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Interaction of F and Cl with silicon surfaces
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We have performed local-density-approximation calculations on clusters modeling the Si(111)
surface with adsorbed and subsurface F and Cl atoms. These calculations explicitly show that the
anomalously low effective binding energy U, of SiF and SiCl radicals to the Si substrate in plasma
etching conditions is entirely due to the presence of subsurface halogen atoms. The different behav-
ior of subsurface Cl and F is discussed; in the latter case we also discuss the dependency of the SiF

U, on the flux of incoming F atoms.

I. INTRODUCTION

The chemical enhancement of silicon sputtering by ion
bombardment in the presence of F- or Cl-containing
gases has been studied extensively.!”® These experi-
ments, combined with theoretical studies,”!'® show that
the mechanism of chemical sputtering by F or Cl atoms
has the following qualitative features. Generally, the
halogen-containing gases chemisorb dissociatively on the
silicon surface."® For Si(111), the halogen atoms stick
with almost unit probability to the onefold “top” sites® !
(see Fig. 1). In addition to dissociative chemisorption,
also penetration of halogen atoms into the bulk takes
place under the influence of a beam of, e.g., Art ions to
which the Si surface is exposed.' % It is supposed that
these subsurface halogen atoms play an important role in
the etch rate enhancement.?”® The Ar™ beam causes
sputtering of Si mostly in the form of halogen-containing
compounds.

Experiments show that in the presence of F or Cl the
energy needed to remove a surface Si atom (the effective
binding energy U,) is ‘“anomalously” low. Whereas the
measured U, for a top Si atom to the substrate in the ab-
sence of F or Cl is equal to 7.8 eV (Ref. 3) [this roughly
corresponds to the binding energy of three Si—Si bonds
in bulk Si, 7.0 eV (Ref. 11)], the measured U, under etch-
ing conditions for, e.g., the SiCl and SiF compounds are
of the order 0.4 eV (Refs. 3 and 8) and 2.5 eV (Ref. 7), re-
spectively; the SiF value decreases to about 0.8 eV when
the flux of incoming F atoms is increased.” The “real”
U, values of the SiF and SiCl molecules may be some-
what higher since internal excitation of the sputtered
molecule can decrease its kinetic energy and therefore the
measured U, value.'? Several authors believe that the de-
crease of U, of the sputtered Si atoms is one of the main
factors responsible for the chemical enhancement of Si
sputtering.z‘”'8 It is, however, by no means clear how
U, can decrease so much. It is often assumed that the
subsurface halogen atoms can, in some way, give rise to
such a decrease.>”*®~® Some authors suggest that the
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silicon-halogen compounds be present in “voids” of the
damaged Si crystal, where they are loosely bound to their
environment.>*® However, in view of the high chemical
reactivity of, especially, SiF and SiCl radicals, one would
expect that even in voids these species are more tightly
bound to the Si crystal than only by about 0.5 eV.

It is the purpose of the present paper to explain the low
effective surface binding energy of SiF and SiCl under
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FIG. 1. Cluster modeling the (unreconstructed) Si(111) sur-
face with an on-top chemisorbed and a subsurface halogen
atom. The cluster is seen in a projected view along the [110]
direction. The numbers next to each atom indicate the real nr.
of cluster atoms this atom represents in the projected view. The
first, second, etc., layer positions are indicated by I, II, etc. The
position halfway between the first and fourth layer is indicated
by “M.” The vertical dashed line indicates the threefold sym-
metry axis below the top Si atom. The numbers to the right in-
dicate the vertical position (in A) below the surface.
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etching conditions. To this end we performed electronic
structure calculations on clusters modeling the Si(111)
surface in interaction with F and Cl atoms. Earlier
theoretical work on these systems has shown that the
cluster approach is reasonably well suited in this case:
the convergence of, e.g., binding energies, equilibrium
geometries, and vibrational frequencies with cluster size
is quite good.10 From the results of our calculations, we
explain how a subsurface halogen atom can give rise to a
very low U, for SiF and SiCl. Furthermore, we discuss
the differences between the interactions of F atoms with
bulk Si and of Cl atoms with bulk Si. Our conclusions
about these differences agree qualitatively with earlier
theoretical work.!? Finally, we discuss the possible
influence of increasing the flux of supporting fluorine gas
on the U, of SiF.

