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Abstract. In this study oxygen adsorption on steps of the Si(100) surface is investigated with quantum
mechanical detail. A cluster model represents the step structure and the oxygen impurity is deposited in this
cluster above the dimer rows. A map of the total energy sensed by the adsorbate is constructed by displacing
the oxygen atom on the terraces and down the step and allowing the system to relax to the total-energy-
optimized configuration by a steepest-descent method. A self-consistent semiempirical molecular orbital
method is applied to the evaluation of the total energy. Though the adsorption geometries are reminiscent
of the ones observed for the flat surface, the effects of the step geometry are noticeable. They influence both
the preferred adsorption sites and the properties of the electronic configuration of the adsorbed system.

PACS. 68.43.Fg Adsorbate structure (binding sites, geometry) – 68.90.+g Other topics in structure, and
nonelectronic properties of surfaces and interfaces; thin films and low-dimensional structures (restricted to
new topics in section 68) – 07.05.Tp Computer modeling and simulation

1 Introduction

The oxidation of silicon has attracted a great deal of at-
tention over the years due to the technological importance
of silicon oxide thin films for the fabrication of microelec-
tronic devices. Though great progress has been made in
this field it is generally acknowledged that much is still to
be understood regarding the atomistic detail of the oxida-
tion processes.

While H2O has been widely used as the oxidizing agent
for silicon, O2 has become the species of choice for gate
oxides as its oxidation rate is slower than that of H2O
resulting in a better control of the oxide thickness and
thinner films. In the intensive experimental investigation
carried out in this field microscopy techniques, like Scan-
ning Reflection Electron Microscopy and Electron Energy
Loss Spectroscopy, have been generally applied to the first
stages of the oxidation process. These experiments have
demonstrated that there are two distinct adsorption mech-
anisms at different incident kinetic energy regimes. At low
incident kinetic energy the adsorption of oxygen on silicon
proceeds through precursor-mediated species followed by
the dissociation of O2 on the surface. In the high kinetic
energy regime a direct chemisorption mechanism in which
the O2 molecule dissociates immediately upon adsorption
dominates. At high temperature the desorption channel
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of volatile SiO also opens (see [1,2] and Refs. therein). In
addition to this oxidation-induced etching, oxide-cluster
nucleation also occurs and produces visible clusters which
can be directly counted. This allows an accurate determi-
nation of their kinetics of growth.

The effect of the growth conditions on the nucleation
of the oxygen clusters has been studied in great detail
for both flat and vicinal Si(100) using Scanning Tunnel-
ing Microscopy [3–5]. For vicinal surfaces these studies [5]
show that the concentration of clusters increases linearly
with the increase of the miscut angle θ up to θ ∼ 4◦.
Above this angle the nucleation remains roughly constant
or possibly starts to decrease. In [5] the effect is explained
in terms of the competition between the oxygen diffusion
length and the width of the steps. However it is known
that the structure of Si(100) is a complex function of the
miscut angle and of the temperature. At θ≤ 1◦ the sur-
face retains a nearly flat shape being formed by steps of a
monolayer height. The increase of θ leads to the increase
of the step height with a progression from monolayer to
mounded structures at θ≥ 6◦. The dependence on θ of
the cluster nucleation implicitly indicates a dependence of
the oxygen reactivity on the step structure, which is also
suggested in [5].

To clarify the existence of these effects at atomistic
level several issues, like preferential adsorption sites on
steps, their dependence on the step structure and the
electronic quality of the oxygen-step bond, require to be



126 The European Physical Journal B

Fig. 1. SA step B: SBN step. A side and top view is given in the top and bottom panels, respectively. Dimers are marked by
black circles. In the top view open circles mark subsurface atoms and the circle size decreases with the increase of the distance
from the surface. Both views show bonding between dimers and subsurface atoms.

studied. The purpose of this paper is to investigate these
aspects of oxygen adsorption.

