for SiF,,q, is pre-
dicted to be 54.3°, 30.8 °closer to the silicon surface than
for SiF,4). The optimized H-Si-H angle is 113.8°, which
is only 4.4° larger than the ideal tetrahedral Si-Si-Si angle
expected on the surface. Thus, the optimized SiH,F, clus-
ter should be a reasonable first approximation to SiF,,q).
From Mulliken population analysis (listed in Table III),
we find that each F atom in SiF, 4, is less ionic (with
0.21e transferred to each F) than an F atom in an F-Si-
Si-F species. However, the total positive charge on the Si
atom in a difluorosilyl group is about double (+0.41¢)
that of a monofluorosilyl group in the GM-Si,H,F, clus-
ter, suggesting that core-level shifts in the XPS spectra
are indeed excellent ways of distinguishing SiF,,q, from
SiFy,q). 1214719
The energetics of this process at our best level of calcu-
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FIG. 8. Contour plots of one-electron GVB orbitals for the
right Si-F o-bond pair (top), the identical left Si-F o-bond pair
(middle), and the silicon dimer o-bond pair (bottom) for the op-
timized SigH ,F,(' 4,) cluster.

lation (CCCI) are displayed in the above picture. Table
X lists the total energies of all clusters modeling this pro-
cess. Forming a SiF,,4, group from an F-Si-Si group re-
quires initial cleavage of the Si-Si dimer bond in the F-
Si-Si species at a cost of 3.5 eV, leading to a
monofluorosilyl SiF 4 species and a bare surface Si atom
with two unpaired dangling bonds (if no electronic relax-
ation is allowed). Difluorination occurs when an incom-
ing F atom attaches to the dangling bond of the SiF
species to form a Si-F bond (downhill by 6.4 eV). Cou-
pling the two dangling orbitals of the bare surface Si
releases another 1.1 eV of energy. Thus, the effective Si-F
bond strength of a SiF, 4, species is predicted to be 4.0
eV, ~2.1 eV less exothermic than the monofluorination

TABLE VIII. The Si-F bond energy of an F-Si-Si-F species (D,, in eV) obtained from calculations on

the GM Si,H,F and Si,H,F, clusters. The corresponding number of spatial configurations and spin
eigenfunctions for each wave function are given beneath each total energy. The geometries of the GM
Si,H,F and Si,H,F, clusters were taken from the optimized Si,H,F and SiyH,,F, clusters (see text).

Total energies (hartrees)

Si,H,F (4’)

D, (Si,H,F-F)

Calculation Si,H,F, (*4,)
GVB(3/6)-PP —778.684 09
(8/8)
GVB-RCI(3/6) —1778.68427
(27/37)
GVB-CI(3/6) —778.68523
(141/175)

GVB-RCI(3/6)*(SD)s; _ ¢ —778.691 34
(6997/12 631)

CCCI(3/6) —778.797 29

(15433/34939)

—679.112 80 4.8
(4/4)

—679.11289 4.8
9/17)

—679.11343 4.8
(19/35)

—679.11535 4.9

(228/424)
—679.178 31 6.1
(1760/6872)
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TABLE IX. Optimized geometry for the SiH,F, cluster.

R(Si-F(1))=R(Si-F(2)) 1.618 A
R(Si-H(1))=R (Si-H(2)) 1422 A
O(F(1)-Si-H(1))=6(F(2)-Si-H(2)) 108.4°
6(F(1)-Si-F(2)) 108.6°
6(H(1)-Si-H(2)) 113.8°

process, because of the cost to break the partially fluori-
nated Si dimer bond. Thus, for a perfect Si(100)-2X1
surface, monofluorination should occur before
difluorination. However, difluorination may happen ear-
ly in the etching process at defect sites on a real surface,
since the silicon atoms at defect sites are expected to be
highly unsaturated.

C. Fluorine adsorption on Si(100)
for .0 ML <O:<1.5 ML

At ©x=1.0 ML on a perfect Si(100)-2 X 1 surface, the
dangling bonds of all the dimers are saturated. Adding a
third fluorine to this region of the surface now requires
cleaving Si-Si bonds. We examined cleavage of the Si di-
mer bond to form a SiF, and a SiF species on the surface.
The incipient Si-F bond is expected to be weaker than the
first two Si-F bonds formed on the dimer because of the
cost to break the Si-Si bond. As a first approximation, we
ignored lattice relaxation and interactions between
fluorine atoms attached to adjacent Si atoms. We used
the following simple model to represent this reaction:

F
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The energetics of this pathway obtained at the CCCI lev-
el are depicted in the above scheme, while the CCCI total
energies for the above clusters are listed in Table X. We
see that formation of SiF,.4, and SiF 4, from F-Si-Si-F
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groups is exothermic by 3.3 eV, since breaking F-Si-Si-F
into two SiF,q, species costs 3.1 eV, and the new Si-F
bond formed releases 6.4 eV of energy.