Section II of this paper gives an outline of the calcula-
tional method used. This section also describes the mod-
el clusters. In Sec. III we present and discuss results. Fi-
nally, Sec. IV summarizes the results.

II. METHOD

A. General

Self-consistent-field  linear-combination-of-atomic-or-
bitals!> (SCF-LCAO) calculations have been performed,
using the local-density approximation (LDA) in a param-
etrization from Vosko, Wilk, and Nusair,'* in combina-
tion with a correction proposed by Stoll.'* Matrix ele-
ments were evaluated using a recently developed numeri-
cal integration scheme.!® We used standard!’ (double-¢)
Slater-type-orbital (STO) basis sets, together with a 3d
function, for the F and Cl atoms. For Si and H, we used
the same basis sets as in an earlier study.'® In the calcu-
lations, the F 1s and Si and Cl 1s, 2s, and 2p orbitals were
kept frozen.

The interaction energy between the atoms (fragments)
of a molecule (cluster) was calculated using Ziegler’s tran-
sition state method.!® The expression for the interaction
energy AE is

AE =AE (p)+AEy(p)+AE(p,p) , (1)

where the electron density p is given by the sum of the
atomic (fragment) densities, p=3 , p 4, and p is the fully
converged molecular (cluster) SCF density. Expressions
for AE,, AEy, and AEg are given in, e.g., Ref. 19. Only
the last term, AE|g, depends on the molecular (cluster)
SCF density p. If we use in Eq. (1) instead of the SCF
density p, the density p°, which is obtained from the an-
tisymmetrized product of atomic (fragment) wave func-

tions, we obtain the exchange (Pauli, Born) repulsion
AE°,

AE°=AE,(p)+AEy(p)+AE1s(p,p°) , )

between the atoms (fragments) of the molecule (cluster).
The exchange repulsion is a measure for the overlap be-
tween occupied atomic (fragment) orbitals: a high overlap
gives a high AE®. If AE® is very high, the energy-
lowering electron relaxation p’—p may not be sufficient
to make the net interaction energy AE attractive; this is
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the case for subsurface Cl as we will see below. An exten-
sive discussion of the characteristics of p° and AE® has
been given in Ref. 20.

B. Clusters

Figure 1 shows the cluster modeling the Si(111) surface
in a projected view along the [110] direction; also chem-
isorbed (on the onefold top site) and subsurface halogen
atoms are indicated. Next to each Si or halogen atom is a
number indicating the actual number of cluster Si or
halogen atoms this atom ‘“‘represents” in the projected
view. The Si atoms in the cluster are saturated by hydro-
gen atoms in such a way that they are tetrahedrally coor-
dinated. '8

III. RESULTS AND DISCUSSION

A. Test calculations

We have performed test calculations on the gas-phase
SiF, SiCl, and Si,H¢ molecules and on the ‘“‘surface em-
bedded” SiF and SiCl molecules, i.e., F and Cl atoms
chemisorbed on the top site of the Si(111) surface. Table
I shows our calculated binding energies (D, ), equilibrium
distances (r,), and vibrational frequencies (w,) or force
constants (k,) [Table I(a)] in comparison with experiment
[Table 1(b)] and with other calculations [Table I(c)]. In
Table I(c), the calculations on the gas-phase molecules in-
clude electron correlation, whereas the calculations on
the “embedded” SiF and SiCl molecules are calculations
at the SCF level. In general, the agreement with our re-
sults is quite satisfactory, as we can see from Table I.
Our calculated binding energies tend to be somewhat too
high, but this is a general property of LDA-type calcula-
tions.’? In contrast, Hartree-Fock (HF) binding energies
tend to be too low,*> which explains the difference be-
tween our calculated D, values for the embedded SiF and
SiCl molecules and those of Ref. 30. The very low D,
values of Ref. 10 are largely due to the absence of d func-
tions in the silicon and halogen basis sets, as has been
noted earlier.*

