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The interaction of H2 with the defect sites of the SiO2 surface has been studied by means of gradient-corrected
density functional theory calculations on cluster models. The mechanism of hydrogen dissociation, the energy
of reactants and products, and the corresponding activation energies and transition states have been determined
for the following defect sites: Si singly occupied sp3 dangling bonds (E′ centers),tSi•; nonbridging oxygen
centers (NBO),tSi-O•; divalent Si,dSi:; and neutral oxygen vacancies,tSi-Sit. H2 cracking on the
NBO sites is exothermic by∼0.4 eV and has an energy barrier of∼0.1 eV (or less considering nonadiabatic
effects) which suggest the occurrence of the process even at low temperature. On Si dangling bonds the
formation oftSi-H and neutral H atom is endothermic and occurs with an activation energy of less than 0.5
eV; the reaction can occur at room temperature. The interaction of molecular hydrogen with the diamagnetic
oxygen deficient centers,dSi: andtSi-Sit, leads to the formation of stabletSi-H groups with exothermic
processes and relatively high activation energies of about 2 eV. Thus, H2 cracking is predicted to occur at
room temperature on paramagnetic defects and only at high temperatures on the diamagnetic centers.

1. Introduction

The interaction of molecular hydrogen with defect sites (in
particular dangling bonds) of SiO2 is a process which plays a
fundamental role in several technological applications. The
dielectric reliability of gate silicon dioxide films is a crucial
issue in the design of metal oxide semiconductor (MOS)
devices.1-4 Charge traps in the SiO2 films and at the Si/SiO2
interface states are known to degrade the dielectric response of
the films and the performance of the device. It was recognized
a long time ago that the main origins of the charge traps in the
material are oxygen deficient centers and other related defects;
many of them have been characterized through electron spin
resonance5 (ESR) or UV absorption bands.6 These defect centers
can be stabilized both in the bulk and at the surface of silica
glasses.

In the semiconductor industry, annealing of the SiO2 films
in a hydrogen-containing atmosphere is used as a standard
technique to reduce the concentration of the defects at the Si/
SiO2 interface. Molecular hydrogen is in fact the only species
that can be dissolved in the volume of glass in high concentra-
tions and in relatively “soft” conditions because of its high
diffusivity. The role of temperature in the process is essential
since it has been observed that there is no change in the
concentration of oxygen deficient centers (charge traps) when
silica is saturated with H2 at room temperature. On the other
hand, it has also been observed that hydrogen in SiO2 affects
the generation of charge traps, making precursors for electron
traps through mechanisms that are not yet completely under-
stood. For instance, it has been suggested that if atomic hydrogen
is present in SiO2 it can depassivate the interface by reaction

with the bonded hydrogen (intSi-OH or tSi-H groups) to
form H2. Recently, it has been found that the addition of
hydrogen into buried oxide layers of Si/SiO2/Si structures results
in the formation of mobile H+ ions which form the basis for a
new class of nonvolatile memory devices.7 The mechanism of
formation of the protons is still unclear. Besides microelectron-
ics, hydrogen has been shown to be useful in fiber optics
technology since the refractive index of pure and Ge-doped SiO2

fibers can be greatly enhanced by loading the fiber with H2.8

Despite the considerable technological interest in the mech-
anism of interaction of molecular hydrogen with SiO2, the
microscopic aspects of the H2 breaking remain unclear; the field
has been recently reviewed by Edwards.9 It has been suggested
that the two major processes responsible for atomic hydrogen
formation are

In these two processes, the centers involved are a Si singly
occupied sp3 dangling bond, the E′ center, and a nonbridging
oxygen, NBO. On the basis of semiempirical calculations,
Stahlbush et al.3 estimated an activation barrier for reaction 1
of 1.7 eV, a sufficiently high barrier to exclude the E′ center as
a likely candidate for H2 breaking. This conclusion was contrary
to a large set of experimental data which indicate that reaction
1 occurs rapidly at room temperature.10 The activation energy
has also been measured experimentally, although slightly
different values have been reported for the same process. Li et
al.11 have foundEa ≈ 0.3 eV in thermal oxides; in a rather
accurate kinetic study, Radzig et al.12 found a larger barrier,Ea

≈ 0.4-0.5 eV. On the basis of these results, Edwards
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tSi• + H2 f tSi-H + H• (1)

tSi-O• + H2 f tSi-OH + H• (2)
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reconsidered the reaction and foundEa ) 0.6-0.7 eV from ab
initio calculations, a value which drops to below 0.2 eV if one
includes adiabatic effects.9 To the best of our knowledge no
estimates exist of the activation barrier for reaction 2.

