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Oxidation at the Si=SiO2 Interface: Influence of the Spin Degree of Freedom
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We show, using first-principles spin-polarized total-energy calculations, that depending on the spin
configuration of the system, the reaction of an O2 molecule with a Si-Si bond in a suboxidized region
might result either in a peroxy linkage defect (for a singlet spin state) or in a perfect Si-O-Si bond plus
an interstitial O atom (for a triplet spin state). Even though the singlet has a lower energy than the triplet
configuration, we find a rather small probability for triplet to singlet conversion. Therefore, as the O2 in
an SiO2 interstitial site has a triplet configuration, this reaction spin dependence may have a strong
influence on the high quality of the Si=SiO2 interface.
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silica network, such as a PL defect, the lowest energy
configuration is a singlet state [14]. After the arrival of

of all the atoms in the supercell were relaxed until all the
force components were smaller than 0:05 eV= �A. The
All the amazing advances in the information technol-
ogy are to a great extent related to the continuous increase
in the number of devices per chip. However, this drive
towards ever smaller silicon-based electronic devices re-
quires the gate dielectric oxide to become extremely
small (< 4 nm) [1]. To achieve this task it is fundamental
to have a detailed microscopic understanding of the struc-
ture of the Si=SiO2 interface [2,3] and of the Si oxidation
process occurring at the Si=SiO2 interface. Even though
this interface is one of the world’s most important mate-
rial interfaces, both from an economical as well as a
technological viewpoint [4], we still do not have a basic
understanding of the incorporation reactions of the oxi-
dizing species in SiO2.

Even though the possibility that atomic oxygen in a
peroxy linkage (PL) configuration might be an important
diffusing species has been considered in some recent
theoretical studies [5–7], it is widely believed that mo-
lecular oxygen is the promoter of the oxide growth after
its diffusion through the silica network [8–12]. As is well
known, the ground state of the oxygen molecule in the gas
phase is a triplet state (3	�

g ) [13]. It has been recently
shown by us [9,14] and by other theoretical calculations
[7,10–12] that the lowest energy configuration for an
interstitial O2 in SiO2 is also a triplet state, a result that
is also experimentally supported [15]. Moreover, it has
also been shown that during the oxidation of the Si(100)
surface there is a triplet-to-singlet conversion [16,17],
which is a crucial ingredient to explain how the sticking
probability depends on the incident O2 energy.

Hence, it is not only a valid but also a very important
question to ask if there is also a triplet-to-singlet con-
version inside the SiO2 in any process in which the oxy-
gen molecule is involved. Whenever there is a strong
interaction of the oxygen molecule with the lattice, one
would expect the singlet state to be stabilized with re-
spect to the triplet state. In fact, we have found that
whenever an oxygen molecule is incorporated into the
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an O2 at the Si=SiO2 interface, the following possi-
bilities might happen: (i) it reacts with an already formed
Si-O-Si bond, forming a so-called ozonyl linkage [12].
This is unlikely since this reaction would be endothermic
[12,14] by more than 1 eV; (ii) the O2 could somehow
break and react with two perfect Si-O-Si bonds, forming
two PLs. Again this would be a highly endothermic
reaction (we estimate [14] an energy variation of approxi-
mately 1.7 eV); (iii) at the interface there are many sub-
oxidized Si atoms, which implies that there are Si-Si
bonds there. Therefore, the O2 could be incorporated
into such a Si-Si bond, forming one PL. This reaction
would now be exothermic. However, the final result is a
defect at the interface. To explain the high quality of
the interface, a further migration of the PL has to happen
until the extra O atom is annihilated at a Si-Si bond;
(iv) the O2 molecule could somehow dissociate and react
with two Si-Si bonds, forming two perfect Si-O-Si bonds.
This final situation would be the best scenario to explain
the high quality of the Si=SiO2 interface. However, it begs
the question of how the O-O bond could be broken. We
show below, based on ab initio model calculations, that
the fact that the interstitial O2 has a triplet ground state,
plus the low probability for a triplet-singlet exchange,
leads to a situation where the O-O bond is naturally
broken.

