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Abstract
We investigate the broadening of the 2s energy level of a Li atom outside a Si(0 0 1) surface using a ﬁrst principles approach. The
covalent nature of the Si surface produces large variations in Li energy level widths as a function of lateral position across the surface.
The widths above symmetric Si dimers are predicted to be much larger than above buckled Si dimers, suggesting that charge transfer will
occur primarily above symmetric dimers. We discuss the ramiﬁcations of our results on the controversy surrounding the relative abundance of the buckled vs. symmetric dimers on the Si surface.
 2007 Elsevier B.V. All rights reserved.
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The fundamental process of charge transfer plays a critical role in many important surface processes such as
desorption [1], oxidation [2], and catalysis [3]. It also forms
the basis of an experimental technique for probing surface
composition and structure, namely low-energy ion scattering (LEIS) [4]. This method typically employs alkali ions,
such as Li+, to scatter oﬀ substrates of interest including,
e.g., silicon and silicon oxide [5]. The fraction of ions that
survive, their angular distributions, and exit velocities are
crucial for determining surface structure and composition.
Thus, quantifying the ion–surface charge transfer probability from ﬁrst principles can help interpret such experiments.
The key factor governing the charge transfer probability
in such processes is the electron tunneling rate through the
potential barrier between the impinging atom (or molecule)
and the surface. These electron tunneling rates can be
determined from the broadening of atomic (or molecular)
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energy levels as the gas phase species approaches the
surface.
Over the past decade, numerous investigations into
charge transfer events in atom–surface scattering oﬀ metallic surfaces have produced fairly sophisticated theoretical
techniques [6–9] for analyzing charge transfer in gas–
surface interactions. These techniques, when coupled to a
dynamical theory [10], provide good agreement with experiment [9,10] for scattered ion neutralization fractions on
metallic substrates.
In contrast to the situation for metal substrates, charge
transfer between atoms and semiconductor surfaces is
much less well understood [11,12]. While the chemisorption
of atoms on semiconductor surfaces represents one of the
most studied classes of systems in surface science [13,14],
such calculations have not yet addressed the quantity of
relevance for charge transfer, i.e., the broadening of atomic
levels as a function of position outside the surface.
For atoms at physisorption distances from metallic surfaces, the interaction between the atom and the surface is
dominated by the image potential. The broadening of an
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atomic level with decreasing atom–surface separation is
caused by the decreased tunneling barrier introduced by
image potential eﬀects. The width of atomic resonances
therefore can be modeled using simple one-electron model
potentials that include the proper image potential parameters [6–8]. Recent work has improved on the simple image
model by including model potentials mimicking a realistic
band structure of the substrate. These calculations have
demonstrated that the band structure of metal surfaces
can have a pronounced eﬀect on the broadening of the
atomic levels [15].
The situation is more complex on a semiconductor surface. No universal image potential exists;1 the interactions
between the atom and the surface depend critically on both
the atomic and the substrate electronic structure, including
details of the bonding and hybridization of the electronic
states involved.
We presented recently a ﬁrst principles approach for the
calculation of the broadening of atomic levels near surfaces
[9,16,17]. In this procedure, the energy level width is obtained from a self-consistent calculation of the electronic
structure of the system. We validated our scheme by predicting energy level widths for Li scattering oﬀ Al(0 0 1)
that were in excellent agreement with experimental data
[9]. In this paper, we apply our method to assessing Li
charge transfer probabilities above a semiconductor surface of considerable technological importance, namely
Si(0 0 1), which is the surface used to create silicon-based
computer chips.
The Si(0 0 1) surface structure has long been the subject
of controversy [18–28]. The earliest low-energy electron diffraction (LEED) data showed the presence of a 2 · 1 unit
cell [18], which was subsequently interpreted in terms of
either buckled [19] or symmetric [20] Si dimers formed from
doubly-unsaturated Si atoms on the Si(0 0 1) unreconstructed surface. Much later, the ﬁrst scanning tunneling
microscopy (STM) data showed the presence of both symmetric and buckled dimers [21]. More recent low temperature LEED [26], X-ray photoelectron spectroscopy (XPS)
[24], and atomic force microscopy (AFM) [28] experiments
have concluded that the lowest energy structure is in fact
one in which the dimers are buckled, though the energy difference between the two conﬁgurations has been estimated
1