Beside the two paramagnetic centers involved in reactions 1
and 2, other diamagnetic oxygen deficient centers in silica can
in principle play a role in the reaction with hydrogen, the
dicoordinated Si,dSi:, and the neutral oxygen vacancy,tSi-
Sit or VO. In this case, the reactions of interest are

Very similar variants of these defects (tSi•, tSi-O•, dSi:,
and tSi-Sit) are present in bulk amorphous silica and
R-quartz,6 on the surface of mechanically activated silica,13 in
SiO2 thin films,14 and in UHV cleavedR-quartz single crystals
after Ar+ bombardment.15 Fingerprints of the presence of the
defect centers on the surface are typical EPR signals and
hyperfine coupling constants of the unpaired electron with the
29Si and17O nuclear spins (E′ and NBO) but also characteristic
absorption bands at 5.8 eV (E′), 2 eV (NBO), 5.0 eV (dicoor-
dinated Si), and 7.6 eV (VO) in the optical spectra of the
material.6 These defect centers are probably the primary cause
of the hydrogen dissociation in the oxide or at surfaces.

The object of this paper is to elucidate the role played by the
defects described above in the hydrogen breaking in silica. In
particular, we have performed high quality quantum mechanical
calculations based on cluster models and gradient corrected
density functional theory, GC-DFT. The relative stabilities of
the reactants and the products and the corresponding energy
barriers and transition states have been determined. The results
have been checked as a function of the size of the clusters used
in the calculations and provide a firm energetic basis for the
interpretation of the complex reaction pathways of neutral
hydrogen in silica.

2. Computational Approach

To describe point defects in SiO2, we used cluster models
with structures that are derived from that ofR-quartz (the Si-
O-Si angles in the crystal are 144°, while values in a range of
130-160° are observed in the glassy material).16 The cluster
broken bonds were saturated by H atoms placed at 0.98 Å along
the O-Si bond directions of the perfect crystal. The H atoms
were kept fixed during the geometrical optimization to provide
a simple representation of the mechanical embedding in the solid
matrix. In a previous study on the interaction of Cu atoms with
similar defect centers at the SiO2 surface, we used a mixed

quantum mechanical molecular mechanics approach.17 The
results have shown that in general even relatively small clusters
provide answers similar to those of larger or more complex
models where part of the lattice relaxation is treated based on
parametrized force fields. Here we have considered the con-
vergence of our results versus cluster size and we have found
very similar results with small or large clusters, suggesting that
the nature of the interaction is markedly local. As an additional
proof of the validity of the cluster model approach for the study
of point defects in silica, we mention that very similar structural,
electronic, and energetic descriptions of dia- and paramagnetic
defects in SiO2 have been obtained with quantum chemical
cluster models using atomic basis functions18-20 and with ab
initio molecular dynamics periodic approaches using plane
waves.21,22 The cluster approach has also been successfully
applied to the study of optical transitions in silica.23-27 Since
most of the properties associated with point defects in SiO2 are
local and do not depend markedly on the long range order,17-27

results obtained from models ofR-quartz can be transferred to
amorphous silica with some confidence.

The E′ center,tSi•, was described by a (HO)3Si• unit, Figure
1a, including only one Si atom. Since each Si in SiO2 has a
tetrahedral coordination, we denote this cluster as 1T. A larger
model, [(HO)3SiO]3Si•, Figure 2a, contains four Si atoms and
is denoted as 4T. In a similar way, we used two cluster models
of the tSi-O• groups (HO)3Si-O•, 1T, Figure 3a, and
[(HO)3SiO]3Si-O•, 4T, Figure 4a. Given the similar results
obtained with the 1T and 4T models (see below), we used only
a small cluster, (HO)2Si, to model the dicoordinated Si,dSi:,
Figure 5a. The neutral oxygen vacancy,tSi-Sit, has been
represented by two clusters, a small one, (HO)3Si-Si(OH)3,
Figure 6a, and a larger two-rings cluster, Figure 7a. Full
geometry optimizations have been performed by means of
analytical gradients of the total energy with the only constraint
of keeping the embedding H atoms fixed.