All our calculations are performed in the framework of
the density functional theory [18] using numerical orbi-
tals as basis sets.We have used the SIESTA code [19], which
performs a fully self-consistent calculation solving the
Kohn-Sham equations. For the exchange-correlation po-
tential we adopt a generalized gradient approximation
[20], and standard norm-conserving Troullier-Martins
pseudopotentials [21] are used. In all calculations we
employ a split-valence double-zeta basis set with polari-
zation function with a confining energy shift of 0.2 eV
[22]. We used a 72-atom �-quartz supercell and the

-point for the Brillouin zone sampling. The positions
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FIG. 1 (color). Triplet (black curve) and singlet (red curve)
total energies along the reaction pathways for an O2 approach-
ing a Si-Si bond, plotted as a function of the D and d
coordinates (see inset in the upper right). Configurations A
through D are representative geometries along the triplet and
singlet pathways. Small red spheres are O atoms and the large
mustard spheres are Si atoms.
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quality of the present results is similar to our previous
plane wave calculation [9,14].

To understand the interaction of an O2 molecule with a
Si-Si bond, which will be present in suboxidized regions,
we have performed model calculations for an idealized
system. The Si-Si bond is modeled by an oxygen vacancy
in an otherwise perfect �-quartz structure. An interstitial
oxygen molecule is then placed beside this Si-Si bond,
and their interaction is studied both for a triplet as well as
a singlet spin state. Even though this simple model may
not be good for the precise determination of the ener-
getics and/or dynamics of a reaction between an O2

molecule and a Si-Si bond at the Si=SiO2 interface, it
should suffice to provide the correct qualitative physical
picture for such a reaction. In particular, the analysis of
the dependence of this reaction on the spin of the system is
most certainly well treated in our model, and all our main
conclusions related to this effect will not be changed by a
more elaborate model [23].

We initially determined the lowest energy configura-
tion for an interstitial O2 close to the Si-Si bond, for both
the triplet as well as the singlet state (configurations A in
Fig. 1). Overall, both geometries are similar. For the
triplet spin state the Si-Si bond length is 2:57 �A and the
O-O bond length, called d from now on (see the inset
in the top right of Fig. 1) is 1:24 �A. The distance between
the center of the Si-Si bond and the O2 center of mass,
called D from now on (see the inset in the top right of
Fig. 1), is 2:81 �A. In the singlet configuration, the equiva-
lent distances are 2:64 �A, 1:27 �A, and 2:63 �A, respec-
tively. As expected, the triplet state is found to be 0.8 eV
lower in energy than the singlet state (see Fig. 1). This
value is slightly reduced when compared to the singlet-
triplet energy difference for the free molecule, which we
have found to be 1.2 eV.

In order to determine a possible pathway for the O2 �
Si-Si reaction, we used the following procedure: we posi-
tioned the O2 molecule closer to the Si-Si bond, and then
let it move along the potential energy surface (PES) (for a
given fixed spin state) according to the atomic forces.
Depending on the initial geometry, this resulted in two
types of displacements, one towards the Si-Si bond, and
another back to the interstitial site. We then refined the
path around the initial geometries that generated these
two different behaviors, determining in this way the top
of the barrier along the reaction pathway. It is important
to stress the fact that we have found only one possible
reaction pathway, and our barriers should be seen as upper
bounds.

In Fig. 1 we see the result of the above procedure for
both spin configurations, where we have displayed the
calculated total energies (the singlet PL is chosen as the
energy reference since it was found to have the overall
lowest energy among the studied configurations) along
the reaction pathways using the previously defined D and
d coordinates. As can be seen in Fig. 1, the variations of D
and d are very different along the triplet (black curve)
016103-2
and singlet (red curve) pathways. The four configurations
around the Si-Si bond shown for each spin state (A–D)
are representative geometries along the pathways (also
marked in the total-energy curves by the letters A–D).

As the O2 approaches the Si-Si bond in the triplet state
it dissociates (geometries B through D), with one O atom
finally being incorporated into the silica network (form-
ing a perfect Si-O-Si bond) and the other O atom being
ejected towards the interstitial site (final equilibrium
geometry D). The overall reaction is exothermic by
2.82 eV.We have found an energy barrier of approximately
0.85 eV to go from A to D. As mentioned before, this
should be seen as an upper limit. For the singlet state, on
the other hand, as the O2 approaches the Si-Si bond (geo-
metries B and C) it does not dissociate and is eventually
incorporated as a whole into the silica network, forming
a PL defect (configuration D). This reaction is also
016103-2
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exothermic, with an energy difference between the initial
(A) and final (D) configurations of 4.65 eV. Along the
singlet pathway we have found an energy barrier of
approximately 0.2 eV to go from A to D.

