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Positively charged defects induced by protons at the Si�100�-SiO2 interface are studied through density-
functional calculations and realistic interface models. Protons generally preserve the bonding network, but
cause the spontaneous breaking of strained bonds leading to threefold-coordinated Si�3�� and O�3��.
Defect energies fall within a band of �0:5 eV, which is stabilized by �0:3 eV at the interface. Only the
O�3�� at �1 eV lower energies stand out as deep defects. This description is consistent with several
experimental observations and supports the O�3�� as the origin of the fixed positive charge generated
during silicon oxidation, in accord with a previous suggestion inferred from electrical data.
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Current metal-oxide-semiconductor electronic devices
are approaching dimensions in which the control of inter-
face defects is critical for device performance. Hydrogen-
related defects are particularly important given the ubiq-
uitous nature of this species. A H2 anneal is generally
necessary to passivate defects like Pb centers and meet
operating requirements [1]. However, hydrogen is also
known to induce positive charging [2–6] and may affect
the reliability of the electronic device [7]. Isotopic substi-
tution experiments clearly revealed an intimate link be-
tween positive charging and mobile protons [5]. Electron-
spin resonance (ESR) measurements indicated that the
charge is diamagnetic [4]. The generated charge state is
naturally attributed to hydrogen bonding to a bridging
oxygen in analogy with the formation of the hydronium
ion in water [2,4], but also the bond centers of Si-Si bonds
have been advanced as possible defect sites in more de-
fective structures [3]. Moreover, hydrogen has also been
proposed to induce bond-breaking processes leading to the
formation of more general Si3�nHnO� overcoordinated O
centers [6] or of ESR-active E01 centers [8]. Proton-induced
overcoordinated oxygen centers, formed either with [6] or
without [4] bond-breaking processes, have been suggested
as the origin of the fixed positive charge observed upon
silicon oxidation [9]. A further distinction between
hydrogen-induced positively charged states could be estab-
lished experimentally through the observation of mobile
and immobile species [10]. From the theoretical side,
proton equilibrium sites have been determined at bridging
O atoms and at O vacancies [11]. However, the rich body of
experimental evidence suggests that the role of protons at
the Si-SiO2 interface is more complex and calls for a
broader description of the underlying physics.

In this work, we investigate proton-induced processes at
the Si�100�-SiO2 interface giving rise to positive charging
using an interface model structure which realistically de-
scribes the transition between crystalline silicon and amor-
phous SiO2 [12,13]. Our study yields a comprehensive
description including four different forms of proton-
induced positively charged states. A clear distinction is

provided between shallow and deep proton equilibrium
sites and linked to the experimental observation of mobile
and immobile species [10]. Bridging O atoms and O va-
cancies, which both count among the shallow sites, are
found to give equilibrium sites of comparable energy and
to show an enhanced stability in the interfacial region. In
the case of strained Si-O or Si-Si bonds, these equilibrium
configurations can spontaneously evolve through bond re-
arrangements to deeper defect states, such as positively
charged threefold-coordinated Si�3�� or O�3��. In particu-
lar, O�3�� states are found to be deeper than other charge
forms by �1 eV and show electrical characteristics in
accord with those of the fixed positive charge at the
Si-SiO2 interface observed upon silicon oxidation [9].
Therefore, our description supports the interpretation in-
ferred from electrical measurements that the origin of this
charge results from proton-induced bond-breaking pro-
cesses leading to overcoordinated oxygen centers [6].

For the Si�100�-SiO2 interface, we used a superlattice
structure containing 217 atoms, in which crystalline Si (9
monolayers) and amorphous SiO2 (�17 �A) alternate
[12,14]. The substoichiometric oxide at the interface ex-
tends over a thickness of�6 �A and shows a distribution of
intermediate oxidation states of Si in accord with photo-
emission data [13]. The simulation cell in the transverse
directions corresponds to a
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Si(100) interface unit.
The electronic structure was described within a generalized
gradient approximation to density-functional theory
[15,16]. Structural relaxations were carried out through
damped ab initio molecular dynamics [19].

Density-functional calculations have found that hydro-
gen gives�=� charge transition levels in the band gap for
both Si [20] and SiO2 [21,22]. Considering the band align-
ment at the Si-SiO2 interface [23], we infer that protons are
stable in both interface components for Fermi energies in
the lower part of the Si band gap. This assertion is also
supported by general considerations [24].