The electronic structure of the cluster has been computed by
performing gradient corrected density functional theory (GC-
DFT) calculations (spin polarized for open shell cases) using
the Becke’s three parameters hybrid nonlocal exchange func-
tional28 combined with the Lee-Yang-Parr gradient-corrected
correlation functional29 (B3LYP). The basis sets used are
6-31G* (a double-ú plus d polarization function) on Si and on
O atoms, 6-31G** (a double-ú basis with a p polarization
function) on the H2 molecule, and 3-21G on the saturating H
atoms of the cluster.30,31The use of a hybrid GC-DFT approach
guarantees that the energetic is described very accurately. In
fact, B3LYP calculations have been shown to reproduce
thermodynamic quantities for a large class of molecular systems
with great accuracy.32 However, several uncertainties are

Figure 1. 1-Tetrahedron (1T) cluster model of a Si dangling bond reacting with H2: (a) tSi• center; (b) transition statetSi• + H2; (c) tSi-H
center.

dSi: + H2 f dSi(H)2 f tSi-H + H• (3)

tSi-Sit + H2 f tSi-H + H-Sit (4)
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inherent to the models used, like the long-range polarization of
the lattice and neglect of the long-range contribution of the
Madelung potential, or to the method, like completeness of the
basis set, validity of the exchange-correlation functional,
quantum effects in hydrogen motion, etc. Because of all these
limitations, the computed energy differences and barriers have
to be considered with some care.

The calculations have been performed using the Gaussian94
program package.33

3. Results Discussion

3.1. H2 Cracking at E′ Center.The isolated fragments giving
rise to the reaction 1,tSi• and H2, and the reaction products,

tSi-H + H•, have been fully optimized separately. This
provides the energy data to obtain thermodynamic information
about the reaction. Using the 1T minimum model, Figure 1,
we found that thetSi-H + H• system is 0.55 eV less stable
than thetSi• + H2 one, indicating that cracking of the H2

molecule is slightly endothermic. Still, the energy required is
easily accessible in high-temperature treatments. Much more
complex is the determination of the transition state, TS, and of
the corresponding energy barrier. To identify the structure of
the TS we first performed a scan of the potential energy surface,
Figure 8. The surface has been determined by imposing the
H-H axis to be collinear with thetSi-H bond of the resulting
fragment, as shown in Scheme 1; the two geometrical parameters

Figure 2. 4-Tetrahedron (4T) cluster model of a Si dangling bond reacting with H2: (a) tSi• center; (b) transition statetSi• + H2; (c) tSi-H
center.

Figure 3. 1-Tetrahedron (1T) cluster model of a nonbridging oxygen (NBO) reacting with H2: (a) tSi-O• center; (b) transition statetSi-O• +
H2; (c) tSi-OH center.

Figure 4. 4-Tetrahedron (4T) cluster model of a nonbridging oxygen (NBO) reacting with H2: (a) tSi-O• center; (b) transition statetSi-O• +
H2; (c) tSi-OH center.
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that have been varied are thereforer(Si-Ha) and r(Ha-Hb).
From Figure 8, one sees that the potential is rather flat and

the saddle point is close tor(Si-Ha) ≈ 1.6 Å, andr(Ha-Hb) ≈
1.25 Å; a rough estimate of the activation energy isEa ≈ 0.58
eV. This shows that the TS is sufficiently similar to the final
products of the reaction.

A real search for the TS has been performed using the Peng

et al. algorithm.34 The starting geometry has been assembled
using the fully optimizedtSi-H cluster geometry, Figure 1c,
r(Si-Ha) ) 1.49 Å, and positioning Hb at 0.9 Å from Ha. The
search of the TS has been successful, leading to a structure with
Si-Ha and Ha-Hb distances of 1.56 and 1.31 Å, respectively,
Figure 1b. The resulting activation energy value isEa ) 0.58
eV, which is almost identical to the value deduced from the

Figure 5. Cluster model of a dicoordinated Si reacting with H2: (a) dSi: center; (b) transition statedSi: + H2; (c) dSi(H)2 center; (d) [dSi-H]•

center.