B. Chemisorption of F and Cl on “on-top” Si(111)

As we can see from Table I(a), the embedded SiF and
SiCl molecules have a lower D, and w, and a larger r,
than their gas-phase “counterparts” [note that we cannot
compare the D,’s of the gas-phase and embedded SiF and
SiCl molecules in Table I(c), due to different calculational
procedures]. This can be explained by a small charge
transfer (ca. 0.1 e) from the embedding Si crystal towards
the Si—F and Si—Cl bonds; this charge goes into anti-
bonding orbitals. However, most of the electron charge
that the electronegative chemisorbed halogen atoms re-
ceive comes from the on-top Si atoms to which they are
attached; this observation is in agreement with previous
work.!® Therefore the on-top chemisorption of halogen
atoms hardly disturbs the bonds between the top (first-
layer) and second-layer Si atoms. This suggests that the
mere adsorption of halogen atoms causes only a very
small decrease of the effective binding energy U, of the
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TABLE 1. Calculated D, (binding energy), 7, (equilibrium distance), and w, (vibrational frequency)
or k, (force constant) for some molecules, compared with experiment and other calculations.

D, (eV) r, (A) @, (em™) k, (mdyn/A)
(a) this work
Si—F (gas) 6.7 1.66 792
Si—Cl (gas) 4.8 2.12 498
H,Si—SiH; (gas) 3.6 2.35 1.54
Si—F (emb) 6.0 1.75 572
Si—Cl (emb.) 42 2.21 318
(b) experiment
Si—F (gas) 5.7° 1.60f 857
Si—Cl (gas) 4.7° 2.06° 536"
H,Si—SiH; (gas) 3.5% 2.338 1.78%
Si—Cl (emb.) 2.03"
(c) other theoretical work
Si—F (gas) 5.45b 1.67° 733b
Si—Cl (gas) 4.28° 2.10! 525!
H,Si—SiH; (gas) 3.12b 2.38° 2.32!
Si—F (emb.) 3.2¢ 1.68¢
4.4¢ 1.61¢ 708¢
Si—Cl (emb.) 1.6 2.24¢ 325¢
3.6° 2.09¢ 362¢
2.02 338

?Reference 21.
"Reference 26.
‘Reference 27.
dReference 10.
‘Reference 30.
fReference 22.

top Si atom to the Si crystal. This is indeed the case, as
we can see from Table II. This table shows the effective
binding energies U, of the top Si atoms (or the SiF or
SiCl radicals containing these atoms) to the Si substrate
for a number of cases. In the absence of F or Cl, the cal-
culated U, for the top Si is equal to 7.6 eV; this value
nicely agrees with the measured U, of 7.8 eV (Ref. 3) and

TABLE II. Calculated effective binding energies U, (in eV)
of the top Si atom (or SiF or SiCl radical containing the top Si
atom) to the Si substrate (left column); experimental U, (right
column).

eReference 23.
hReference 25.
'Reference 29.
JReference 31.
kReference 24.
'Reference 29.

the literature bond energy of three bulk Si-Si bonds [7.0
eV (Ref. 11)]. The absorption of halogen atoms causes
only a small decrease of U, (ca. 0.6 eV) as is clear from
the second and fifth rows of Table II.

C. Subsurface F and Cl atoms

In this subsection we discuss the influence of subsur-
face F or Cl atoms on the effective binding energy of SiF
or SiCl radicals containing the top-layer Si atom. We
start by considering the incorporation of a (subsurface)
halogen atom into the Si crystal; next we will discuss
what happens when we remove the SiF or SiCl radical
from the surface.