As the fluorine coverage increases, the repulsion be-
tween neighboring fluorine atoms becomes significant.
Thus, we constructed a more refined model that considers
lateral interactions between the fluorosilyl groups. We
investigated these lateral interactions for two surface
configurations: (i) ©g=1.25 ML [a p(4X1) unit cell]
and (ii) ©=1.5 ML [a p(2X1) unit cell] shown in Figs.
9 and 10, respectively. We calculated the interaction en-
ergy in each repeat unit for surface structures (i) and (ii)
by varying the distances between pairs of fluorosilyl
groups [shown in Figs. 11(a)—11(e)]. Since the angles a
and B are nearly identical (a=35° and f=33°), we as-
sumed that (i) repulsion for the case in Fig. 11(a) is equal
to the case in Fig. 11(b), where an F-Si-Si-F group ap-
proaches a SiF, or an FSi group; (ii) repulsion for the case
in Fig. 11(d) is equal to the case in Fig. 11(e), where a
SiF, group approaches another SiF, or an FSi group; and
(iii) that R, is equal to R; in Fig. 9. To refine the model
further, we also accounted for basis-set superposition er-
rors (BSSE) (Ref. 45) for these nonbonded interactions in
Figs. 11(a), 11(c), and 11(d) at the GVB-PP level. These
BSSE are plotted as a function of the distance between
two neighboring Si atoms in different fluorosilyl units
[R(Si-Si)] in Figs. 12, 13, and 14, respectively. Taking
into account the superposition errors, we plotted the la-
teral repulsion energies as a function of R(Si-Si) for the
cases in Figs. 11(a), 11(c), and 11(d) in Figs. 15, 16, and
17, respectively. Crystallographic symmetry of the
Si(100) surface constrains R;+R,+R; in Fig. 9 to be
4X3.84—2.44=12.92 A, where 3.84 A is the crystallo-
graphically imposed nearest-neighbor Si-Si distance on
the unreconstructed Si(100) surface and 2.44 A is the Si-
Si dimer bond length of an F-Si-Si-F species obtained
from the optimization of the SigH,,F, cluster (see Table
VID. Assuming R;~Rj, then we can solve for
R,~12.92 A—2R 1» by searching for the minimum in la-
teral repulsions between fluorosilyl groups. We summed
up the total repulsion energy in each repeat unit of the

p(4X1) surface structure (©g=1.25 ML, Fig. 9) and

plotted them as a function of R, in Fig. 18. Similarly, in

TABLE X. Total energies (hartrees) at the CCCI level for all molecules in the cycles shown in Secs. IIIB2 and III C.

Calculation® Si,H,F, ('4,) Si,HF *4') SiH,F, (‘4,) SiH,F (¢4’) SiH, (B)) SiH, ('4,)
cccl —778.86206>  —679.24781°  —489.00555¢  —389.37485°  —289.74420"
(15433/34939)  (2940/10070) (3215/5098) (294/736) (17/33)
GVB-RCI*(SD) 4angling bond —289.74253%8  —289.78398¢8
(21/21) (34/34)

2Calculational details are given in Sec. II. The HF total energy for the F atom within the VDZP + DIF basis used here is
—99.395 61 hartrees. 1 hartree equals 627.5096 kcal/mol equals 27.21162 eV = 219474.8 cm™'. The corresponding number of spa-
tial configurations and spin eigenfunctions for each wave function are given beneath each total energy.

®CCCI = GVB-RCI(3/6) *[(SD)g;.si+S,a ] for breaking the Si-Si bond in the cycle shown in Sec. ITIC.

°CCCI = GVB-RCI(2/4) * [(SD)g;.5;+S,a ] for breaking the Si-Si bond in the cycle shown in Sec. III B2.