Figure 6. Small cluster model of an oxygen vacancy reacting with H2: (a) tSi-Sit center; (b) transition statetSi-Sit + H2; (c) tSi-H
H-Sit center; (d)tSi-H •Sit center.
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total energy surface scanning, Figure 8. This is only 0.03 eV
higher than the energy required for the reaction, 0.55 eV. This
means that the reverse process,tSi-H + H• f tSi• + H2, is
exothermic and has a very small barrier. A schematic repre-

sentation of the reaction path is shown in Figure 9. To make
sure that the stationary point found in the calculation really
corresponds to a TS we have performed a full vibrational
analysis. We found only one negative (imaginary) frequency
for the Si-Hb stretching mode, thus providing compelling
evidence that the stationary point corresponds to the TS for
reaction 1. Thus, the calculations predict that atomic hydrogen
readily depassivates thetSi-H bonds forming Si dangling
bonds,tSi•, and molecular hydrogen. Indeed the reaction is
well documented at the Si/SiO2 interface where neutral Si
dangling bonds have been detected by ESR and capacitance
voltage methods.35,36There have been reports that the extraction

Figure 7. Large cluster model of an oxygen vacancy reacting with H2: (a) tSi-Sit center; (b)tSi-H H-Sit center.

Figure 8. Potential energy surface for the reactiontSi• + H2 f tSi-H + H•; only two geometrical parameters have been varied,r(Si-H) and
r(H-H). The energy differences,∆E, are given with respect to the total energy of the reactants,tSi• + H2.

SCHEME 1
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of H by H atoms from thetSi-H groups is exothermic with
a very small energy barrier, in full agreement with the present
results.37

These results have been carefully checked as a function of
cluster size by repeating the calculations using the 4T model,
Figure 2. From the thermodynamic point of view, we found
that the endothermicity of the process is reduced, from 0.55 to
0.43 eV, Figure 9. To reduce the computation effort, the OH
groups of the 4T model were fixed during the TS search.
However, the search for the TS leads to a similar structure as
found with the 1T model, with Si-Ha and Ha-Hb distances of
1.57 and 1.23 Å, respectively, Figure 2b. The corresponding
energy barrier is slightly smaller, 0.51 eV, but still close to that
obtained with the minimum cluster. These calculations do note
take into account nonadiabatic effects which can be of consider-
able importance given the relatively high zero-point energy of
the hydrogen molecule, about 0.3 eV. Indeed, Edwards has
shown recently9 that nonadiabatic terms can lower the computed
barriers for hydrogen dissociation by 0.4 eV. Other groups have
recently estimated nonadiabatic effect to be of the order of 0.2
eV only.38 Thus, our computed adiabatic values of the energy
barriers must be considered as upper bounds to the real values.

There have been a number of reports indicating that the E′
center is responsible for hydrogen dissociation, but the issue
has been rather controversial. Recently, Conley and Lenahan1,2

concluded that the E′/H2 reaction occurs quite rapidly in novel
as well as in thermally grown oxides. In a similar way, Li et
al.11 saw an E′ density decrease with room temperature H2

exposure. The H2 dissociation at E′ centers in bulk silica or at
the silica surface is also the only one for which experimental
estimates of the activation barrier have been reported. Li et al.
have foundEa ≈ 0.3 eV for thermal oxide, and Radzig and
co-workers12 have found a barrier of 0.43( 0.04 eV on the
surface of reactive silica. Our computed values are very close
to the experimental estimates, in particular if one considers the
absence of nonadiabatic effects. From these values, one can
conclude that the chemical reaction between the E′ centers and
hydrogen will take place only at room or higher temperatures.
On the other hand, we have shown that the reverse process,
creation of Si dangling bonds, occurs easily when atomic H
reacts with the silane groups. From the computational point of
view we have to mention that the present results are close to
those obtained by Edwards et al.;39 using a similar basis set

and a correlated MP2 wave function these authors found a
barrier for reaction 1 of 0.72 eV.39