An image-like potential also exists outside a dielectric substrate like Si,
but it is not a universal one. The image potential outside a metal is
universal in the sense that no matter what the conduction electron density
of the metal is, an asymptotic 1/4z dependence results (where z is the
adsorbate–surface distance). The reason for this universality is that the
image potential can be viewed as the interaction of the electron with its
exchange-correlation hole, which is constrained to be located inside the
surface: a universal phenomenon. However, on a semiconductor, the
origin of the image potential is the polarization of the substrate atoms and
thus it depends on their polarizability. The resulting ‘‘image-like’’
potential depends inversely on z, but with a proportionality constant that
depends on the chemical composition of the surface. The present
calculation includes the polarization of the four Si valence electrons
within the LDA formalism and thus accounts for some of the dielectric
‘‘image-like’’ potential.

to be very small, by many theoretical methods [27]. Indeed,
at ﬁnite temperature, the dimers are dynamically buckling,
going from buckled to symmetric and back to buckled
[14,21,22]. Thus, the surface is at all times a mixture of
buckled and symmetric dimers; we will return to this point
later.
Unlike the metallic surfaces we investigated earlier, we
ﬁnd that the probability for charge transfer outside a silicon surface exhibits a large lateral corrugation and a strong
sensitivity to the instantaneous structure of the surface.
The most reactive features of the surface structure are the
Si dangling bonds; hence we ﬁrst investigate the role of
the dangling bonds in charge transfer with an incoming
adsorbate. We speciﬁcally compare the charge transfer
probabilities between a symmetric p(2 · 1) and a buckled
p(2 · 2) Si(0 0 1) surface. We ﬁnd that charge transfer near
symmetric vs. buckled dimers diﬀer both qualitatively and
quantitatively. We then discuss the implications of surface
dimer interconversion on the overall adsorbate–surface
charge transfer rate. The ﬁnal, quantitative neutralization/ionization rates in an actual Li/Si(0 0 1) scattering
event will depend on both these local charge transfer rates
we calculate here and the energy of the Li 2s level relative
to the positions of the Si dimer HOMO and LUMO levels.
These energy shifts were not evaluated here, but could be
done in the future. Nevertheless, as we will see, the local
charge transfer rates by themselves provide important
new insights into the nature of Li/Si(0 0 1) scattering.
We determine charge transfer rate landscapes by postprocessing analysis of the self-consistent valence electronic
structure of Li above Si(0 0 1) obtained from the periodic
DFT program CASTEP_3.2 [29]. Electron exchange and
correlation is treated within the spin-polarized local density
approximation [30]. Pseudopotentials representing the core
electrons and nuclei of Si, H (used to saturate the bottom
surface, as described below), and Li are taken from the
Trouiller–Martins libraries created by Allan and Teter
[31,32]; all valence electrons of each atom are treated
explicitly within DFT. The Si(0 0 1) surface is replicated
into a Si(0 0 1)-(2 · 2) supercell containing four atoms per
layer. Eight layers of substrate Si atoms and one saturating
layer of hydrogen atoms covering the unreconstructed bottom layer of Si are necessary (and hence are used) to properly mimic the semiconductor surface. Periodic images of
the surfaces are separated by 38 a.u. of vacuum. Li–Li lateral interactions due to periodic images are negligible for
these supercell sizes [9]. Within this supercell, we utilize a
k-point spacing of 0.032387 1/a.u. The planewave basis kinetic energy cutoﬀ is chosen to be 400 eV. These numerical
parameters are suﬃcient to converge the Li energy level
widths to within a precision of 0.01 eV. We allow a full geometric relaxation of the slab, which resulted in a p(2 · 2)
reconstruction with staggered, buckled dimers. To consider
symmetric dimers, the z-coordinates of the top layer Si
atoms were constrained to be identical while all other degrees of freedom of the surface were relaxed. The surface
was discretized into a 15 · 15 grid for each distance point

CE
N
IE
SC S
R
CE E
A TT
RF LE
SU

K. Niedfeldt et al. / Surface Science 601 (2007) L29–L33

L31

above the surface. The Li 2s energy level width was then extracted for each grid point above the surface.
Details of our scheme for extracting energy level widths
can be found in [9,12]. We calculate the width of the atomic
resonance from the projected density of states (PDOS).
X
Pl ðeÞ ¼ 2p
jh/m j/l ij2 dðe  em Þ
ð1Þ
m