It is known that adsorption represents a subtle topic in
computational physics as one has to trace the minute ef-
fects arising from the deposited atom against the massive
contributions of the substrate. Bare clusters formed by
extracting a lattice fragment from the surface have been
widely adopted. The use of such a model (thereafter in-
dicated as Cluster Model or CM) is justified because the
adsorption of an atom or a molecule can be considered as a
local interaction. The region far from the site of adsorption
is not disturbed and is therefore simply neglected. CM has
been widely applied to the reconstruction of Si(100) and
Si(111) and boron segregation on these surfaces (see [8]
and Refs. therein). On the contrary, a supercell geome-
try has been used to study oxygen adsorption on Si(100)
(see [1,9–11] and Refs. therein). However in [2] the initial
decomposition of O2 is based on CM and this justifies the
adoption of this model in the present work.

The clusters used in the following calculations contain
a number of dimers and subsurface atoms sufficient to re-
alistically describe distant interactions on the surface and
below it. A map of the energy sensed by the deposited
oxygen is obtained by displacing the atom on the terraces
and down the step. This allows to identify preferred ad-
sorption sites and to study their dependence on the step
structure.

The plan of the work is as follows. Section 2 describes
the structures used in the simulation and the semiem-
pirical Hamiltonian. In Section 3 calculations on small
oxygen-silicon clusters are reported. These calculations of-

fer insight onto the properties of the oxygen-silicon bond
and represent a benchmark of the quality of the semiem-
pirical Hamiltonian. This section reports also data on the
clean steps. The properties of oxygen-adsorbed steps are
presented in Section 4.

2 Computational details

The simulation cell reproduces the structures observed
on Si(100) cut with θ ≤ 1◦ with respect to (100) at
low temperature. Under these conditions the steps have
a monoatomic height and the exposed surface on the ter-
races reconstructs by the formation of dimerized rows,
which is also the reconstruction on the flat surface. How-
ever the dimerization axis in the steps rotates 90◦ from
the upper to the lower terrace.

According to the Chadi’s nomenclature [12] there are
only two types of monolayer steps: one where the step edge
is parallel to the dimer row in an upper edge and one where
it is normal, labeled SA and SB, respectively. Furthermore
there is a possibility of forming pentagons at the step edge
to saturate the dangling bonds (this structure is indicated
as rebonded step). Whether the rebonded structure has
lower energy than the nonrebonded one is, however, sub-
tle due to the bond-length strains in the Si pentagons in
the rebonded structure. The steps chosen for the follow-
ing calculations are of the SA and SB non-rebonded type
(indicated as SBN). A top and side view of the two steps
is presented in Figure 1. The figure clearly shows that the
lattice locations along the x direction, perpendicular to
the step edge, are not equivalent and therefore the energy
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of the system Et has a functional dependence on both x
and z. This represents the central difference between the
step and the flat surface, where Et depends only on z, and
constitutes the essence of the step effect. Furthermore the
width of the empty region at the step edge is different
for SA and SBN and, as shown below, this difference has
profound effects on adsorption.

Despite its simplicity, the cluster model has been used
with remarkable success to predict properties such as ge-
ometries and frequencies of adsorbed molecules. However,
depending on the property studied, the accuracy of the
results depends strongly on the size of the cluster. The
binding energies, for example, converge very slowly with
increasing size. This failure arises from boundary effects,
which cause an unequal charge distribution within the
cluster. In the chemical literature several approaches im-
prove upon the bare cluster by embedding it into a suit-
able bath [13]. The boundary conditions used in this study
have been taken from [2] but their use is widespread in the
silicon literature. Accordingly, the dangling bonds due to
the truncated bulk silicon bonds are terminated with hy-
drogen atoms which are constrained to lie in a tetrahe-
dral location with a distance ∼1.5 Å from silicon atoms.
The clusters size n consists on approximately 120 sili-
con atoms. The step thickness reaches six layers below
the upper terrace and there are three-four dimer rows,
with at least three dimers, on each terrace. To investi-
gate size-dependent effects separate calculations have been
performed using clusters with a variable number of layers
down to the size n = 40 (in all cases the hydrogen com-
pensation is applied from the first subsurface layer to the
bottom one).

