Summary Abstract: Theoretical investigations of fluorine-silicon systems

Chris G. VandeWalle, Y. Bar-Yam, F.R. McFeely,and S. T. Pantelides
IBM ThomasJ. Watson Research Center, Yorktown Heights, New York 10598

(Received 3 November 1987; accepted 16 November 1987)

The interaction of Si and F is essential for understanding the
mechanisms of etching Si with F compounds. Photoemis-
sion experiments' show that fluorine etching creates a sur-
face layer of up to 25 A which contains SiF, SiF,, SiF,, and
SiF,. The latter product is the one that desorbs from the
surface. The presence of a F-rich layer of this thickness indi-
cates that penetration of the F into the bulk occurs before
any stripping of the outermost layer takes place. Experiment
has also shown that etching does not depend on the substrate
orientation. All this indicates that the F-Si interactions that
are relevant for etching can be studied in a bulk environ-
ment.

Here we will address two important issues concerning the
initial phases of the etching process. First, we will examine
the behavior of a single F atom in crystalline Si. For that
purpose, we map out the total-energy surface and determine
stable sites, migration paths, and barriers. Second, we ex-
plore how and why F atoms will disrupt the Si network; this
involves the collective behavior of several F atoms. The re-
sults we report here are based on state-of-the-art theoretical
techniques: density-functional theory combined with the lo-
cal-density approximation (LDA) for exchange and corre-
lation,?> norm-conserving ab initio pseudopotentials,® and
large supercells* for the solution of the relevant Schrodinger
equation. Due to the small size and deep potential of the F
atom in comparison with the Si, large numbers of plane
waves are needed in the expansions of wave functions and
potentials, presenting computational requirements near the
limit of presently available computer systems. The conver-
gence as a function of basis set size can be improved by using
a “soft” pseudopotential for F, which requires fewer plane
waves while still providing an accurate description of the Si~
F interaction.” We have established the convergence proper-
ties of our pseudopotentials in extensive tests on molecular
structures (SiF, and SiF,), as well as on small-size unit
cells. Our final results were obtained from calculations on
supercells containing 16 Si atoms, with an energy cutoff of 30
Ry. Relaxation of the Si atoms around the defect sites is
essential for obtaining the minimum-energy configurations;
displacements of the first shell of Si atoms were included in
the full calculations, while the outer shells were treated with
a Keating model.

A comparable study for hydrogen in Si was recently com-
pleted,® which provided significant new insights about how
H reacts singly or in a collective fashion with the Si network.
It was found that H can diffuse very easily, and that H atoms
in a collective fashion can create local defects. The basic
driving force for defect generation is the strength of the Si-H
bond; we found that when an interstitial H atom passivates a
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dangling bond by forming a Si—-H bond, the gain of energy is
~2.2 eV. When sufficiently many H atoms are available, it
becomes energetically favorable to eject Si atoms and form
Si—H bonds at the resulting dangling bonds.

For fluorine, we first mapped out the total-energy surface
for a single F atom in Si, using the novel symmetry-exploit-
ing technique described in Ref. 6. We evaluate the total ener-
gy for the F at different positions in the lattice, taking relaxa-
tion of the surrounding Si into account. The global energy
minimum occurs at the tetrahedral interstitial site. In this
state, F is negatively charged’; the impurity-related energy
levels are indeed well below the top of the valence band. F~
can diffuse easily through the lattice, with a saddle point at
the hexagonal site and an energy barrier smaller than 0.5 eV.
At the bond-center site, which involves large relaxation of
the surrounding Si atoms, F ~ is found to be 1.5 eV higherin
energy than at the tetrahedral site. A F-related energy level
appears in the band gap for the bond center and adjacent
sites; depending on the Fermi-level position, the defect could
therefore also be neutral or even positively charged. This
particular configuration of F is believed to exist in amor-
phous Si.*

For sufficiently high fluorine concentrations, cooperative
interactions of several F atoms with the Si network will oc-
cur. It is tempting to invoke a mechanism based on the
strength of the Si—F bond, similarly as described above for
Si-H. (The Si~F bond is one of the strongest single bonds,
with a bond strength of more than 5 eV in moiecules,’ while
the Si—H bond in molecules has a strength of ~4 eV.) When
asingle F atom approaches a Si surface, it bonds to one of the
undercoordinated Si atoms (dangling bonds) at the surface;
this has been established experimentally in the chemisorp-
tion regime.' After all dangling bonds are passivated, F
atoms will penetrate the bulk. The lowest-energy configura-
tion of a F atom in a Si network is a Si-F bond. This result
was obtained from a calculation of a Si vacancy with four F
atoms saturating the four dangling bonds. Clearly, however,
a single F atom cannot lead to the formation of a single Si-F
bond in perfect crystalline Si. When several F atoms are
available on the other hand, the creation of Si-F bonds is
possible. The simplest case is through the ejection of a Si
atom, i.e., F-assisted Frenkel pair formation as discussed
earlier in the case of H.® More generally, several F atoms can
induce local amorphization where isolated Si-F bonds can
be accommodated. The precise atomistic processes that lead
to amorphization may be quite complex. After amorphiza-
tion of a near-surface layer, etching proceeds via the ejection
of SiF, molecules, a process which usually needs to be en-
hanced by energetic particle beams.
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