We here address the positive charge state of hydrogen in
sites located on both sides of the interface. Considered
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defect sites correspond to protons located in Si-Si bonds
and attached to bridging O atoms, as illustrated in
Figs. 1(a) and 1(d). Both defect sites also occur in the
suboxide region. To compare the relative defect energetics,
we inserted the proton in both kinds of sites across the
interface, and carried out full structural relaxations. Our
statistics comprises 70 distinct sites.

For all the considered defects, we give in Fig. 2 their
formation energy [22] vs their position with respect to the
interface. We here referred the H energy to half the energy
of the H2 in an interstitial void of amorphous SiO2 and took
the Fermi level at the top of the Si valence band. First, we
discuss the defect states which do not give rise to bond
rearrangements. Deep into the oxide, the average forma-
tion energy of a proton bonded to a bridging O atom is
about 0.75 eV, with a spread of 0.19 eV. This spread is
typical for amorphous SiO2 and results from the structural
disorder [25].

On the Si side of the interface, i.e., in the channel, we
found that all Si-Si bond centers can accomodate protons in
locally stable configurations, in accord with previous cal-
culations for bulk Si [20]. Their formation energy
(0.79 eV) is found to be comparable to those of protons
attached to bridging O atoms on the oxide side of the
interface. Bond centers in the channel are transited by
mobile protons until these interact with negatively charged
acceptors forming a neutral complex [26]. A modest ther-
mal treatment is sufficient to eliminate these mobile pro-
tons and recover the intended electrical activity.

In the interfacial region, we observe for both kinds of
defect a minor stabilization (�0:2–0:4 eV), which results
from the enhanced dielectric screening due to image-

charge effects and from the higher structural relaxation
energies due to the more flexible bonding network. The
proton stabilization which emerges from our calculations is
fully consistent with available experimental evidence.
Using nuclear reaction analysis, Krauser et al. showed
that there is a peak for the H distribution at the Si-SiO2

interface [27]. Upon annealing of such interfaces in hydro-
gen, the analysis of internal photoemission experiments
also indicates that the positive charge is located in the
very first oxide layers at the interface [4,8].

For some of the investigated sites close to the interface,
the network structure spontaneously underwent a bond-
breaking process, which gave rise to a positively charged
threefold-coordinated Si atom [Si�3��]:

 Si -H�-Si! Si�3�� � Si-H; (1)

 Si -OH�-Si! Si�3�� � Si-O-H; (2)

as illustrated in Figs. 1(b) and 1(e), respectively. The
energies of these defects fall on the low edge of the band
corresponding to the non-bond-breaking defects (at ener-
gies of �0:1 eV).

To understand the origin of the bond-breaking processes,
we investigated the relation between bond lengths and
defect stability. For each considered Si-Si bond, we display
in Fig. 3(a) the defect formation energy vs its bond length
prior to proton insertion. We observe a rather constant
defect energy for bond lengths up to 2.38 Å, which corre-
spond to non-bond-breaking defects states with the proton
located at the bond center. For larger Si-Si bond lengths,
the insertion of the proton causes bond rupture yielding
defect states of significantly lower energy. Similarly, we
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FIG. 1 (color online). Atomic representation of typical
H�-related defects at the Si-SiO2 interface: Si-H�-Si (left col-
umn) and Si-OH�-Si (right column) and their evolution to
atomic structures involving threefold-coordinated Si [Si�3��,
second row] and O [O�3��, third row] atoms.
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FIG. 2. Formation energy of H�-induced defects vs position
with respect to the Si�100�-SiO2 interface. The shaded area
encloses typical energies of defects which do not involve bond
breaking (closed symbols): Si-H�-Si (squares) and Si-OH�-Si
(circles). Open symbols refer to defects involving bond breaking,
giving Si�3�� [with either Si-H (squares) or Si-O-H (circles)
bonds] and O�3�� defects (diamonds). The lower case letters in
the legend refer to panels in Fig. 1.
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give in Fig. 3(b) the formation energy of Si-OH�-Si de-
fects vs the average of the two involved Si-O bonds prior to
proton attachment. A clear decreasing trend is recogniz-
able despite the scatter. For strained Si-O bonds, this
behavior is understood by recalling that the attachment of
a proton to a bridging O atom causes an elongation of the
Si-O bond length [22], whereby the strain in the bond can
be relaxed. Proton-induced bond breaking leading to
Si�3�� defects is only observed for elongated Si-O bonds
(longer than 1.7 Å). Since such bonds primarily locate in
the suboxide region [12,28], bond-breaking events will
more likely occur close to the interface. The appearance
of the resulting undercoordinated Si defects is consistent
with the increase in the concentration of paramagnetic Pb
and E0 centers observed upon postoxidation annealing in
H2 [8,29].