Another important process which has been considered here
is

which provides a direct estimate of the strength of the Si-H
bond. The two clusters, 1T and 4T, give again similar energies
for this highly endothermic process, 4.29 and 4.42 eV, respec-
tively. These values are in line with previously reported
experimental and theoretical estimates. The strength of the bond
is large enough to conclude that high-energy photons in the UV
region of the spectrum are required. Actually, thetSi-H bond
in silica shows absorption bands around 7.6 eV;23,40photons of
this energy can therefore lead to a homolytic rupture of the Si-H
bond and to the release of atomic H in the lattice. It should be
mentioned that the cost for reaction 5 could significantly
decrease if the H atom which forms during the process
simultaneously reacts with another site to form a new bond.
Indeed, there have been reports that the energetic cost of
breaking the Si-H bond in solid SiO2 is lower than in the gas-
phase.41

3.2. H2 Cracking at NBO Center. As opposed to reaction
1, the interaction of H2 with a NBO center leading to the
formation of an hydroxyl group,tSi-OH, is exothermic
according to the DFT-B3LYP calculations. Also in this case,
the calculations have been performed with the 1T and the 4T
cluster models, Figures 3 and 4, respectively, but the energy
released in the reaction is practically the same, 0.38 and 0.40
eV, respectively. This is a very important result which strongly
indicates the NBO center as one of the key sites for hydrogen
cracking in silica. The accurate determination of the activation
barrier becomes even more important than for the E′ center since
the favorable thermodynamic balance does not necessarily imply
a kinetically accessible process.

To identify the TS, we first performed a scan of the potential
energy surface keeping some geometrical parameters fixed and
varying the most crucial parameters for the reaction, i.e., the
O-Ha and the Ha-Hb bonds. The scan has been done with the
smaller 1T model. The H-H bond has been imposed to be
collinear with the O-H bond of thetSi-O-H final product;
see Scheme 2.

Figure 9. Energy profile for the reactiontSi• + H2 f tSi-H + H• f tSi• + 2H•. Energy values obtained with the 1T model; in parentheses
are given the energy values computed with the 4T model.

tSi-H f tSi• + H• (5)

H2 Cracking at SiO2 Defect Centers J. Phys. Chem. A, Vol. 104, No. 20, 20004679



From the energy surface, shown in Figure 10, the transition
state is found to be close tor(O-Ha) ≈ 1.5 Å andr(Ha-Hb) ≈
0.85 Å; at this geometry, the total energy is about 0.3 eV higher
than the energy of the noninteractingtSi-O• and H2 fragments.

The full localization of the TS has been performed starting
from this geometry and leads to a stationary point where the
optimal O-Ha and Ha-Hb distances are of 1.35 and 0.83 Å,
respectively, Figure 3b. The TS nature of the stationary point
has been verified by performing a full vibrational analysis. We
obtained a single negative frequency corresponding to the O-Hb

stretching, thus confirming that the geometry is that of a saddle
point. The energy of the TS is only 0.15 eV above that of the
reactants. Thus, the activation energy for reaction 2 is very low,
well below that found for the E′ center and such that H2 cracking
at NBO centers can occur even below room temperature. Given
the very low computed barrier and the absence of nonadiabatic
terms, it is likely that the wave function tunnels readily through
the barrier between the two wells. A summary of the energetics
for reaction 2 is given in Figure 11. As for the E′ case, we
have shown in parenthesis the energy values computed with

the larger 4T cluster. The results are very satisfactory since the
barrier decreases by only 0.02 eV with the larger model, Figure
11. Not only the energies but also the geometries are similar;
in the TS computed with the 4T modelr(O-Ha) ) 1.36 Å and
r(Ha-Hb) ) 0.83 Å, Figure 4b, are very close to the values
obtained with the 1T cluster, Figure 3b.

We have also considered the process

with breaking of the O-H bond; this requires about 5.2 eV.
Again, notice the very similar values found with the two clusters,
Figure 11. Thus, the energy needed to dissociate the O-H bonds
is even higher than for the Si-H bonds. Notice that the energy
of reaction 6 is lower than that involved in the dissociation of
the tSi-O-H bond intotSi• + OH•; this latter process in
fact requires 5.8 eV according to our calculations.