To study adsorption an oxygen atom is placed in the
step at an height z ∼ 1.0 Å above the surface. As shown
below in Figure 3, locations between dimers and between
dimer rows in the upper and lower terrace up to a dis-
tance of about three lattice spacings from the step edge
have been tested. The evaluation of the total energy Et is
carried out by relaxing the cluster structure by a steep-
est descent method to a total energy minimum. In this
minimization only oxygen and silicon atoms are allowed
to move while the hydrogen boundary is rigid.

Owing to the size of the steps and to the number
of lattice locations tested for adsorption the use of an
ab initio wavefunction is impractical and a semiempiri-
cal Hamiltonian has to be adopted. The one used in the
following calculations, known by the acronym of AM1 in
the chemical literature, belongs to the Modified Neglect
of Diatomic Overlap method in the restricted Hartree-
Fock formulation (the software is taken from the MOPAC
suite of programs [14]). Literature results indicate that
this Hamiltonian successfully describes several silicon-
based materials, like silicon surfaces (an extensive bibli-
ography on this subject can be found [8,15]), silloxenic
materials and compound silicon-oxygen clusters [16,17].
The overlapping and coulomb integrals, needed by the
Hartree-Fock formulation, are treated at MNDO level ne-
glecting three-centers interactions and using parameters
taken from experiments. Basic parameters of this formu-

lation are the one-center one-electron energy Uµµ, the one-
center two-electrons repulsion and exchange integrals gλµ

and hλµ, respectively, the two-center one-electron core res-
onance integral βλµ, the two-center one-electron attrac-
tion integral Vλµ,B and the two-center two-electron repul-
sion integral 〈µν, λσ〉. Here λ and µ indicate the type of
atomic orbital and Vλµ,B accounts for the attraction ex-
erted on the electrons ψλ,ψµ on the atom A by the core
B. The one-center terms Uµµ, gλµ and hλµ are fitted to
the spectroscopic constants of the given element. The res-
onance integrals βλµ are proportional to the overlapping
integrals Sλµ via a function f(RAB) of the distance be-
tween atom A and B which is also adopted for Vλµ,B. This
function is parametrized to fit properties of the molecu-
lar state of the given atom. A multipole expansion with
Slater exponents is used for the two-center repulsion inte-
gral 〈µν, λσ〉. In AM1 s and p states are used for silicon
and oxygen and there are 18 parameters for each atoms.
For all these quantities the internal values of MOPAC [14]
have been adopted.

The quantities used to define the electronic structure
of the system are the adsorption energy Ea, the ioniza-
tion potential Ip and the Mulliken charge on the oxygen
atom Qo. Ea is evaluated as Ea= Et − Et(clean) − Eo,
where Et and Et(clean) are the total energy in the step
with and without the oxygen atom, respectively. Eo is the
energy of the free oxygen atom. A negative Ea indicates
binding and the increase of the step binding action leads
to a decrease of Ea. Qo is the electronic charge gained or
lost with respect to the valence charge of the free atom.

The cluster structures reported in Section 3 are ob-
tained from the minimization of the total energy using
AM1. The binding energy Eb used in these calculations
is the cluster total energy measured with respect to the
energy of an equal ensemble of free atoms.

3 Test calculations: small clusters and clean
steps

In the literature on silicon oxidation hypersilicon clus-
ters have been often used to provide structural models
for the oxidation of the silicon surfaces [18–20]. Therefore
the study of these structures is physically meaningful and
offers a relevant introduction to the properties of oxygen-
adsorbed steps.

Structural properties and binding energies of small
oxygen, silicon and silicon-oxygen clusters are reported in
Table 1 which also resumes literature results.