(cg{é') (eij;;)t.) We have calculated the interaction energies AE and ex-

change repulsions AE® between subsurface halogen

Without F or Cl 7.6 7.8 atoms and the Si crystal (with chemisorbed halogen

Adsorbed F atoms 6.9 atoms) for various positions of the subsurface atoms

Adsorbed plus subsurface F along the threefold symmetry axis below the top Si atom

“Low” F flux 3.0 2.5 (see Fig. 1). The results are shown in Fig. 2. From this

“High” F flux 0.3 0.8% figure, we can see that the incorporation of subsurface F

is exothermic, whereas for Cl it is endothermic. Conse-

Adsorbed CI atoms 7.0 quently, Cl cannot penetrate by itself into the solid, con-
Adsorbed plus subsurface Cl 1.2 0.4¢

“Reference 3.
"Reference 7.
‘Reference 8.

trary to F.!° This explains the fact that F can spontane-
ously etch silicon, whereas in the case of Cl this is much
more difficult.>3 The reason for this difference between F
and Cl also follows from Fig. 2: the exchange repulsion
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FIG. 2. Interaction energy (AE) and exchange repulsion

(AE®) curves for subsurface F [Fig. 2(a)] and CI [Fig. 2(b)] at
different positions along the threefold symmetry axis below the
top Si atom (see Fig. 1). The positions are defined with respect
to the top Si atom. The minima of the energy curves are indi-
cated by arrows. Also is indicated position “M” (see Fig. 1).

AE° between Cl and the Si crystal is about three times as
large as the exchange repulsion between F and the Si
crystal. The AE® of Cl is so large that the energy-
lowering relaxation of the electron density (p°—p) can-
not compensate for this; therefore the net interaction en-
ergy AE is still repulsive. Since in the case of F the AE®
is much smaller, the net interaction energy AE can be at-
tractive. Figure 2(b) shows that for Cl, the behavior of
AE is dominated by AE®: the minima of the curves for
AE and AE° coincide. This is not the case for F [Fig.
2(a)], where bonding to the Si(II) atoms (see Fig. 1) causes
an upward shift of the minimum of AE with respect to
the AE® minimum. Since AE® is a measure for the over-
lap between occupied orbitals, we expect from the
difference between F and Cl shown in Fig. 2 that the oc-
cupied orbitals in Cl are much larger than in F. This is
indeed the case, as we can see from Table III: the Cl 3s
and 3p orbitals are about 1.5 times larger than the F 2s
and 2p orbitals.

As a next step, let us consider the removal of the SiF or
SiCl radical containing the top Si atom, in the presence of
subsurface F or Cl. We expect that, due to this removal,
the subsurface halogen atoms will relax towards new
equilibrium positions. Figure 3 shows that this is indeed
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TABLE III. Expectation values {r) for some F and Cl atom-
ic orbitals (in a,). For comparison, the {r) value of the hydro-
gen ls orbital is also given, as calculated by LDA and HF
methods (the HF value is exact for H).

H F Cl

Is (LDA) 1.7 2s 1.0 3s 1.6
1s (HF) 1.5 2p 1.1 3p 1.9

the case. Here, the interaction energies AE and exchange
repulsions AE® between the subsurface halogen atom and
the Si crystal in the absence of the top SiF or SiCl radical
are plotted as a function of the position of the halogen
atom. From this figure, it is clear that there will be a
considerable relaxation towards a new equilibrium posi-
tion, especially in the case of Cl, where the repulsive in-
teraction energy at the subsurface position changes into
an attractive interaction energy at an equilibrium posi-
tion above the surface. This relaxation causes, especially
for Cl, a considerable decrease of the net amount of ener-
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FIG. 3. Interaction energy (AE) and exchange repulsion