4CCCI = GVB-RCI(2/4) * [(SD)g; g+ S,a ] for breaking the Si-F bond in the cycles shown in Secs. III B2 and III C.
°CCCI = GVB-RCI(1/2)% S, for the SiH,F fragment in the cycles shown in Secs. III B2 and III C.

fCCCI = HF*S,,, for the SiH, (B, ) fragment in the cycle shown in Sec. III B2.

¢CI for calculating the singlet-triplet splitting in SiH,, shown in the cycle in Sec. IIIB2. See Ref. 33 for calculational details.
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FIG. 9. The p(4X1) equilibrium surface structure at
6r=1.25 ML.

e e
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p(2x1) ®, =15 M
FIG. 10. The p(2X1) equilibrium surface structure at
Or=1.5 ML.
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FIG. 11. Schematic pictures of the five cases considered in
calculations of the lateral repulsion between pairs of fluorosilyl
species.
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FIG. 12. Basis-set superposition error (BSSE) calculated at
the GVB-PP level for the cases in Figs. 11(a) and 11(b), where
an F-Si-Si-F approaches a SiF, or an FSi species. The BSSE is

plotted as a function of distance between the two neighboring Si
atoms in the two fluorosilyl species (Rg;_g; ).
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R(Si-Si) (A)

FIG. 13. BSSE calculated at the GVB-PP level for the case in
Fig. 11(c), where an SiF, species approaches a SiF species, as a
function of Rg;_g;.
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FIG. 14. BSSE calculated at the GVB-PP level for the cases
in Figs. 11(d) and 11(e), where a SiF, species approaches anoth-
er SiF, or an FSi species, as a function of Rg;_g;.
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FIG. 15. Potential curve calculated at the GVB-PP level (ac-
counting for BSSE) for the cases in Figs. 11(a) and 11(b), where
an F-Si-Si-F approaches a SiF, or an FSi species, as a function
of Rgi—s;.
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FIG. 16. Potential curve calculated at the GVB-PP level (ac-
counting for BSSE) for the case in Fig. 11(c), where a SiF,
species approaches a SiF species, as a function of Rg; _g;.

the p (2X1) surface structure (6g=1.5 ML, Fig. 10), we
have R,+R5=2X3.84 A, or Rs=7.68 A—R,. The
total repulsion energy in each p(2X1) unit is displayed
as a function of R, in Fig. 19. The equilibrium
geometries of the p(4X1) and the p (2X 1) structures are
found to be R,=R;=4.36 A, R,=4.20 A, R,=3.10 A,
and Rs=4.58 A (shown in Figs. 9 and 10), while the la-
teral repulsions for both structures at equilibrium are 0.4
eV/[p(4X1) unit cell] and 3.1 eV/[p(2X 1) unit cell], re-
spectively.

Now, considering both lateral repulsions (and basis-set
superposition errors) and bond breaking and forming, we
predict that the formation of the p(4X1) structure
(©6=1.25 ML) is downhill by 3.3—0.4=2.9 eV from
Op=1.0 ML. Addition of another F to this p(4X1)
structure (©Og=1.25 ML) to form the p(2X1) structure
(©g=1.5 ML) is found to be endothermic by 2.5 eV, be-
cause of 3.1 eV/ [p(2X1) unit cell] repulsions for a sur-
face with half SiF radicals and half SiF, groups at
Or=1.5 ML. (The differential repulsion between
Op=1.5and 1.25 ML is 6.2—0.4=5.8 ¢eV/[p(4X 1) unit
cell], and the energy gained is only 3.3 eV from the newly
formed Si-F bond, as in the 1.0—1.25 ML case.) Thus,

50
40 4
AE (eV)
301

20j

101

0 T T T -T
25 3.0 3.5 4.0 4.5 5.0

R(Si-Si) (A)

FIG. 17. Potential curve calculated at the GVB-PP level (ac-
counting for BSSE) for the cases in Figs. 11(d) and 11(e), where
a SiF, species approaches another SiF, or an FSi species, as a
function of Rg;_g;.
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AE (eV)
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2.0

1.04

0.0 T —r
25 3.5 4.5 5.5

FIG. 18. Total repulsion energy in a unit cell of the p(4X1)
surface structure (6g=1.25 ML, Fig. 9) generated at the GVB-
PP level.

at low exposures or with a dilute beam of F atoms, the
p(4X1) structure involving a SiF,, a SiF, and an F-Si-Si-
F dimer may be a stable intermediate phase. However, if
two F atoms attack neighboring F-Si-Si-F dimers simul-
taneously at Og=1.0 ML, it is favorable by 0.4 eV to
form alternating SiF and SiF, groups on the surface.