To understand this different behavior between the trip-
let and singlet spin configurations, we present total charge
density contour plots for the singlet [Fig. 2(a)] and triplet
[Fig. 2(b)] C configurations, as well as a contour plot for
the difference between the charge densities for the major-
ity and minority spins for this latter geometry [Fig. 2(c)].
For the sake of comparison, we also present contour plots
for the total charge density for an interstitial triplet O2

[Fig. 2(d)] as well as for the difference between its
majority and minority spin charge densities [Fig. 2(e)].
One can see comparing Fig. 2(c) with Fig. 2(e) that, as
the O-O bond breaks in the triplet state, the spin polar-
ization becomes concentrated only in the ejected O atom.

To rationalize this result, as well as the fact that in the
triplet the O-O bond breaks, it is useful to think in terms
of valence bonds (VB). Let us consider one VB in each Si
atom (the Si dangling bonds), plus three VBs per O atom
(related to the three 2p orbitals). Initially, we have the
two Si VBs making a Heitler-London–type Si-Si bond,
plus the six oxygen VBs coupled in such a way [24] to
generate the triplet O2. As the molecule approaches the Si-
(a)

(c)

(e)

(d)

(b)

FIG. 2. Contour plots for (a) singlet and (b) triplet total
charge density C configurations in a plane that passes through
the incoming O2 and the atoms that formed the initial Si-Si
bond. (c) Difference between the charge densities for the ma-
jority and minority spins for geometry in (b); (d) and (e) are the
total charge density and the difference between charge den-
sities for the majority and minority spins, respectively, for the
triplet interstitial O2. The small and large circles represent O
and Si atoms, respectively. For all plots the contour spacing is
0:2e= �A3.
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Si bond, the two Si VBs now couple, each pair as a singlet,
to two of the VBs from the approaching O atom. This
leaves a total of four oxygen VBs, three of them on the O
atom farthest away from the Si atoms, and still six elec-
trons to be distributed on these orbitals. A O-O bond is
maintained if we have one electron on each VB that
points towards the other O atom, coupled as a singlet
(Heitler-London–type of bond). Therefore, if this is done,
the remaining four electrons will occupy the two remain-
ing VBs, resulting in two lone pairs and a bound O2 (note
that all the orbitals that are not coupled to another VB are
doubly occupied), with a final singlet spin configuration.
On the other hand, to have a final triplet configuration, we
either couple theVBs that were performing the O-O bond
as a triplet, which is not favorable [24], or we keep a lone
pair on the O atom bound to the two Si atoms and have
four electrons on the four VBs of the farthest O atom
coupled as a triplet, as in an isolated O atom. This will
result in the breaking of the O-O bond, as is observed in
our calculations, and in the spin polarization being con-
centrated on the ejected O atom, as is seen in Fig. 2(c).

One must note that the overall singlet reaction pathway
is somewhat artificial, since when the O2 molecule is in an
interstitial geometry, it has a triplet configuration. How-
ever, as the oxygen molecule evolves along the triplet re-
action pathway, it may very well change to the singlet one.
Therefore, it is fundamental to have an estimate of the
probability for this triplet-singlet exchange. The crossing
between the two curves occurs approximately for D �
2:2 �A and d � 1:3 �A, before the O-O bond starts to break
in the triplet state. The probability that a system will
change from the triplet to the singlet PES may be esti-
mated [25] by the Landau-Zener theory[16,26]. Con-
sidering that the O2 is initially in the triplet PES and is
evolving towards the crossing region with a velocity v,
the probability Pts that it will end up at the singlet
PES may be approximated by Pts � 2�1� exp��V2=
hvjF1 � F2j�� where V is the small perturbation that
couples the two PESs, h is the Planck’s constant, and F1

and F2 are the slopes of the two PESs at the crossing
point. F1 and F2 can be obtained from the triplet and
singlet paths at the crossing region, and v can be esti-
mated from the O2 center-of-mass thermal energy [27].
Using for V the spin-orbit matrix element of 122 cm�1

between the triplet and singlet states [16,17] for the O2,
the probability is finally obtained as Pts ’ 0:001. Such a
small value implies that, even though the singlet state
becomes a lower energy configuration along the reaction
pathway, there is a large probability for the reaction to
proceed along the triplet PES. The analysis of a similar
type of reaction, involving O2 and the Si(100) surface,
showed that the difference between our method of esti-
mating Pts and a more accurate theory results only in an
increase of Pts by a factor of 2 [16,17].