In Eq. (1), the PDOS Pl(e) is a function of the energy e and
the state l onto which we project. This function is evaluated
by calculating the overlap of m interacting adsorbate + surface Kohn–Sham orbitals /m with the valence
orbital /l of an adsorbate placed at inﬁnity. The Dirac delta function d(e  em), where em is the energy of interacting
orbital m, is then initially broadened using a small parameter. The PDOS obtained in this way is a Lorentzian from
which a width may be extracted using a deconvolution
scheme that eliminates the initial broadening parameter.
Fig. 1 displays contour plots of the width of the Li 2s level as a function of lateral position around buckled dimers
(a) and symmetric dimers (b) on the Si(0 0 1) surface. In
Fig. 1b we see that the level widths are almost three times
larger above the pseudo-p bonds (comprised of the symmetric combination of the two silicon dangling bonds) than
above the troughs between the dimer rows (located at the
top and bottom of the ﬁgure). Additionally, we see that
the 2s level widths are signiﬁcantly larger above symmetric
dimer conﬁgurations than above the dangling bonds of the
buckled dimers.
Although the calculated Li 2s energy level widths depend on lateral position, the distance to the surface also
strongly aﬀects the widths. In Fig. 2, we see that Li 2s energy level widths decrease as a function of distance from
the surface, as expected. However, the energy level widths
do not decay exponentially, as in the cases for Li above

Fig. 2. Li 2s energy level widths (eV) as a function of distance to the
Si(0 0 1) surface above the Si dangling bond site (directly above the down
dimer atom in the buckled dimer surface). The Li–Si(0 0 1) surface distance
is deﬁned as in Fig. 1.

metal surfaces. Oscillations in the widths as a function of
distance correspond to local surface eﬀects such as Li interactions with the dangling bond comprising the surface
LUMO, as discussed below. Moreover, we see that the falloﬀ in the widths is much slower for the symmetric dimer,
suggesting that at long range the charge transfer may be
controlled by the instantaneous population of symmetric
dimers.
Fig. 3 displays contour plots of the broadening of the Li
2s level in a plane perpendicular to the surface. The lateral
position along the surface supercell is shown on the horizontal axis and the distance from the surface is shown on
the vertical axis. The level width outside the symmetric
dimer Si(0 0 1)-(2 · 1) surface (Fig. 3b) is quite diﬀerent
than for the buckled dimer surface (Fig. 3a). The decrease
of the width with increasing Li–Si separation is much

Fig. 1. Two-dimensional Li 2s energy level width landscape for Li 5.6 a.u. above the Si(0 0 1) surface. The distance of 5.6 a.u. is deﬁned relative to the
average of the surface Si dimer atoms’ z-coordinates. (a) The width proﬁle for Li above buckled Si dimers (u denotes position of up buckled dimer atom, d
of down dimer atom). (b) The width proﬁle above symmetric Si dimers (s are positions of symmetric dimer atoms 5.6 a.u. below this 2D slice). The width
landscape is not perfectly symmetric due to imperfect sampling of the landscape.
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Fig. 3. 2D vertical Li 2s energy level width landscape sliced through a Si dimer on the Si(0 0 1)-(2 · 1) surface. The horizontal axis represents the lateral
surface position and the vertical axis represents the distance from the surface. Lines correspond to the positions of the Si dimer atoms, with the up dimer
atom and the down dimer atom in (a), and the symmetric dimer atoms in (b).

