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Symmetric Arsenic Dimers on the Si(100) Surface
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Deposition of arsenic on Si(100) results in a well-ordered, highly passivated, and stable surface.
From a comparison between angle-resolved photoemission data and ab initio pseudopotential calcu-
lations we conclude that the observed 2x 1 reconstruction is caused by the formation of symmetric
As-As dimers on the surface. The calculated surface band dispersion for this model is in excellent
agreement with experiment.

PACS numbers: 73.20.—r, 68.35.8s, 79.60.Eq

A fundamental understanding of the electronic
structure and bonding mechanisms involved in the
reconstruction of semiconductor surfaces has been the
objective of many experimental and theoretical stud-
ies. On the (100) surfaces of Si and Ge, dimer bonding
between the atoms in the surface layer is considered to
be the dominant reconstruction mechanism. Dimer
formation alone leads to a 2x1 reconstruction. How-
ever, on Si and Ge(100), the surface symmetry is not
simply 2 x 1, but also contains regions of p (2 x 2) and
c (4X 2) symmetry. ' ~ The multiphase nature and dis-
order existing on Si(100) makes a direct determina-
tion of the structure difficult.

One way to circumvent these problems is to create
artificially a single-phase dimer surface which has a
high degree of order. This allows us to separate the in-
fluence of dimer formation on the electronic structure
from higher-order effects. The results we present here
for Si(100)-As2&&1 show that As termination of the
Si(100) surface does indeed yield a well-behaved di-
mer surface. Because surface-state dispersion is
governed by the local atomic arrangement on the sur-
face, we can use the band structure of the surface to
determine structural information. In this paper we
have carried out a detailed comparison between a
theoretical prediction of the surface band structure of
Si(100-As2X I and the results of angle-resolved pho-
toelectron spectroscopy which directly measures it.
The comparison allows us to conclude that the As
atoms form symmetric dimers on the Si(100) surface.
Besides acting as a model for dimer formation in its
purest form the Si(100)-As2X 1 surface is highly stable
as a result of the passivating effect of the As and may
have application to other studies.

In the symmetric As-As dimer model that we pro-
pose for the Si(100) surface, each As atom bonds to
two Si atoms and to the other As atom of the dimer.
This leaves all As atoms threefold coordinated with a
doubly occupied lone-pair state. Because of the full
coordination, the As atoms act as an efficient passivat-
ing layer, and the adsorption rate of additional As or
contaminants was found to be highly reduced com-
pared to the clean surface. The As-As dimer model is

structurally similar to the symmetric dimer models
proposed initially for the clean Si(100) surface, ' but is
very different chemically.

After a brief description of the experimental and
theoretical techniques used, the remainder of the
Letter discusses the model for Si(100)-As2 && 1 in detail
and makes a comparison of the experimentally deter-
mined surface-state dispersion with that predicted by
the calculation.

Clean surfaces were obtained by repeated cycles of
Ar+-ion sputtering (500 eV) and annealing
(825'C, 5 min) of a polished Si(100) crystal (n-type,
p

—0.5 0 cm). This cleaning procedure always
resulted in a two-domain 2X I LEED pattern. The
Si(100)2X I surface showed strong emission from the
dangling-bond-like surface state in normal emission
and a dispersion which was found to be in good agree-
ment with earlier studies. ~s Arsenic was evaporated
onto the Si(100)2 x 1 surface in the form of As4
molecules from a molecular-beam-epitaxy source.
During deposition, the silicon sample was held at
400'C to prevent adsorption of excess arsenic and to
enable surface diffusion. The resulting Si(100)-As
surface also showed a two-domain 2 x 1 LEED pattern,
but with lower background intensity than for the clean
surface. Annealing experiments confirmed that no ex-
cess arsenic was present on the surface after the expo-
sure.

The angle-resolved photoemission measurements
were performed by use of linearly polarized synchro-
tron radiation in the energy range 15.0-25.0 eV at the
Stanford Synchrotron Radiation Laboratory. Two ma-
jor azimuths were probed in the experiment and the
orientation of these relative to the two 2X 1 surface
Brillouin zones (SBZ's) are shown in Fig. l. Also indi-
cated are the symmetry points of the two SBZ's.