Finally, one has to note that this is the probability for
the triplet-singlet exchange along a single passage along
the PES. As the reaction along the triplet PES is thermally
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activated, many passages across the crossing point will
have to be performed until the final products are obtained.
To estimate the ratio between the reaction rates along the
triplet and singlet pathways, we assume that the rates for
the reaction along the triplet and singlet channels are
approximately 
t � 
0�exp���Et=kBT���1� Pts� and

s � 
0�exp���Ets=kBT��Pts, respectively, where 
0 is
a frequency prefactor, �Et is the energy barrier along the
triplet PES (�Et � 0:85 eV), �Ets is the energy differ-
ence between the singlet-triplet crossing point and the
interstitial triplet O2 configurations (�Ets � 0:53 eV),
and kB is the Boltzmann constant. For a temperature of
1200 K, we obtain for our calculated Pts that 
t=
s ’ 45,
which clearly indicates that the reaction will most likely
proceed along the triplet pathway. Finally, one should
note two things: (i) even if Pts is higher by a factor
of 10, we would still have the triplet channel as the
most favorable one by a factor of approximately 5 and
(ii) lower temperatures favor the singlet channel (Pts
increases as T decreases), which indicates that one would
probably have a worse quality interface at lower T.

The implications of this result for the understanding of
the oxidation process at the Si=SiO2 cannot be under-
estimated. If there were always a switch to a singlet
PES the oxidation would surely involve the PL defect.
This would imply that either the interface would contain
a large number of defects or the extra oxygen at the PL
would have to migrate from one Si-O-Si bond to another
until it would reach a Si-Si. However, to have a high
quality interface this O migration must somehow happen
preferentially in a direction parallel to the interface. On
the other hand, the fact that the oxidation proceeds with
a high probability along the triplet PES implies that the
O-O bond is naturally broken as a perfect Si-O-Si bond is
formed. The O atom ejected towards the interstitial site
will have a high probability of being incorporated into a
nearby Si-Si bond, forming in this way another perfect
Si-O-Si bond. Therefore, the spin degree of freedom may
be one of the important factors determining the high
quality of the Si=SiO2 interface. Finally, it should be
noted that such an effect is very likely to be present in
many other reactions involving either O2 molecules or O
atoms, indicating that they are very important not only
for the microscopic understanding of the Si oxidation
process, but also for the understanding of many other
oxidation reactions in condensed phases.

This work was supported by CNPq and FAPESP. We
also thank the CENAPAD-SP for computer time.
01610
[1] P. S. Peercy, Nature (London) 406, 1023 (2000).
[2] D. A. Muller et al., Nature (London) 399, 758 (1999).
[3] A. Pasquarello, M. S. Hybertsen, and R. Car, Nature

(London) 396, 58 (1998).
[4] M. L. Green, E. P. Gusev, R. Degraeve, and E. L.

Garfunkel, J. Appl. Phys. 90, 2057 (2001).
3-4
[5] D. R. Hamann, Phys. Rev. Lett. 81, 3447 (1998).
[6] J. R. Chelikowsky, D. J. Chadi, and N. Binggeli, Phys.

Rev. B 62, R2251 (2000).
[7] Y.-G. Jin and K. J. Chang, Phys. Rev. Lett. 86, 1793

(2001).
[8] I. J. R. Baumvol, Surf. Sci. Rep. 36, 1 (1999), and refer-

ences therein.
[9] W. Orellana, A. J. R. da Silva, and A. Fazzio, Phys. Rev.

Lett. 87, 155901 (2001).
[10] A. M. Stoneham, M. A. Szymanski, and A. L. Shluger,

Phys. Rev. B 63, 241304 (2001).
[11] M. A. Szymanski, A. L. Shluger, and A. M. Stoneham,

Phys. Rev. B 63, 224207 (2001).
[12] A. Bongiorno and A. Pasquarello, Phys. Rev. Lett. 88,

125901 (2002).
[13] M. Weissbluth, Atoms and Molecules (Academic Press,

New York, 1978), p. 587.
[14] W. Orellana, A. J. R. da Silva, and A. Fazzio, in

Alternatives to SiO2 as Gate Dielectrics for Future Si-
Based Microelectronics, Proceedings of the Inter-
national Workshop on Device Technology, Porto Alegre,
Brazil, 2001, edited by J. Morais and I. J. R. Baumvol,
2001 MRS Workshop Series (Materials Research Society,
Pittsburgh, 2002).
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