(AE®) curves for (a) subsurface F and (b) CI at different posi-
tions along the threefold symmetry axis (see Fig. 1) in the ab-
sence of the top Si atom (and adsorbed halogen atom). The posi-
tions of the minima in the AE curves are indicated by arrows.
Also are indicated the first and second layer positions, and posi-
tion “M” (see Fig. 1).
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gy needed to remove a SiF or SiCl radical from the sur-
face. Since, on the average, an ejected SiF or Si(;l radical
moves over a distance only of the order of 1 A on the
time scale of lattice vibrations, it is reasonable to assume
that subsurface halogen atom relaxation indeed influences
the effective binding energy U,.

The first column of Table II lists the calculated net
amounts of energy needed to remove an SiF or SiCl from
the Si surface, i.e., the effective surface binding energies
U, of SiF and SiCl in the presence of a subsurface halo-
gen atom. In the second column, the experimental values
for U, are given. The large reduction of U, noted in the
experiments is nicely reproduced in the calculations.
This strongly suggests that the experimentally observed
reduction of U, is due to subsurface atoms. The precise
cause of the reduction is somewhat different for subsur-
face F and Cl. The subsurface F atom, although it has a
net bonding interaction with the surrounding Si cage, ob-
viously has a repulsive interaction with the top Si atom
[Si(I), see Fig. 1], or alternatively is able to considerably
strengthen its bonds to the three Si(II) atoms when the
Si(I) leaves. This accounts for 2.4 eV out of the total cal-
culated reduction of 3.9 eV in U, due to subsurface F [see
Fig. 3(a)]. The additional 1.5 eV comes from the relaxa-
tion of the F atom to an equilibrium position almost
within the Si(II) layer. At this position the distance be-
tween the F atom and the Si(Il) atoms is minimal (2.22
A).

In the case of subsurface Cl, the (repulsive) interaction
with the cage does not change much if the Si(I) atom
leaves [note that the subsurface Cl is somewhat more re-
moved from Si(I) than subsurface F]. Here, the lowering
of U, is almost completely due to the relaxation of the Cl
atom to a position which is even above the original posi-
tion of the Si(I) atom. Figure 3(b) shows that when the Cl
moves to its new equilibrium position, the initial energy
lowering is due to a strengthening of the CI—Si(II) bonds,
which more than compensate for the increase in ex-
change repulsion with the Si(II) atoms when the Cl atom
moves to the “narrow” site in the Si(II) layer. However,
the Cl moves on to a position above the Si(II) plane since
this results in a rapid decrease of the repulsive interaction
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AE® with the Si(I) layer which is far more important
than the decrease of the bonding interaction with Si(II).

Finally, we consider the dependence of the effective
binding energy U, on the flux of supporting halogen gas.
The experimental U, of SiF can be decreased even more
by increasing the flux of incoming F atoms.” Our calcula-
tions suggest that this may be due to the fact that a
second subsurface F atom in the same Si cage (in addition
to the relaxed F atom in the absence of the top SiF radi-
cal) gives an additional lowering of the total energy of the
system by about 2.7 eV; consequently, the U, of SiF can
be lowered to 0.3 eV (Table II). Of course, in the case of
Cl such a second subsurface atom will be energetically
highly unfavorable. Therefore we do not expect a de-
crease of the effective binding energy of SiCl if the Cl flux
is increased.

IV. CONCLUSIONS

We have shown that the very low effective surface
binding energies U, of SiF and SiCl molecules to the Si
substrate can be explained by the presence of subsurface
F or Cl atoms. The relaxation of these atoms upon remo-
val of SiF or SiCl molecules from the surface lowers the
net amount of energy needed to remove these molecules,
i.e., their effective surface binding energy. The detailed
interactions of F and Cl with the Si crystal show consid-
erable differences. In the case of F, the possibility of an
energy-lowering configuration in which a second subsur-
face F atom is present, can further lower U, as a function
of flux of incoming F atoms.
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