This mechanism may be partially responsible for the
different coverages reached upon initial adsorption of
XeF, versus F,.!>!° Photoemission data'® suggest that
exposure of Si(100) to XeF, leads to an initial adsorption
phase with 70% SiF and 23% SiF,, which corresponds
closely to the 1.25 ML structure we have proposed,
shown in Fig. 9 (75% SiF and 25% SiF,). Since our ener-
getics suggest it may be possible to be trapped in this
phase if two F atoms are not delivered to adjacent Si di-
mers simultaneously, it may be that XeF, decomposes via
ejection of the last F atom with enough kinetic energy
such that it does not adsorb right next to the first F atom.
This is plausible, since XeF is unstable. By contrast, F,
beams exhibit fast adsorption kinetics up to 1.5 ML, after
which the rate drops off precipitously.!” It may be that
F, dissociatively adsorbs with both F atoms delivered to
neighboring dimers, since our calculations suggest this is

50

40
AE (eV)

30

201

10

FIG. 19. Total repulsion energy in a unit cell of the p(2X1)
surface structure (Gp=1.5 ML, Fig. 10) generated at the GVB-
PP level.
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the only way to reach ©x=1.5 ML.

An ordered p(3X1) overlayer on Si(100) has been re-
ported by Chabal and Raghavachari®® for hydrogen ad-
sorption, which was also observed later by Boland>* using
scanning tunneling microscopy (STM). This p(3X1)
phase was suggested to involve repeated alternation of
monohydride and dihydride units.** Although such a
p(3X1) phase (Bg=1.33 ML) has never been reported
for F on Si(100), for completeness we calculated the la-
teral interactions between the analogous adspecies, in or-
der to compare their stabilities relative to ©g=1.25 and
1.5 ML. The ideal p (32X 1) structure is shown below:

I 328 A I

S,
g
(QJ
>
-~

The lateral repulsions between neighboring F-Si-Si-F and
SiF, groups are found to be negligible (see Fig. 15) be-
cause the distance between adjacent fluorines in neigh-
boring F-Si-Si-F and SiF, groups is 3.28 A, which corre-
sponds to R(Si-Si)=5.24 A. Thus, in principle, we ex-
pect this phase to be accessible. However, formation of
this p(3X1) phase requires not only Si dimer bond
breaking and Si-F bond formation, but it also must in-
volve some complicated surface rearrangement to convert
from the p(2X1) to p(3X1) phase, which we leave for
future work.

D. Fluorine adsorption on Si(100)
for .5 ML <©g<2.0 ML

After the third fluorine breaks the Si dimer bond to
form SiF, and SiF groups, a dangling-bond orbital
remains on the SiF group. The saturation of this
dangling-bond orbital is modeled by the following pro-
cess:

F

\\

S/ . Q),S/ -64eV E_F
NN
H H H

oo}
el

Tlan,
:I:I(.\

ml~ /'-n

H H
The CCCI prediction of the isolated Si-F bond energy is
6.4 eV (the CCCI total energies for the optimized SiH,F
and SiH,F, clusters are listed in Table X). However, the
surface would now be saturated by SiF, species with only
3.84 A between each Si, the same as that on the p(1X1)
unreconstructed Si(100) surface, as shown below.

122 A
F\ F<—>K ,F F\S_/F F\S./F _
Amux o O

At this distance, assuming the SiF, groups retain
tetrahedral coordination, the fluorine atoms are closer to
each other (Rpp=1.22 A) than in the F, molecule
(Rpp=1.41 A). Therefore, we expect that repulsions be-
tween F atoms will dictate the surface structure at this
coverage. Figure 17 shows the GVB-PP potential curve
(including the counterpoise correction for superposition
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error) for two SiF, groups approaching each other with
all four fluorines in the same plane [shown in Fig. 11(e)].
At the crystallographically imposed Si-Si distance of 3.84
A, the repulsion between two neighboring SiF, groups is
~17 eV, much larger than the Si-F bond energy. Thus,
we predict a large barrier for addition of more F atoms
beyond ©g=1.5 ML, consistent with the decrease in the
rate of adsorption of F atoms in this coverage range. '’

It is possible that the SiF, groups will attempt to move
away from one another by relaxing the constraint of hav-
ing the Si atoms remain tetrahedral. Therefore, we stud-
ied the effect of rotating a SiF, species by twisting both F
atoms on a SiF, group simultaneously (see below).