The large binding energies of clusters containing oxy-
gen are attributable to the electronegativity of this el-
ement which makes it a very strong electron withdraw-
ing species. However the charge adsorbed by oxygen has
a weak dependence on the silicon content. For instance,
the value of Qo is −0.75 for SiO, but saturates to ap-
proximately −0.80 in Si2O and Si3O. A feature common
to all SinO clusters is that, while the Si-Si bond is close
to the normal value in crystalline silicon (i.e. 2.35 Å),
the Si-O distance is intermediate between the one of
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Table 1. Properties of oxygen, silicon and oxygen-silicon clusters. AM1 calculations and literature results Eb, Rb and Ip indicate
the binding energy, the average bond length and the ionization potential, respectively. MPn indicates a Hartree Fock formulation
with Møller-Plesset perturbation theory applied to the nth order. The source of data on oxygen, silicon and hypersilicon clusters
is [25,26] and [18–20], respectively.

literature results: experiment

cluster structure source Eb Ip Rb

(eV) (eV) (Å)

O2 - [25] −5.22 12.07 1.21

Si2 - [26] −3.21 7.40 -

Si3 - [26] −7.70 - -

SiO - [18,19] −8.24 11.4 1.51

literature results: theory

cluster structure Hamiltonian Eb Ip Rb

(eV) (eV) (Å)

Si2 HF −1.51 - -

Si3 - HF −3.04 - -

Si2 HF-MP4 −3.17 7.50 2.23

Si3 isosceles HF-MP4 −7.70 7.90 2.43

triangle

SiO HF-MP2 −8.12 - 1.54

Si2O linear, Si-O-Si ” −10.20 6.00 1.66

triangle, Si-O-Si −11.32 7.50 S-Si side=2.34

Si-O side=1.72

Si3O rhombus −13.91 7.68 Si-Si side=2.30

Si-O side=1.75

AM1 calculations

cluster structure Eb Ip Rb

(eV) (eV) (Å)

O2 −5.14 13.50 1.93

Si2 −2.92 7.20 2.28

Si3 −8.38 8.30 2.27

SiO −8.53 8.60 1.57

Si2O linear, Si-O-Si −11.62 5.70 1.67

triangle, Si-O-Si −11.32 7.20 Si-Si side=2.45

Si-O side=1.75

Si3 O rhombus −14.63 7.45 Si-Si side=2.41

Si-O side=1.81

crystalline silicon and of the O2 molecule. This feature in-
dicates a noticeable intermixing and hybridization of the
atomic orbitals on the two atoms. Furthermore the forma-
tion of bending Si-O-Si structures provides hint that when
an oxygen atom interacts with large silicon clusters, it will
coordinate outside of rather than insert into such clusters.
For Si2O, in addition to S-O-Si, a Si-Si-O isomer, also re-
ported in [18,19], was also obtained. However its energy
was about 1 eV above the one of Si-O-Si. As shown be-
low, both Si-O-Si and Si-Si-O are adsorption geometries
for oxygen deposited on steps.

The AM1 evaluation of the binding energies differs of
about 8% from literature data and consistent results are
also obtained for Ip and the cluster geometry. However
differences in the range 30% between AM1 and experi-
ment are observed for Rb of O2 and for Ip of SiO. The
structure most divergent from the ones in the literature
is Si2O for which AM1 predicts a linear shape while it is
triangular in [18]. However the structure of Si2O is contro-
versial (as also reported in [18]) and the linear and bent
model have been often in contrapposition. The source of
this divergence is the floppy angle of the Si-O bond which
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Fig. 2. The figure shows preferred adsorption sites. Top (A) and side (B) view. Oxygen are marked by the empty square
whereas the convention for silicon atoms is as in Figure 1.

significantly changes according to the steering constraints
imposed by the representation.

As shown by Table 1, the literature on silicon clus-
ters indicates a critical dependence on the Hamiltonian
and this suggests that the AM1 failures arise from the low
order of the approach. Tests calculations using Configura-
tion Interaction showed appreciable improvements. How-
ever the failure to converge when using a large number
of microstates limits the practical applicability of these
calculations and this approach was abandoned.