Recent experiments suggest that H2 cracking is due to surface
NBO centers created by breaking the Si-OH surface groups.42

The processes and the corresponding energy changes, aret
Si-OH f tSi-O• + H• with ∆E ) 5.2 eV andtSi-O• +
H2 f tSi-OH + H• with ∆E ) -0.4 eV. In this global
process, thetSi-O• groups are formed at high temperatures,
around 1000 K, at the expense of thetSi-OH groups, but then
act as “catalytic” centers for further cracking of incoming
hydrogen molecules. The process releases atomic hydrogen
which, at these temperatures, is not trapped at the defect sites
but diffuses rapidly into the bulk material.

3.3. H2 Cracking at Dicoordinated Si. The results of the
previous sections have shown that the interaction of molecular

Figure 10. Potential energy surface for the reactiontSi-O• + H2 f tSi-OH + H•; only two geometrical parameters have been varied,r(O-H)
and r(H-H). The energy differences,∆E, are given with respect to the total energy of the reactants,tSi-O• + H2.

SCHEME 2

tSi-O-H f tSi-O• + H• (6)
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hydrogen with the E′ and NBO centers depends on the first
neighbors only and that very similar results are obtained with
clusters of different size. For this reason, we decided to use
only the small (HO)2Si cluster to study reaction 3 where
hydrogen dissociates at a dicoordinated Si center with formation
of two Si-H bonds; see Figure 5a. The first important result is
that the process is exothermic by 1.29 eV as a result of the
formation of two Si-H bonds at the expense of the H-H bond
which has aDe ) 4.84 eV and aD0 ) 4.57 eV according to
our calculations (the experimental value for H2 is D0 ) 4.45
eV).43 The reaction, however, is accompanied by a relatively
large barrier of 2.19 eV; see Figure 12. The structure of the TS
is shown in Figure 5b along with the main geometrical
parameters. As for the previous cases, the TS nature has been
checked by performing a full vibrational analysis. Clearly, the
cracking of hydrogen can occur at these diamagnetic sites only
at relatively high temperatures.

Recently, Zhang and Raghavachari44 have studied the addition
of H2 to a dicoordinated Ge atom in Ge-doped silica using a
similar computational approach to ours. They found that the
reaction is exothermic by 0.4 eV, i.e., less than for the Si case
where we found a∆E of -1.3 eV, Figure 12, and has a barrier
of 2.8 eV, somewhat higher than fordSi: whereEa ) 2.2 eV.
The structure of the TS is also similar, with Ge-H and H-H
distances which are about 0.1 Å longer than in the Si case;

compare Figure 5b with Figure 1b in ref 44. In a recent study,
Radzig and co-workers12 have studied in detail the kinetics of
the cracking reaction of H2 at a dicoordinated Si center. They
found that this type of oxygen deficient center does not react
with H2 under normal conditions (T ) 300 K andP(H2) ) 100
Torr) and that even atT ) 900 K the reaction rate constant is
of the order of 10-17 cm3/(molecule s). On the basis of this
observation, they concluded that the activation energy for
reaction 3 is not less than 1.3 eV; our calculations giveEa ≈
2.2 eV. It is important to mention that when the sample is
irradiated with UV light the barrier drops dramatically since
the reaction becomes photoinduced and involves the excited
singlet or triplet states of the dicoordinated Si center. In fact,
the estimated activation energy is, in this case, of the order of
0.04 eV for the singlet and 0.2 eV for triplet excited states.12

An alternative path for the reaction could be the following:

in which the H2 forms only one Si-H bond and leads to the
formation of atomic hydrogen. The optimal structure of the [d
Si-H]• fragment is shown in Figure 5d. However, as can be
seen from Figure 12, the process is endothermic by 2.91 eV
and, more important, the energy of the products of reaction 7
is higher than that of the TS of reaction 3. Thus, reaction 7 is

Figure 11. Energy profile for the reactiontSi-O• + H2 f tSi-OH + H• f tSi-O• + 2H•. Energy values obtained with the 1T model; in
parentheses are given the energy values computed with the 4T model.

Figure 12. Energy profile for the reactiondSi: + H2 f tSi(H)2 f [)Si-H]• + H• f dSi: + 2H•.

dSi: + H2 f [dSi-H]• + H• (7)
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unlikely to occur unless the H atom which is produced binds at
the same time to another site.