slower for the symmetric dimers, as already noted above. It
is also clear from Fig. 3 that the oscillations in widths seen
in Fig. 1 are due to localized interactions with either the
down dimer atom of the buckled dimer or the symmetric
dimer atoms. Fig. 3 shows that both dimer structures produce a strong lateral corrugation in the widths at all
distances.
The interconversion of buckled and symmetric Si dimers
on the surface itself presents an additional complication.
As we have shown, the adsorbate resonance widths are
vastly diﬀerent depending on whether the adsorbate interacts with buckled or symmetric Si dimers. As schematically
depicted in Fig. 4b, the buckled dimer is well known to
have a polar electronic structure, namely intra-dimer electron transfer occurs from the down dimer atom to the up
dimer atom, rendering the up dimer atom somewhat negatively charged and consequently the down dimer atom is
somewhat positively charged [20,23,24,33,34]. As a result,
in the buckled state, the lowest unoccupied molecular orbital (LUMO) is localized on the down dimer atom, while the
highest occupied molecular orbital (HOMO) is localized on
the up dimer atom. Thus, ionization of a neutral Li atom is
most likely to involve the LUMO at the down Si dimer
atom, while neutralization of a Li ion would be dominated
by interaction with the HOMO at the up Si dimer atom.
This is entirely consistent with Figs. 1 and 3, in which we
see that the largest neutral Li 2s level widths for the buckled dimer occur over the down dimer atom, the position of
the LUMO. By contrast, charge transfer from a neutral Li
atom to the symmetric state is expected to involve tunneling into the pseudo-p* (antibonding) LUMO of the Si–Si
dimer bond, while the back electron transfer to an ionized
Li will involve tunneling from the pseudo-p (bonding)
HOMO of the Si–Si dimer bond (see Fig. 4a). Again, this

Fig. 4. Schematic of the polarization and highest occupied molecular
orbitals (HOMOs) of the (a) symmetric and (b) buckled dimers on the
Si(0 0 1)-(2 · 1) surface. The symmetric dimer is nonpolar with a p-like
HOMO where the Si dangling bond electrons are spin-coupled (as
depicted by the solid curve) into a singlet state. The symmetric dimer
lowest unoccupied molecular orbital (LUMO) is p*-like, with a node
between the dangling bonds but with the same nonpolar character. The
buckled dimer exhibits charge transfer with the HOMO fully localized on
the up Si atom (negatively charged) and the LUMO fully localized on the
down Si atom (positively charged).

is entirely consistent with Figs. 1 and 3, wherein we see a
symmetric distribution of widths above the symmetric dimer atoms. Thus, the charge transfer probability landscape
from neutral vs. ionic gas phase species are expected to be
very diﬀerent along the dimer bond for a buckled dimer,
while either neutral or ionic Li will exhibit similar charge
transfer to/from a symmetric dimer, since the HOMO
and LUMO are both localized in the same place along
the dimer bond for a symmetric dimer. Of course, the ﬁnal
probability of charge transfer will also depend on the posi-

tion of the Li 2s level relative to the HOMO and LUMO Si
dimer levels.
As mentioned above, controversy exists regarding the
relative abundance of symmetric vs. buckled dimers on
the Si(0 0 1)-(2 · 1) surface [18–28]. This controversy is
quite relevant to predicting overall neutralization fractions
for scattered Li, since the overall neutralization probability
will depend strongly on the proportion of Li atoms that
interact with the Si surface in the symmetric vs. buckled dimer conﬁguration. STM measurements suggest that the ratio of buckled to symmetric dimers is increased as the
temperature is lowered [25]. Our results suggest that symmetric dimers may dominate the neutralization process,
especially at large adsorbate–surface distances. Based on
the LEED conclusions mentioned earlier [26], we would
predict that LEIS will yield higher neutralization fractions
for the same Si(0 0 1) substrate as it is heated up from
120 K, since the instantaneous population of symmetric
Si dimers will increase with temperature.
To summarize, a highly corrugated charge transfer
probability landscape is predicted for Li atom above
Si(1 0 0), due to surface structural features (i.e., Si dimers)
that control local electron tunneling rates. Charge transfer
from Li above a buckled dimer is greatest above its down
atom, consistent with its electronic structure (positivelycharged down atom). The symmetric dimer yields the largest Li widths overall, consistent with its semi-metallic electronic structure (p-bonding). These larger and longer-range
widths suggest that the symmetric state may be largely
responsible for the neutralization of scattered Li ions in
LEIS. Given that the population of symmetric vs. buckled
dimers is thought to be temperature dependent, we predict
that changing the surface temperature may strongly inﬂuence the neutralization fractions measured in LEIS. Calculations of the Li 2s energy level shifts in the future will
provide a complete evaluation of ionization/neutralization
rates to validate these ideas further.
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