Energy-minimization calculations were carried out
for the class of structures consisting of dimerized As
atoms on the Si(100) surface. These calculations em-
ployed the first-principles pseudopotential method
and the local-density-functional formalism. ' The cal-
culations were carried out in momentum space" and
the Kohn-Sham' equations were solved with a basis
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FIG. 1. Surface Brillouin zones for a two-domain 2X1

reconstruction on Si(100).

FIG. 2. Side view of the As-As dimer model of the
Si(100)-As2&&1 surface with the As atoms shaded. The
bond length between the As atoms and the subsurface dis-
placements are indicated in angstroms,

set consisting of plane waves with kinetic energy up to
7 Ry. A slab geometry containing eight layers of Si
atoms and two layers of As atoms was used. Forces
were calculated and used to determine the minimum-
energy structure. Norm-conserving pseudopotentials
were generated according to the method of Hamann,
Schluter, and Chiang'2 and the Ceperley-Alder" corre-
lation energy was used. This calculational technique
has been applied previously to structural determina-
tions of semiconductor surfaces. '

In the dimer geometries considered, each Si atom is
fourfold coordinated and each As atom is threefold
coordinated, as in the bulk of each material. The pro-
posed minimum-energy structure is shown in Fig. 2.
Each As atom is bonded to two Si atoms in the second
layer and to the partner As atom in the dimer. The
As-As dimer bond length is found to be 2.55 A and
the As-Si backbond length to be 2.44 A. Buckling the
dimer by 4', while keeping the dimer and Si-As bond
lengths constant, increases the total energy by 0.32
eV/surface atom. In addition, restoring forces leading
back to the symmetric dimer structure are generated
by such a buckling. The subsurface displacements in-
duced by the dimer formation are also given in the fig-
ure. Although these displacements are large, they are
explicable in terms of elastic considerations and are
qualitatively similar to the subsurface displacements
calculated in the symmetric dimer model5 for the clean
Si(100)2X 1 surface with use of the Keating model.
Thus the model that we propose for the Si(100)-
As2x 1 surface contains symmetric rather than asym-
metric dimers.

Angle-resolved photoemission measurements were
carried out as a function of emission angle (8, ) for the
[001] and [011] azimuths of the Si(100)-As2X 1 sur-
face. Spectra from the [001] azimuth were dominated
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FIG. 3. Angle-resolved photoemission spectra obtained
with linearly polarized synchrotron radiation. The spectra
correspond to the points J & and (J, f'&) in the surface Brii-
louin zones.

by a single strong surface peak which we will refer to
as 5 &. Two strong surface state peaks, S and S&, oc-
cur in the [011] direction. This is illustrated in Fig. 3
where spectra for symmetry points are shown. The po-
sitions of these peaks in energy and k]] are presented
in Fig. 4(a) for the full range of 8, . Data for /t v = 21.2
and 25.0 eV are plotted together in the left-hand part
of the figure for the [001] azimuth and in the right-
hand part for [011]. We have used a value of 0.95 eV
for the separation of the top of the valence band, Evs,
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FIG. 4. (a) Experimental surface-state dispersion for
Si(100}-As2X 1 in the [001] and [011] directions. The full
curve shows the edge of the projected bulk band structure.
Full (empty) symbols correspond to strong (weaker) spectral
features. (b) Corresponding theoretical surface-state dis-
persions for the optimized symmetric As-As dimer model
along the I' J, I J&, and I J & lines.

from the Fermi energy, EF. This value was deter-
mined by comparison of the energy position of the Si

2py2 peak for Si(100)-As with that of Si(100)2&& 1, for
which we have used EF Eva = 0.4—6 eV. '

The dispersions of the structures 5, S&, and 5 &

can be seen in Fig. 4 to be independent of the photon
energy. Additional measurements performed along
the [011] direction for photon energies of 15.0 and
17.0 eV also gave the same dispersions. A small part
of the dispersion for S~ and the major part of the S &

dispersion lie within the bulk band gap. These obser-
vations, together with the fact that these structures are
not present for the clean surface, lead us to interpret
them as As-related surface states. Moreover, the
surface-state assignment is supported by the periodici-
ty of the dispersions. Along the [001] direction, for
which w'e probe equivalent k]~ lines for the two
domains, we observe one surface band that is sym-
metric around J'& as expected. In the [011]direction
for which the lines I J& and I —J '

in the two 2 x 1

SBZ's are probed simultaneously, we observe two sur-
face bands. All of the data are thus consistent with a

single surface state per domain. An assignment of the
two surface bands, 5 and S&, to their proper domains
can be made by examination of their periodicities.
The dispersion of 5 is periodic around J' and is

therefore associated with domain a. Structure Sp,
which shows half the repeat length of 5, is symmetric
around J& and I"& and can therefore be assigned to
domain P.