Finally, it is interesting to comment on the relative strength
of the Si-H bond indSi(H2), Figure 5c, compared totSi-H,
Figure 1c, where the Si atom is bonded to three instead of two
oxygen neighbors. However, this seems to have very little effect
on the first Si-H dissociation energy which indSi(H)2 is 4.29
eV, almost exactly the same value found for the breaking of
the tSi-H bond; see Figure 9. The breaking of the second
Si-H bond, however, corresponding to the following process

requires only 1.94 eV, Figure 12. This means that a free H atom
could easily extract a bonded H atom from thedSi-H• center
to form the H2 molecule and leaving the di-coordinated Si center;
this is the reverse of reaction 7 and corresponds indeed to an
energy gain of almost 3 eV.

3.4. H2 Cracking at an Oxygen Vacancy.A number of
recent studies suggest that films of buried oxides deposited on
Si contain excess Si in order to explain the enhanced sensitivity
to E′ generation.45-47 This excess Si leads to an increased density
of neutral oxygen vacancies,tSi-Sit, and it is generally
accepted that these centers may serve as E′ andtSi-H bond
precursors. Indeed, two processes have been postulated at
different temperatures. At 750 K, the reaction proceeds by
incorporation of a H atom in atSi-Sit bond with release of
a free electron and a neutral H atom and formation of a proton
bridge,

The electrons can escape from the oxide to the Si conduction
band leaving a positively charged but ESR-inactive center. At
higher temperatures, above 1000 K, it has been suggested that
reaction 4 takes place where H2 is incorporated into thetSi-
Sit bond with formation of twotSi-H units.40 The occurrence
of reaction 4 is shown by the appearance of a peak at 2250
cm-1 in the infrared absorption spectrum due to thetSi-H
bond; furthermore, there is a decrease of the typical 7.6 eV
optical absorption band due to a neutral oxygen vacancy.
Reaction 4 is believed to convert alltSi-Sit precursor centers
in neutraltSi-H bonds around 1000 K, thus preventing the
activation of the positively charged state (the proton bridge).

Dissociation in vacuum of thetSi-H neutral state occurs atT
≈ 1300 K and most probably proceeds as the reverse of reaction
4. Thus, the interaction of molecular hydrogen with this defect
center may lead in principle to the formation of two silane
groups,tSi-H, or to a structure where one H atoms replaces
the bridging oxygen in the regular network, [tSi-H-Sit]•,
also known as the neutral hydrogen bridge in quartz and
attributed to the E′4 center.48 In this latter case, the reaction is

A neutral oxygen vacancy in silica is formed by removing a
bridging oxygen atom from atSi-O-Sit bond; the recom-
bination of the twotSi • dangling bonds results in a new, direct,
Si-Si bond and in a substantial relaxation of the structure. The
Si-Si distance, which is of 3.06 Å inR-quartz, decreases to
∼2.5 Å. To model the oxygen vacancy we used two clusters, a
small one, (HO)3Si-Si(OH)3, Figure 6a, and a larger one, Figure
7a. A search of the transition states has been attempted only
for the smaller model. We first analyzed the structure of the
final products of the reactions 4 and 10; in the calculations, we
always maintained fixed the positions of the saturating H atoms
of the clusters.

We performed a first geometrical optimization placing an H
atom along the Si-Si bond of the oxygen vacancy (product of
reaction 10). The system has an odd number of electrons, and
we considered a doublet spin state. The Si-Si distance, which
is ∼2.6 Å initially, increases considerably, and the system
undergoes a strong distortion. The H atom binds to only one Si
atom, with a Si-H distance of 1.48 Å, and is separated by 2.84
Å from the second one, Figure 6d. As a consequence, the
unpaired electron is entirely localized on the second Si, as shown
also by the value of the Fermi contact term and of the
corresponding hyperfine coupling constant with the29Si nuclide,
284 G, which is very close to that obtained with a 1T model of
the E′ center,tSi•, 273 G. This center is thus ESR visible and
corresponds to the E′4 center inR-quartz and to the E′â center
in amorphous silica.49,50

The formation of two silane groups starting from an O
vacancy has been described by placing an H2 molecule with
r(H-H) ) 0.7 Å into the Si-Si bond; the geometry optimization
leads to twotSi-H groups, with similar Si-H distances,∼1.47
Å, and a large Si-Si distance of 4.13 Å, Figure 6c. The distance