On a few occasions, upon a proton-induced Si-Si bond
breaking, the structure evolved further, bringing the Si�3��

to form a bond with a nearby O atom [Fig. 1(c)]. This gave
rise to the formation of a positively charged threefold-
coordinated O atom [O�3��], similar to the puckering
configuration of the E0 center [30]. This evolution corre-
sponds to a lowering of the energy by �1 eV, resulting in
much deeper defect states. The formation of O�3�� only
occurred in the top layer of the substrate, where our model
shows a noncrystalline pattern of Si-Si bonds [12,13,31].
We did not observe O�3�� formation following a Si-O
bond-breaking process.

Several observations are consistent with the occurrence
of O�3�� defects. Warren et al. found that H-induced
positive charging in Si-SiO2 structures is very different
from simple oxygen vacancy hole traps, and invoked the
formation of overcoordinated O centers involving either H

or Si neighbors (Si3�nHnO� centers) to explain their ob-
servations [6]. Interestingly, these authors also found that
the H-induced positive charging is largely enhanced in Si-
rich oxide structures, in accord with our finding O�3��

close to the silicon substrate.
Proton-induced O�3�� defects might also play a key role

during silicon oxidation. Ubiquitous protons would gener-
ate such defect units providing a mechanism by which the
amorphization of the oxide network is facilitated [31].
Furthermore, the occurrence of these defects is consistent
with the fixed positive charge, which is found near the
interface upon thermal oxidation of silicon [9]. Electrical
measurements indicate that these positive defects can in-
duce negative charge in the silicon substrate [9] and that
their neutralization levels lie outside of the Si band gap
[32]. To verify this behavior for the O�3�� defects, we
investigated the O�3�� state for varying Fermi level across
the Si band gap. Figure 4(a) illustrates the thermodynami-
cally most stable levels of the O�3�� defect for this evolu-
tion. This defect is found to be always lower than the other
proton-induced defects identified in this work, supporting
the stable nature of the O�3�� [9,32]. Our calculations [33]
show that upon charging the additional electron goes to the
Si conduction band (Fig. 4). The positive O�3�� attracts the
extra electron, leading to a localization of its center of
charge at a distance of �5 �A from the interface
[Fig. 4(b)]. These properties are consistent with the elec-
trical features of the fixed positive charge at the Si-SiO2

interface, supporting its assignment to the O�3��.
Our study also provides an understanding for the obser-

vation of mobile and static hydrogen-related species at
Si-SiO2 interfaces [10]. We distinguish mobile and static
positive charge on the basis of the 1 eV-energy difference
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separating the O�3�� defect levels from the other defect
levels. Our calculated defect energies support the assign-
ment of mobile positive charge to Si-OH�-Si [10], but also
to Si-H�-Si and Si�3��. Indeed, proton diffusion in the
oxide can be well described as hopping between Si-O-Si
units [25]. However, in the vicinity of the interface,
Si-H�-Si and Si�3�� defects occur at comparable energies
and may also be transited by mobile protons. The static
positive charge is assigned to deep O�3�� defects which are
assumed to be immobile [10,32], because of the important
structural relaxation that these defects involve.

In agreement with experiment [35], our results imply
that the concentration of available sites for the fixed charge
is much lower than for the mobile charge. Almost any Si-Si
bond or bridging O atom can serve as an equilibrium site
for mobile protons, but O�3�� can only arise in the pres-
ence of elongated bonds. Both fixed and mobile protons
contribute to the positive charge. However, because of their
deep energy, the O�3�� sites are preferred and will remain
occupied even at elevated temperatures when the mobile
protons are swept away.

From our investigation of proton-induced positive
charge at the Si-SiO2 interface, a picture emerges in which
a variety of different defects occur. In particular, we ad-
dress their location with respect to the interface, their
respective energy levels, and the role of strained bonds.
Our description provides a comprehensive interpretation of
a series of experimental observations.
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