F F
F‘-SN\F F‘-SN\F —rol_a:e_» (Sl/ }&L
N N ¢ . L
| 22 —>| 384A

>

This indeed reduced the repulsion between two neighbor-
ing SiF, groups, but at the same time it weakens the Si-Si
bonds. A crude estimate of the strain energy caused by
twisting was calculated at the GVB-PP level using the op-
timized SiH,F, cluster and is plotted as a function of the
twisting angle in Fig. 20. The repulsion energy generated
at the GVB-PP level between two concertedly twisted
SiF, groups is displayed in Fig. 21 as a function of the
twist angle. We find that concerted twisting of the SiF,
groups minimizes this repulsion (down to 1.8 eV) at a 30°
twist, but this introduces considerable subsurface strain
(~1.3 eV). Our strain estimate may be a lower bound,
since our model contains spherical H’s instead of the
directional sp>-like orbitals on true subsurface Si atoms.
This directionality should cause the strain to be even
greater than 1.3 eV. However, inclusion of higher levels
of electron correlation may decrease the strain energy.
Therefore, these two effects may cancel. Thus, although
SiF, is known to be an extremely stable species in the gas
phase, it is predicted to be much less favorable than SiF
on the surface because of unfavorable lateral interactions.
LEED and photoemission data for low exposures of XeF,
on Si(100)-2 X 1 also support these predictions.'*!> Thus,
further fluorination and etching may have to proceed
sequentially, whereby patches of Si are etched away be-

4.0

AE (eV) 3.0

2.0

1.0

0.0 =111
0 10 20 30 40 50 60 70 80 90
6 (deg)
FIG. 20. Strain energy as a function of twisting angle 6, cal-
culated at the GVB-PP level, _for twisting two Si-F bonds simul-
taneously in the optimized SiH,F, cluster.
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FIG. 21. Total repulsion energy as a function of twisting an-
gle 6 between the two twisting SiF, groups, generated at the
GVB-PP level.

fore others, due to the propensity of SiF, to etch more
quickly because of its instability. Indeed, recent STM
work by Boland®® examining H-atom etching of Si(100)
confirms this idea. Even in this system where the H-H
repulsions are much smaller than the F-F repulsions,>
adjacent SiH,’s are preferentially etched.

IV. SUMMARY

We have presented first-principles quantum-
mechanical calculations examining the reaction of atomic
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fluorine with the Si(100)-2X1 surface. We find that
fluorine atoms first attack dangling bonds of dimers and
saturate the surface with SiF 4, species at lower fluorine
coverages (= 1.0 ML). At this stage, the reaction is very
exothermic, with heats of reaction ~6.3 eV/F. Forma-
tion of SiF,,4, should occur only after all dangling bonds
on the Si dimers are saturated. However, the repulsion
between adjacent F atoms naturally increases as the
fluorine coverage increases, making difluorination more
difficult at higher coverages (1.5 ML <©<2.0 ML). We
have suggested that this may have implications for
fluorine adsorption kinetics as a function of coverage and
precursor (e.g., XeF, or F,). A uniform SiF, surface
configuration (©g=2.0 ML) will not form, due to huge
activation barriers resulting from fluorine repulsions.
Thus, unless the lattice is strained via SiF, twisting, F-F
repulsions inhibit formation of a SiF,-covered surface.
However, such lattice strain may in fact facilitate the
etching process, via weakening the Si-Si bonds.
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FIG. 1. Schematic pictures of silicon clusters used in calcula-
tions for modeling (i) the bare Si(100)-2 X 1 surface by (a) the ful-
ly optimized SigH,, cluster and (b) the GM-Si,H, cluster; (ii) a
half-fluorinated silicon dimer (Si-Si-F) by (c) the fully optimized
SigH|,F cluster and (d) the GM-Si,H,F cluster; (iii) a fully
fluorinated silicon dimer (F-Si-Si-F) by (e) the fully optimized
SigH,,F, cluster and (f) the GM-Si,H,F, cluster; and (iv) a
difluorosilyl species (SiF,) by (g) the fully optimized Si,H,F,
cluster. Si atoms in the SigH,, clusters are numbered from the
surface layer downward. Small black circles represent H atoms.
The fourth-layer Si atom is not shown. Medium-sized gray cir-
cles represent F atoms.