It is useful at this stage to compare the experimen-
tally determined surface states with those calculated
for our symmetric dimer model of the Si(100)-As2X 1

surface. As can be seen in Fig. 4 the overall agree-
ment is excellent. The major feature of the electronic
structure of the dimer model for Si(100)-As2 x 1 is the
occurrence of occupied m and m' surface states which
are nearly degenerate. In Fig. 4(b) we show these
states by dashed (7r) and solid (n") lines. In the
[Q11] direction, where the photoemission simultane-
ously samples I —J and I J', calculated dispersions
for both directions are shown superimposed. The m

and n' bands are derived from symmetric (bonding)
and antisymmetric (antibonding) combinations of the
dangling hybrids on the As atoms. For a Si-Si dimer
model of the clean Si(100)2X1 surface only the m

band is occupied. Replacement of the Si atoms in the
dimer with As atoms adds two electrons per 2 & 1 unit
cell and completely fills the m' band. The splitting
between the n and m" states depends on the As-As di-
mer bond length d. Theory predicts d=2.55 A and a
maximum m-7r' splitting of 0.23 eV. This is consistent
with the fact that we do not resolve the two states in

any of the spectra. If, however, the dimer bond length
is reduced to 2.35 A, the splitting increases to Q.47 eV
and for d = 2.15 A the splitting is 0.81 eV. Buckling of
the dimers by 4', for example, results in a separation
of 0.95 eV between the two surface bands. These
larger splittings, resulting from nonequilibrium ge-
ometries, are inconsistent with experiment. A large
energy separation between the surface bands would
give rise to two peaks in the [001] spectra. The single
band observed in the experiment (small separation
between m and n bands) supports a symmetric dimer
model.

The agreement between calculation and experiment
is very good in detail except for a rigid shift of 0.75
eV. This discrepancy is similar to those found in many
previous calculations, '~ and possibly arises because the
self-energy corrections' to the local-density-ap-
proximation eigenvalues may be different for surface
and bulk states. The calculated bandwidth along the
I J' line is almost identical to the experimental
value (0.9 eV compared to 0.8 eV). Along I' J the
experiment shows a small upward dispersion also in
good agreement with the calculation. For the nonsym-
metry direction of the 2x 1 SBZ the calculated initial-
state energies are given at —,I J'& and at J'& and agree
well with the experiment.

An interpretation of the experimental results in
terms of a 2 x 1 dimer reconstruction is more straight-
forward for the Si(100)-As2&&1 surface than for the
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F1G. 5. Surface-state dispersions for (a) Si(100)2X 1 and
(b) Si(100)-As2X 1 obtained with angle-resolved photoemis-
sion. Data taken with III v=21.2 and 25.0 eV are shown by
circles and squares, respectively. Full (empty) symbols cor-
respond to strong (weaker) spectral features.

clean Si(100)2X 1 surface, since the model can ac-
count for all the surface states observed. This is not
the case for clean Si(100)2 X 1 where a second peak
has been found close to J', along the [001] direction.
The dispersion that we obtained for the clean
Si(100)2&& 1 surface is compared in Fig. 5 with the cor-
responding dispersion for Si(100)-As2&&1. The upper
feature for the clean surface cannot be explained in
terms of a 2 x 1 dimer model alone and may be due ei-
ther to disorder or to areas of higher-order reconstruc-
tion on the surface.

In summary, we have shown that the symmetric di-
mer model derived from energy-minimization calcula-
tions predicts surface-state dispersions for Si(100)-
As2x1 which agree we11 with those obtained with
angle-resolved photoemission experiments.

We are pleased to acknowledge the skillful assis-
tance of Lars Erik Swartz. Part of this work was per-
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