Figure 13. Energy profile for the reactiontSi-Sit + H2 f tSi-H H-Sit f tSi-H + •Sit + H• f tSi-Sit + 2H• (small cluster results);
in parentheses are given the energy values computed with the large cluster, Figure 7a.

dSi-H• f dSi: + H• (8)

tSi-Sit + H2 f [tSi-H-Sit]+ + H• + e- (9)

tSi-Sit + H2 f [tSi-H-Sit]• + H• (10)
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between the twotSi-H groups is much shorter in the larger
model, which shows a Si-Si distance of 3.4 Å, Figure 7b. The
local coordination around each Si is pseudotetrahedral and very
similar to what is found when an isolated H atom passivates a
tSi• dangling bond. Since the space in the cavity left by the
missing oxygen is not large, the twotSi-H groups give rise
to a considerable repulsion which results in a distortion of the
structure. The relaxation following the formation of the Si-H
bonds is described differently with the two clusters used, and
correspondingly, the energetics are quite different in the two
cases. Of course, the larger model is expected to give more
reliable energy differences.

The relative energies of the species involved in reactions 4
and 10 are shown in Figure 13. According to the DFT-B3LYP
results, the cracking of H2 at an oxygen vacancy and the
formation of two silane groups is a process which is thermo-
dynamically favorable by∼0.5 eV (1.7 eV with the small
model). Given the large relaxation involved in the H2 addition
process, the small cluster model does not provide adequate
answers. We also computed the energy barrier for the H2

breaking reaction 4. The search for the TS started from a
geometry intermediate between that of reactants and products
and was done using only the small cluster. The calculation leads
to a stationary point which, according to the vibrational analysis,
corresponds to a TS with these geometrical characteristics:
r(Si-Si) ≈ 3.0 Å; r(Sia-Ha) ≈ 2.1 Å; r(Sib-Hb) ≈ 1.8 Å; r(H-
H) ≈ 1.0 Å, Figure 6b. The corresponding activation energy,
2.34 eV, is rather large, one of the largest computed here. This
suggests that breaking the H2 molecule at the VO sites is only
possible at high temperatures but is not expected to occur at
room temperature, in agreement with the experimental observa-
tions. Once thetSi-H is formed, the energy required to break
it is practically the same computed with the other cluster models;
see Figure 9, i.e., about 4 eV. Again, the bond energy is
practically independent of the size of the cluster and on the
substituents. It only reflects the local nature of the Si-H
covalent bond.

4. Conclusions

We have studied the interaction and the dissociation mech-
anism of H2 at point defects in SiO2 by means of gradient-
corrected density functional theory calculations and cluster
models. The energy of the reactants and of the products and
the corresponding activation energies and transition states have
been determined for the following defect sites:tSi•, a Si singly
occupied sp3 dangling bond (E′ center),tSi-O•, a nonbridging
oxygen center,dSi: or divalent Si, andtSi-Sit, the neutral
oxygen vacancy. We used clusters of various size but we found
that the energetics is very similar whether small or large clusters
are used, in line with previous observations of a strong
localization of the bonding electrons in the silica network.

H2 cracking on the NBO sites is found to be exothermic by
∼0.4 eV; the H-H dissociation process implies an energy
barrier of∼0.1 eV only, which strongly indicates this center as
one of the most important for H2 cracking at low temperature,
well below room temperature. The value of the barrier is very
small and since the zero-point energy of the H2 molecule is so
large, spontaneous dissociation can occur at these sites. On a
Si dangling bond, the formation oftSi-H and a neutral H
atom is an endothermic process that requires overcoming a
barrier of 0.5 eV, again an upper bound because of the absence
of nonadiabatic effects. Thus, Si dangling bonds are expected
to induce the hydrogen cracking at room temperatures or higher.

The interaction of molecular hydrogen with two diamagnetic
oxygen deficient centers,dSi: and tSi-Sit, leads to the

formation of stabletSi-H groups with an exothermic process
but involves relatively high activation energies of the order of
2 eV. In conclusion, H2 cracking is predicted to occur at room
temperature on paramagnetic defects (more easily on the
nonbridging oxygens) and at high temperatures of the diamag-
netic centers.
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