As a further test on the accuracy of AM1, separate
calculations were performed by relaxing the clean steps
to an energy minimum. Similar calculations, using Local
Density Approximation or Tight Binding theory, lead to
appreciably different structures depending on the quality
of the Hamiltonian [21–24] and this is in itself suggestive
of the difficulty of this evaluation. However there is agree-
ment in two main points, i.e. (i) the distance between
first and second layer atoms at the step edge is around
2.2 Å while in the other step regions the average bond
lengths of crystalline silicon are approximately preserved,
(ii) the strained bonds at the step edge generate a remark-
able electronic coupling between the two terraces. Due to
this effect, the dimerization has more complex patterns
(i.e. c2 × 4, c2 × 2) than the 2 × 1 structure in the flat
surface. Also the buckling of step edge dimers (i.e. the
different height z of the two dimer atoms) is larger than
for the flat surface (the two values are 0.7 Å and 0.5 Å,
respectively)

Simulations using either the small and the large cells
showed the occurrence of the two features above. However,

at variance with [21,22], an irregular buckling, with val-
ues oscillating between 0.2–0.6 Å, rather than the regular
domains reported in these studies, was observed. A possi-
ble explanation of this divergence is that AM1 lacks the
degree of correlation required to create regular dimeriza-
tion patterns. An alternative explanation can be sought in
the small size of the structures used in the other studies in
comparison with the ones adopted here. It is therefore pos-
sible that the use of periodic boundary conditions, in con-
junction with cells of small size, has artificially enhanced
the correlation among dimers. The absence of these pat-
terns in [24] would suggest this last hypothesis to be the
correct one.

4 Oxygen-adsorbed steps

The results of the calculations on adsorption are reported
in Figures 2, 3 and 4. The first of these figures show pre-
ferred adsorption sites whereas the other two illustrate
the effect of the steps on the adsorption energy and on
the other parameters of the electronic configuration.

The calculations indicate that the adsorption site is
constantly close to a dimer location and generally along
a dangling orbital axis. No tendency for subsurface segre-
gation was observed and simulations started with oxygen
buried below the surface ended with the atom above it.
This is in agreement with the trend toward nucleation on
the surface experimentally observed [5].

As shown by the top view in Figure 2a, there are four
basic adsorption geometries: (i) the oxygen resides in a
site bridging between dimers (DB), (ii) on top of a dimer
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Fig. 3. The figure shows in a top view the incidence points of the adsorbed oxygen (top panels) and their final location at the
end of the energy minimization (bottom panels). A: SA step. B: SBN step. The convention for dimers and subsurface atoms is
as in Figure 1 but bonding is not reported. The oxygen incidence points are marked by a cross. Their final sites are marked by
squares and triangles and color-coded according to their adsorption energy. The darker symbols indicate the lowest energy. The
dark triangles show the adsorption minima.

atom a part from it (DT), (iii) in a back-bond between a
dimer and a subsurface atom (BB) and (iiii) in a bridging
site between dimer rows (BR). In the bridging sites the
oxygen location is at the center of a triangle whose apexes
are the silicon atoms underneath. This structure is clearly
reminiscent of the Si-O-Si cluster described in the previ-
ous section whereas DT reproduces the Si-Si-O alignment
(these structures are marked by arrows in Fig. 2b).

For all these configurations it has been also found that
the silicon side of the structure is displaced and/or up-
ward lifted by the electrostatic interaction with oxygen.
This readjustment has a complex dependence on both the
adsorption site and the step geometry and its description
has been omitted for the sake of brevity.

An essential agreement exists between the geometries
in Figure 2 and the ones reported for the flat surface.
In fact, adsorption of atomic oxygen into the DB, DT and
BB sites is reported in [10,11] using ab initio calculations.
In addition, the studies of adsorption of the O2 molecule
indicate its decomposition into two separate atoms whose
location is a DB and a BB site, respectively [1,2].

The presentation in Figure 3 is intended as a visual de-
scription of the binding action of the atomic rows rather
than a precise map of the adsorption energy. Accordingly,
the initial incidence points of the deposited oxygen (top
panels) are compared with their final location at the end of
the energy minimization (bottom panels). The final sites
are marked by squares and triangles and color-coded ac-

cording to their adsorption energy. The darker symbols
indicate the lower values of Ea and the patterned trian-
gles show the adsorption minima. The important aspects
in these calculations are two. First, the lower panels are
noticeably emptier than the upper ones. This indicates
that oxygen has moved to the same adsorption site from
different initial locations. Sites represented by the same
point in the plots have often coordinates differing of a
few tenths of Å and this difference does not appear on
the scale of the figures. However the Ea values in these
sites are perceptibly different. This feature is important. It
demonstrates that adsorption is a complex function with
different minima closely located in space.

