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Abstract

We investigated adsorption state of an oxygen
molecule on Si(001) surfaces using first principles
calculation. Evaluating adsorption energies of
several models, we found that an oxygen molecule
could adsorb on an oxidized Si atom without
breaking the O-O bond, i.e. a molecularly chemi-
sorbed oxygen. This result explains well the recent
experimental report.

1. Introduction

Fabrication of Si based field effect transistor de-
vices are approaching its fundamental limits. In this
situation, the fabrication of the devices needs atomi-
cally controlled interface between Si and its oxide.
Therefore, it is important to understand the oxidation
process on Si surfaces in more detail.

In general, molecular oxygens have been recog-
nized as the precursor for oxidation process and
thought to be dissociatively adsorbed onto Si(001)
surfaces. Namely, it has been considered that there is
no molecular oxygen on Si(001) surface during oxi-
dation. Recently, Yoshigoe et. al. observed XPS
spectra that suggests the presence of a molecular ox-
ygen on Si (001) surfaces during oxidation process
[1]. Figure 1 shows several adsorption structure mod-
els suggested in the paper. “ins” represents a structure
in which an O adatom is inserted between Si-Si bond.
There are two possible structures of oxygen molecule
adsorbed on a top-layer Si atom, paul and grif (see
Fig. 2). In the former, one O atom of a molecule is
bonded to a surface Si atom, while in the latter, both
O atoms are bonded to a surface Si atom. In both
structures, the O-O bond is kept, as shown in the fig-
ure.

Among these models, Yoshigoe concluded that
the most plausible structure for the adsorbed molec-
ular oxygen is the insx2-paul structure based on the
experimental data for the oxidation states of Si and
the surface coverage of O. In the very initial oxida-
tion stage, the molecular oxygen is known to adsorb
dissociatively [2]. Then, molecularly adsorbed oxy-
gen is considered to exist only with the existence of
oxidized Si atoms. However, detailed adsorption
states have not been cleared yet. Especially, it is

difficult with experimental results to distinguish the
paul and grif structures [3]. The purpose of this study
is to investigate adsorption states of the oxygen mol-
ecule on Si(001) surfaces using first principles
calculation based on the density functional theory.
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Fig. 1 Possible oxide structures during room-temperature
oxidation of Si(001) surface (top view)
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Fig. 2 Side view of the paul and the grif structures

2. Theory and calculation model

To investigate the adsorption states of oxygen
molecules, we adopt a five-layer 4x4 Si(001) slab
model for substrate. Then, we construct several oxi-
dation models and calculate adsorption energy of a
molecular oxygen by comparing insxn with insxn-
paul(grif) (n = 1, 2, 3). The adsorption energy of a
molecular oxygen Eaq is calculated by the following
equation.

Eao = Einsxn-paul(grif) — Eins«n — Eo2 ) (1)

where, Einsxn-paul(grify 1S the total energy of insxn-
paul(grif) structure and Einsxn is the total energy of
insxn structure, and Eo. is the total energy of an oxy-
gen molecule in a vacuum. By this definition,
negative Eaq indicates that such adsorption would be
realized. On the contrary, positive E4q indicates that
such adsorption is unlikely to cause thermodynami-
cally.

To calculate total energies and evaluate adsorp-
tion state theoretically, we used the PHASE/O code,
which is a package program for performing first-prin-
ciples calculation based on the density functional
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theory (DFT) [4, 5]. The generalized gradient ap-
proximation was used as the exchange-correlation
term [6]. The cutoff energies for the wavefunction
and for charge density were 25 and 225 Ry, respec-
tively. The spin polarization is considered.

3. Results and discussions
Table I shows calculated values of Eaq for insxn-
paul structures. We will discuss about calculated val-

ues of Eqq for insxn-grif structures in the presentation.

Here, up (down) means an upper (lower) dimer Si
atom as an O adsorption site.

Table I Calculated values of Ead (in eV)

Adsorption Structure up down
insx1-paul -1.88 -1.49
insx2-paul -2.42 -2.17
insx3-paul -2.64 -2.52

All adsorption structures have negative Ead. These
results indicate that all constructed structures are
preferable for adsorption. We find that the most sta-
ble adsorption state of a molecular oxygen is the
insx3-paul-up with Eaq =-2.69 eV. This result is dif-
ferent from the expectation by experiments that
insx2-paul is the most stable structure.

Figure 3 illustrates the optimized structure of
insx3-paul-up. The distance between molecular oxy-
gen atoms is 1.41 A. Figure 4 illustrates the
optimized structure of insx2-paul-up, which is ex-
pected as the most plausible structure from the
experiment. The distance between molecular oxygen
atoms is 1.40 A. These bond lengths are larger than
the calculated one for an oxygen molecule in a vac-
uum (1.24 A). This change in the bond length
originates from the partial breaking of the double
bond of an oxygen molecule and the charge transfer
from the Si atom into the oxygen atom. As for a bond
angle, the O-O-Si angle in the former structure, 110.5
degree is almost the same as that in the latter 111.7
degree.
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Fig. 3 Schematic drawings of optlmlzed |ns><3-paul-up
structure (blue: Si atom, red: O atom, white: H atom). (a)
and (b) are side view and top view, respectively.
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Fig. 4 Schematic drawings of optlmlzed insx2-paul-up
structure (blue: Si atom, red: O atom, white: H atom). (c)
and (d) are side view and top view, respectively.

In both structures, Eaq is large and the O-O bond
is elongated without breaking the bond, meaning that
these structures are a molecularly chemisorbed oxy-
gen. Considering the fact that an oxygen molecule
dissociateively adsorbs on a non-oxidized Si surface
[2], our result explains well the experimental report
[1].

The number of ins O atoms would mean the oxi-
dation state of the Si atom. The change in the
oxidation state might result in the change in the re-
sultant adsorption structure of a molecular oxygen,
but our calculation does not show such a structure
difference. This may mean that the charge transfer in
the two structures are almost the same and it is diffi-
cult to distinguish those structures in experiments.

4. Conclusions

On the basis of first principles calculation based
on DFT, we investigated adsorption state of an oxy-
gen molecule on Si(001) surfaces in the initial
oxidation stage. Our calculations reveal that an oxy-
gen molecule chemisorbs on an oxidized Si atom
keeping the O-O bond. This result explains well the
recent experimental report.
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