Second, the relevant result in the context of this study
is the difference between the two steps. In fact, while the
SA ledge is a poor sink and the adsorption sites are con-
centrated on the terraces, the SBN ledge is a strong sink
and many adsorption sites are allowed at its step edge.
In these sites Ea has large fluctuations (shown by the dif-
ferent colors of the data points) arising from the different
modes of lattice relaxation. The adsorption minimum is
at a DT site generated by the dangling bonds of the step-
edge atoms (marked by the dark triangle). The difference
between the two steps offers some clue on the dependence
on the miscut angle θ experimentally observed if one as-
sumes that the growth of θ changes the number of steps of
a given type and this weakens the adsorption of the entire
structure. This possibility is also considered in [5].
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Fig. 4. The figure shows the functional dependence of Ea on dmin, Qo and Ip.

The properties of the electronic structure of the
oxygen-absorbed steps are summarized by Figure 4. The
figure shows the functional dependence of Ea on dmin

(which is the shortest Si-O distance) and on the Mulliken
charge and ionization potential, Qo and Ip, respectively.
These calculations emphasize the difference between the
two steps and add detail to the properties described above.

Though the values of dmin, Qo and Ip are essentially
similar in the two steps, the Ea values are different and a
stronger adsorption is observed on SBN. On SA adsorp-
tion occurs prevalently on terraces via DB and BB sites.
Therefore the values of Ea on SA reproduce the ones ob-
tained for the flat surface (for Si(100)2×1 these values are
in the range −6,−8 eV [10]) as the atomic arrangement
is equal in the two cases. Furthermore dmin is similar for
both DB and BB and its value agrees within a few per
cent with the bond length of SiO (i.e. between 1.6 and
1.9 Å. Similar values are reported [2,10]). This accounts
for the limited range of values of dmin on this step. On the
contrary, on SBN adsorption occurs both on the terraces
and at the step edge and all the four locations mentioned
above are possible. The result is a broader range of dmin

on SBN than on SA.
For steps, as for the flat surface, the adsorption capa-

bility has both an electrostatic and an elastic origin. The
first one is dictated by the coulombic step-adsorbate in-
teractions whereas the second one depends on the extent
of the lattice relaxation. The slightly larger (absolute) val-
ues of Qo on SBN are indicative of the greater strength
of the electrostatic effects in this step. Also a more ex-
tensive relaxation can be deduced by the weaker bonding
between the two terraces which reduces the step cohesive
strength and increases its tendency to yield. Both effects
account for the lower Ea on SBN. The plots in Figure 4
show also that on SBN the decrease of Ea is paralleled by
the increase of Ip. The straightforward interpretation of

this effect is the formation of deeply bounded step-edge
states near the DT site. In agreement with this interpre-
tation in [10] it is reported the presence of bands induced
by the adsorbed oxygen.

To conclude this section it is added that the calcu-
lations using the smaller steps showed that: (i) serious
problems of stability and unrealistically disordered steps
are obtained only for the smaller steps with one dimer
row and a few dimers in it, (ii) in all the other cases the
Ea values reproduce the ones obtained for the larger steps
without evident size-dependent effects.

5 Conclusion

In conclusion, this study has shown the effects of SA and
SBN steps on oxygen adsorption. It is though that this
study moves a step further from the traditional situation
examined in adsorption which limits the structure of the
exposed surface to a low-index surface of variable orienta-
tion. It is hoped that this elicits further studies based on
more refined Hamiltonians and more experiments to add
depth to the results reported here and to validate present
and future calculations.

This work has been financially supported by the FIRB program
under cotract RBAU01M9TL.
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